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ABSTRACT In this paper, we report on a detailed experimental study carried out with the StarJet technology
to investigate the mechanical adhesion properties of directly printed solder bumps on electroless nickel
immersion gold (ENIG) plated PCB boards. The aim of this study is to determine themaximum bond strength
achievable by this method and to find suitable printing parameters that allow for the production of reliable
and consistent solder bumps by non-contact printing of molten solder (type SAC305). Molten solder droplets
of about 250 µm diameter were printed at melt temperatures between 250 and 400 ◦C onto ENIG surfaces
kept at temperatures in the range of 100 to 200 ◦C. Using shear force tests, the adhesion of the printed
bumps was investigated as a function of the main process parameters: 1. printhead temperature, 2. substrate
temperature, and 3. substrate preheating time. The formation of an intermetallic compound (IMC) between
the solder and the ENIG was confirmed by scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDX) measurements. As a result of the comprehensive experimental parameter study,
suitable printing parameters for establishing bond strengths corresponding to maximum shear force values
of 3000 to 4000 mN could be found, i.e. high printhead temperature of 400 ◦C, short preheating and time of
< 2 min, and substrate heating at 180 ◦C The use of flux was found to slightly improve the bond strength
and to improve the consistency of the printing results for extended operation times. The achieved high bond
strength and the reasonable reproducibility of the printing results qualify the StarJet technology for further
investigations regarding applications in the field of direct soldering of microelectronic chips and devices to
PCB boards as well as other micro-assembly tasks in the future.

INDEX TERMS StarJet technology, soldering, metal droplets, drop-on-demand, metal printing, ball grid
array, non-contact printing, bonding, intermetallic compound, experimental parameter study, suitable print-
ing parameter, soldering materials.

I. INTRODUCTION
The prosperous microelectronics industry is one of the foun-
dations of the great developments in the 20th century. In addi-
tion to the technologies related to integrated semiconductor
devices, electronic packaging and assembly technologies are
also important key technologies supporting the microelec-
tronics industry. In the current decade, the highly minia-
turized and multifunctional microelectronics, embedded
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electronics, microelectromechanical systems (MEMS) and
internet of things (IoT) devices are demanding increasingly
cost-efficient, miniaturized, and digital manufacturing. Fur-
ther industrial requirements for packaging and assembly tech-
nologies are a high degree of automation and integration, high
production speed, and compatibility with other technologies
such as flexible electronics and organic semiconductor tech-
nologies [1], [2].

The traditional process for electrically contacting micro-
electronic chips requires various steps and processes that
might evoke temperature or mechanical stress during the
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fabrication. This can lead to process designs that are incom-
patible with alternative polymer technologies and do not
fit well with the requirements of flexible digital fabrica-
tion. Consequently, some novel packaging technologies for
directly soldering and interconnecting electronic compo-
nents and printed circuit boards (PCBs) in two (2D) and
three (3D) dimensions have been developed. The so-called
contact-free metal deposition techniques, such as laser solder
jetting [3]–[5], inkjet printing of solder droplets [6], [7], and
Ag nanoparticle-based inks [8]–[10], can deposit conductive
metal without directly contacting the sample and provide var-
ious advantages such as high compatibility with 3D structures
and flexible PCBs, low local heating while establishing the
electrical contact, avoiding direct contamination and damage,
and reduced process steps and cost due to the digital fabrica-
tion concept.

Amongst all these contact-free metal deposition methods,
the StarJet direct printing technology provides a single-step,
non-contact metallization by directly applying molten metal
droplets in liquid state for metallization and soldering on
various materials in 2D and 3D. The technology is based
on a pneumatically driven printhead including a heatable
reservoir for the molten metal and an interchangeable noz-
zle chip featuring a star-shaped orifice geometry. Detailed
information about the working principle and the specifica-
tions of the StarJet technology can be found in our previ-
ous publications [11]–[13]. Different printhead prototypes
based on the StarJet method can be operated at temperatures
above melting temperatures of metals such as solder [12]
and aluminum alloys [14]. Compared to the aforementioned
metallization technologies, the StarJet technology provides
additional advantages due to the direct interconnection and
bonding by the molten solder applied in liquid state. By rapid
solidification of the solder, also printing of 2D and 3D metal
structures is possible in addition to the electrical connection
established by the solder. By working with molten solder
material, the troublesome laser safety issues and costly setup
of other beam-based and solder ball technologies can be
avoided. Thanks to the local inert atmosphere provided by the
nitrogen rinse gas, StarJet printheads can directly operate at
ambient conditions and eliminate the high cost of maintaining
an inert atmosphere such as a glovebox. The rinse gas also
supports the precise droplet deposition from a large distance
of several millimeters up to two centimeters to control ther-
mal impact on 3D structures as well as on polymer substrates,
while still providing high printing precision.

Although the StarJet technology has been successfully
applied to electrical interconnections on PCBs [15] and flex-
ible polymer foils [16], metallization for solar cells [17],
and 3D metallic structures [11], [18], there is still no sys-
tematic analysis of the interaction of molten solder droplets
on commonly used electronic contact pads having an ENIG
(electroless nickel immersion gold) finishing. Therefore, this
paper is intended to provide a first comprehensive study
of the adhesion properties of solder bumps printed via the
contact-free drop-on-demand StarJet technology on ENIG

surfaces, commonly used in microelectronics for PCB and
chip metallization. The SAC305 (Sn96.5Ag3Cu0.5) has been
used in the investigation as it is the industrial standard and
widely used in microelectronic assembly and packaging. The
quantitative assessment of the achievable electrical conduc-
tivity and mechanical stability of the solder bumps at dif-
ferent process parameters can pave the way for industrial
applications of direct soldering to produce reliable electrical
interconnections in microelectronics, by this low-cost, non-
contact, digital printing method.

II. EXPERIMENTAL
A. MATERIAL
The bare printed circuit boards (PCB) with ENIG finishing
were provided by PragoBoard s.r.o., Czech Republic. The
ENIG coating consists of a nickel layer with a thickness of
∼3µm and a gold layer with a thickness of∼100 nm. Under-
neath there is a copper layer with a thickness of∼35µm. The
bulk solder used for this research is lead-free solder SAC305
(Sn96.5Ag3Cu0.5). The non-clean flux paste (MG chemical
8341) was purchased from RS Components GmbH, Germany
and used directly without any further modification.

B. EXPERIMENTAL SETUP
To perform the investigation, a StarJet printhead is mounted
onto a Spectrum II dispensing system by Nordson Asymtek,
USA (see Fig. 1). It features a programmable, three-axis
motion system with a positioning precision of ±15 µm.
A top-view camera setup allows alignment and inline position
control. The StarJet printhead was connected to the existing
pneumatic dispensing system. The print height was controlled
by the Nordson Asymtek Spectrum II z-axis control. A tac-
tile height sensor calibrates the printing height before every
printing sequence. The customized substrate holder includes
a resistive heater, which can heat the whole substrate area
up to 300 ◦C. The resistive heater is the heating block under
the substrate and powered by a thyristor (Schneider Electric
Eurotherm 7100A) and regulated with a thermocouple sensor
and a PID control unit. Nitrogen was used as actuation gas
as well as rinse gas to actuate the ejecting and to protect
the jetted molten solder from oxidization, respectively. The
diameters of printed molten metal droplets can be adjusted
by changing the StarJet nozzle chip featuring a star-shaped
orifice geometry. The orifice of the nozzle chip is kept at
183 µm throughout the whole experiment.

C. STABILITY OF DROPLET GENERATION
Before the experiment, a large quantity of solder droplets
was printed and characterized to ensure reproducible results.
A self-developed stroboscopic setup was used to evaluate
the droplet formation and stability. In order to check the
jetting stability of the StarJet technology, various printhead
temperatures (Tprinthead) have been selected in the range from
250 to 415 ◦C to characterize the droplet size and consistency.
As can be seen from TABLE 1, a large number of droplets
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FIGURE 1. StarJet printing system. The StarJet printhead is mounted on
the Nordson Asymtek Spectrum II dispensing platform with a customized
substrate holder. There are two independent gas supplies. A constant
rinse gas pressure establishes a flow through star-shaped bypass
channels and provides an inert gas shielding of the printed molten metal.
The actuation gas pressure is used to apply pressure to the reservoir via a
solenoid valve to trigger the ejection of droplets or jets.

TABLE 1. List of parameters and results of stability test of droplet jetting
via StarJet drop-on-demand mode by a stroboscopic characterization
setup.

has been tested, and stable single droplets with an average
diameter of 245 to 255 µm with very low coefficient of
variation (CV) < 1.3% could be produced at all tested tem-
peratures. This provides a solid foundation for the parameter
study on the interaction of jetted molten solder droplets on
ENIG surfaces on PCB boards. Consequently, it is justified to
assume that all the solder droplets, printed at various printing
conditions, have approximately the same droplet diameter.

D. EXPERIMENTAL PROCEDURE
For the static thermal impact investigation in Section III.A,
samples were printed at substrate temperature (Tsub) of 20 ◦C
(room temperature), 50, 100, 120, 150, 180, and 200 ◦C. The
printhead temperature was fixed at 250, 320, and 400 ◦C,
which are 33, 103, and 183 ◦C above the melting point of
SAC305 solder (217 ◦C). In total, 50 droplets were printed
for each temperature set. The sample was placed on the sub-
strate heater when the temperature Tsub had been reached and
stabilized. To allow for a homogeneous heating, the sample
settled on the heater for at least 60 s before the start of the
printing.

For the dynamic thermal impact investigation in Section
III.B, the substrate holder was first heated to the target
temperature (e.g. 120 ◦C). After the target temperature was
reached and stabilized, a PCB sample was placed on the
substrate holder. The first array with 4 × 4 droplets was then
printed 35 s after the initial placement. The droplets were
placed, in x and y direction, with a 1.3 mm pitch to the center
of the next droplet. The second array was then printed on the
same substrate 120 s after the initial placement. Further arrays
were printed on the same substrate at 300 and 480 s after the
initial placement. In total, for each substrate and printhead
temperature, one ENIG sample with four arrays of 16 droplets
were printed.

E. CHARACTERIZATION METHODS
The electrical conductivity between the ENIG and the solder
bumps was generally so high that the contact resistance could
not be measured with a conventional multimeter. Therefore,
the electrical contact resistance of the bumps can be consid-
ered as sufficiently low for microelectronic applications and
was not characterized any further.

To characterize the adhesion between printed the solder
bumps and the ENIG surface, a shear-off test was performed
using a Nordson DAGE 4000 bondtester machine. A pho-
tograph of the setup and an illustration of the measurement
are depicted in the supporting material, Figure S1. A ball
shear test routine with a BS5kg tool cartridge was utilized.
To perform the test, the machine places a chisel tool in a shear
off height of 55 µm with respect to the detected substrate
surface. During the measurement, the sample is moved in an
orthogonal path toward the chisel with a speed of 250 µm/s
while the shear force experienced by the tool is measured.

To observe the oxidation and intermetallic com-
pound (IMC) growth, also cross-sections of selected solder
bumps were prepared. The samples were overcast with a
high-viscosity cyanoacrylate-based resin (VariDur 10, Bühler
Group). During hardening at air, a cyanoacrylate matrix
forms, which serves as the mechanical support for the grind-
ing process. The rough grind was performed with a silicon
carbide polishing wheel. In a next step, the cut was polished
with a diamond polishing slurry (MAGNUM-TOP-DUO,
Microdiamant). In a last step, a diamond suspension up
to 1/4 µm was used for fine finishing. Scanning electron
microscope (SEM) images were recorded on an Amber X
microscope from the company Tescan with an accelerating
voltage of 20 kV and a beam current of 100 pA. The signal
was detected with an Everhart–Thornley detector. Energy
dispersive X-ray (EDX) spectra/images were captured using
an Octane Elite Plus detector from the company EDAX.
Excitation voltage was set at 20 kV, and beam currents
of 30 pA, 100 pA, 300 pA, and 1 nA were used and compared
to ensure absence of artifacts.

F. FAILURE MODE DURING SHEAR FORCE TEST
During the experimental shear force tests, two different
failure modes have been observed: ball lift-off and ball
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FIGURE 2. Failure modes during shear-off testing. (a) Printed solder
bumps lifted off completely, (b) and printed solder bumps deformed by
the shear tool. (c) Typical shear force test diagram where a lift-off occurs
during the measurement (cf. image (a)). (d) Typical shear force test where
the bump is totally deformed (cf. image (b)).

deformation, as can be seen from the Fig. 2a,b. In some
cases, the printed solder bumps are lifted off the substrate
by the shear force measurement tool when the formed IMC
is not strong enough. In other cases, when the IMC creates
a bond that is stronger than the material, the solder bumps
are deformed and their base remains attached to the PCB at
the original position. The typical threshold where the lift-off
failure mode changes into the deformation failure mode is at
a shear force value of about ∼3000 mN with some variation.
The exact value highly depends on the contact area between
measurement tool and the printed solder bumps as well as the
contact area between the printed solder bumps on the ENIG
surface. Typical shear force measurements resulting from the
two different failure modes — ball lift-off mode and ball
deformation mode — are shown in Fig. 2c,d.

III. RESULTS AND DISCUSSION
Thermal energy level and thermal gradients play important
roles in the metallurgical reactions of molten solder on ENIG
surfaces. During a traditional soldering process on ENIG
finishing, the gold layer rapidly dissolves into the liquid sol-
der [19]. Due to the thin gold layer thickness, only a negligible
amount of Sn-Au compound is created [20]. Nevertheless, the
thin gold layer is needed to prevent oxidation of the nickel
layer. After the dissolution of the gold layer, the molten solder
contacts the nickel layer directly, and the tin and nickel atoms
diffuse into each other as they have high kinetic energy due
to substrate heating and high thermal energy of the solder
bumps. Consequently, the nickel and tin form a Ni-Sn com-
pound during solidification. Below 260 ◦C, mainly Ni3Sn4
is formed. While Ni3Sn2 and Ni3Sn compounds form at
temperatures between 240 and 300 ◦C, crystalline structures
are built up at 400 ◦C [21]. These metallurgical reactions

FIGURE 3. Maximum shear forces of printed solder bumps printed on
PCB samples with ENIG finishing as a function of substrate temperature
during printing. The numbers on top of the box diagram show the
percentage of bumps that where sheared off (see Fig. 2a,c) at the specific
parameter settings. The printhead temperature has been kept at 320 ◦C
throughout the experiments. For the droplet group printed with Tsub =
20 ◦C (room temperature), the shear force was below the measurement
limit of the measurement setup.

form the physical connection between the metal pad and
the solder, depending on the effective temperature level and
duration of heating. To form strong mechanical connections,
it is important that the thickness of the IMC layer is balanced.
No IMC layer at all indicates no mechanical connection,
while an IMC layer with excessive thickness, on the other
hand, can lead to defects and weaker connections, due to the
brittle nature of the IMC [21]–[23].

The non-contact soldering on ENIG surfaces via direct
metal printing as provided by the StarJet technology has a
fundamentally different thermal interaction as well as dynam-
ics compared to the industrial reflow process. Due to the
tiny amount of jetted solder with limited thermal energy,
the maximum attainable temperature level, as well as the
duration of the heat pulse, is very small. This particularly
occurs when the PCB samples are not heated up above the
melting temperature of the solder (i.e. 217 ◦C) to prevent the
ENIG surface from oxidation. Oxidation might happen when
the printing process is performed under ambient conditions,
and therefore the nickel atoms can diffuse through the ultra-
thin gold layer (100 nm) and form oxides on top of the gold
layer.

Due to the low thermal energy provided by the solder
droplet, the solidification speed of the molten solder on
the ENIG surface is very fast and there is only a lim-
ited time available for the reaction between tin and nickel
to form the IMC. Therefore, the thermal balance between
substrate temperature, printhead temperature and ambient
temperature influences the mechanical stability of directly
printed solder bumps, significantly. In the following, several
temperature-related process parameters have been carefully
examined to understand their impact.
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A. STATIC THERMAL IMPACT
The adhesion of printed solder droplets on PCBs with ENIG
finishing was first evaluated at various substrate temperatures
(Tsub) ranging from 20 to 200 ◦C. The printhead temperature
has been kept at 320 ◦C throughout these experiments. The
experimental procedure to determine the adhesion by shear
force measurements was described in Section II.E. The max-
imum shear strength over different substrate temperatures
was also calculated and analyzed based on the measured
data. The details can be found in the supporting material
online. A detailed analysis reveals that the maximum shear
strength shows the same trend for the overall adhesion as
the maximum shear force, and therefore we decide to use
only the maximum shear force as the measure throughout
this paper. In Fig. 3, the maximum shear force values that
occurred during a set of measurements are shown as box
plots. Obviously, the maximum shear force and thus the
adhesion increases with substrate temperature, before it drops
to a very low value gain at 200 ◦C. In most experiments,
the droplets were sheared off from the substrate at shear
force values below 3000 mN. However, at 180 ◦C substrate
temperature, where maximum shear force values of 3000 mN
could be obtained, most of the droplets were not sheared off
the substrate but were deformed without losing adhesion (see
Fig. 2b,d). The percentage of printed bumps that were sheared
off from the substrate is given for each experimental condition
as a percentage on top of the box plot in Fig. 3 and also in all
following figures.

As depicted in Fig. 3, the maximum shear force of samples
printed at Tsub < 120 ◦C is close to the lower threshold of
the measurement setup. More specifically, at Tsub = 50 ◦C,
only 7 out of 20 measured droplets exceed this threshold.
At Tsub = 20 ◦C, no droplet exceeded the threshold. This
clearly indicates that the thermal energy of the molten solder
droplet is not high enough to dissolve the gold layer and to
form an IMC. The increasing adhesion from 120 to 180 ◦C
can be explained by the increasing solidification time of the
solder ball on the substrate. This increases the time for the
diffusion-driven IMC formation. The deeper diffusion leads
to the formation of a thicker IMC layer before the droplet
solidifies. Up to a certain degree, a higher IMC thickness
leads to a higher adhesion. If the IMC exceeds a certain
thickness, the inhomogeneous inner crystal needle structure
of Ni-Sn IMC leads to an overall more brittle structure. This
brittle structure shows a lack of mechanical stability and leads
to failure[21], [24], [25]. However, besides the diffusion of
solder into the nickel layer, it must be considered that the
substrate heating can also lead to a diffusion of nickel through
the gold layer of the ENIG coating [20]. It has also been
found out that the annealing of ENIG surfaces at elevated
temperature at 150 ◦C for as short as 5 min will produce the
excessive nickel oxides due to nickel atom diffusion [26].
Therefore, the higher substrate heating (e.g. 200 ◦C) also
promotes the atom diffusion of the nickel through the gold
layer and forms nickel oxidation, which reduces the surface
wetting (contact area of the solder) and leads to smaller area

FIGURE 4. Maximum shear forces of printed solder bumps on PCB
samples with ENIG finishing for printhead temperatures of 250, 320, and
400 ◦C as a function of the substrate temperature during printing. The
numbers on top of the box diagram show the percentage of bumps that
were sheared off the substrate.

for forming IMC layers [27] The contact area between printed
solder bumps and the ENIG surface reduces significantly
from 180 to 200 ◦C substrate temperature (see Figure S1,
column 2 and 3 in the supporting document). The reduc-
tion in maximum shear-off force at 200 ◦C could therefore
be explained by a combination effect of nickel oxide layer
and too thick and brittle IMC due to a higher substrate
temperature.

In order to further investigate these failure mechanisms,
one can increase the local thermal energy for solder diffusion
and keep the diffusion rate of the nickel atoms in the ENIG
surface constant. Thus, the balance between the two described
effects can be shifted. In the present case, this can be achieved
by varying the temperature of themolten solder while keeping
the substrate temperature constant. Fig. 4 depicts the adhe-
sion variation of printed solder bumps on ENIG surfaces
— again in terms of maximum shear force and displayed
as box plots like in Fig. 3 — at three different printhead
temperatures of 250, 320, and 400 ◦C for three different
substrate temperatures of 120, 150, and 180 ◦C. The data
clearly show that the adhesion of printed solder bumps on the
ENIG surface increases with higher printhead temperature,
i.e. higher thermal energy of the molten solder droplets for all
substrate temperatures. For the lowest substrate temperature,
the highest relative increase of the adhesion can be found.
This clearly indicates that at lower substrate temperatures,
the adhesion is limited by the diffusion of the tin and therefore
the IMC cannot be fully developed, which leads to a reduced
mechanical stability of the printed solder bumps. It is inter-
esting to see that there is an upper adhesion limit at substrate
temperature of 180 ◦C. At this temperature, the tempera-
ture of the impinging droplets does not seem to matter, and
all experiments show comparable and high maximum shear
force values, as well as a very low fraction of bumps that
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FIGURE 5. SEM micrographs of a printed solder bump on ENIG finishing. The solder bump was printed
at Tprinthead = 400 ◦C and Tsub = 150 ◦C without flux layer. Three different images of the same sample
are shown in (a) and (b) at increasing magnification. Clearly, a thin IMC layer can be observed between
the nickel layer and the SAC solder layer in (b). (c) A line measurement by EDX was taken along the line
indicated by a red bar in (b) from position A to B. The corresponding material distribution is shown
along the line: blue = tin, yellow = nickel, green = copper.

could be sheared off the substrate, which is smaller than for
any other substrate temperature.

To clearly see the interface and the IMC interlayer,
the printed sample with printhead temperature of 400 ◦C
and substrate temperature of 150 ◦C has been imaged by
SEM and EDX. The imaged solder bump was first measured
via the shear force measurement setup and deformed dur-
ing this measurement, but it did not shear off the substrate.
A cross-section was prepared from this sample like described
in Section II.E. From the SEM image shown in Fig. 5, it can
be seen that there is a thin interlayer with a layer thickness
of approximately 1 µm between the printed solder and nickel
layer. The interlayer thickness of the interface between tin and
nickel is roughly calculated as, as seen in Fig. 5c, the overlap-
ping length where the signal of tin declines from the average
maximum to the average minimum and the rising signal of
nickel from average minimum to average maximum. From
the EDX measurement, a smooth transition from tin to nickel
and nickel to tin is present at this position (see Fig. 5c).
A similar transition is also present at the nickel and copper
interface. This suggests that there could be a tin-nickel alloy
formed at the interface between the printed solder bump and
the ENIG surface.

B. DYNAMIC THERMAL IMPACT
To further investigate the impact of the substrate heating,
particularly its duration, on the adhesion properties of the
bumps, a time-dependent experiment has been conducted

to study the relationship between adhesion and oxidation
of the surface. Due to nickel atoms diffusing through the
gold at elevated temperatures, an oxide might be formed at
the surface. In the following experiment, the ENIG sam-
ples were preheated for various time duration, i.e. 35, 120,
300, and 480 s, before deposition of molten solder droplets.
As observed in the previous experiments, the largest change
can be expected at substrate temperatures of 120, 150, and
180 ◦C. Thus, these three substrate temperatures have been
selected for this evaluation. The experimental procedure is
described in Section II.D in detail. The measured maximum
shear force of printed solder bumps on ENIG samples at
Tsub = 120, 150, and 180 ◦C as a function of preheating
time is plotted in Fig. 6. For each parameter combination,
16 printed solder bumps have been measured by the shear
force tests.

It can be clearly seen in Fig. 6 that the adhesion of
printed solder bumps on the ENIG surface decreases as the
preheating time increases. While for 120 ◦C this effect is
hardly significant, the adhesion is reduced at higher sub-
strate temperatures down to about 30% of the value obtained
without preheating. This result shows that the transient
dynamics of the ENIG surface temperature plays a crucial
role for the non-contact soldering process. This result sug-
gests that over time an oxidation of the ENIG finishing
might take place at substrate temperatures above 120 ◦C
that impedes the IMC layer formation required for high
adhesion.
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FIGURE 6. The maximum shear forces of printed solder bumps on PCB
samples with ENIG finishing, printed after preheating times of 35, 120,
300 and 480 seconds and at various substrate temperatures of 120, 150,
and 180 ◦C. The printhead temperature has been kept at 320 ◦C
throughout the experiment. The numbers on top of the box diagram show
the percentage of bumps that were sheared off the substrate.

Similar investigations of the influence of the preheating
duration were carried out at different printhead temperatures.
The results of the corresponding shear-off test are plotted
in Fig. 7. The substrate temperature of 120 ◦C was selected
because the preheating duration showed little influence on
the adhesion in the previous experiments at this value. Sim-
ilar conclusions as for the static investigation with different
printhead temperatures can also be drawn in this case: Higher
thermal energy of molten solder leads to higher adhesion.
Furthermore, for all tested temperatures the adhesion did
not decrease significantly with increasing preheating time of
the substrate. Therefore, a substrate temperature not higher
than 120 ◦C and a printhead temperature of 400 ◦C seem
to be suited for practical applications, where the substrate
is exposed to the elevated temperature for a longer time.
First, this is because the duration of preheating does not play
a significant role for the adhesion, and thus the loading of
PCBs and any interruptions during the printing process are
not critical. Second, this is because high maximum shear
forces can be still achieved that are in the order of magnitude
of the mechanical properties of the bulk solder. Nevertheless,
at this condition still about 22 to 50% of the bumps are
sheared off the substrate at maximum shear force of about
3000 mN. In order to obtain low or zero shear-off failures,
short preheating times and substrate temperature of about
180 ◦C, as shown in Fig. 6, might be more preferable.

C. IMPACT OF FLUX
Although flux-free processes are highly preferred in indus-
trial production, it is still interesting to know to what
extent flux can influence the adhesion. Therefore, simi-
lar experiments have been performed as the previous ones
with variable substrate temperature and preheating time.

FIGURE 7. Maximum shear forces of printed solder bumps on PCB
samples with ENIG finishing, printed after preheating times of 35, 120,
300, and 480 seconds and at various printhead temperatures of 250, 320,
and 400 ◦C. The substrate temperature has been kept at 120 ◦C
throughout the experiment. The numbers on top of the box diagram show
the percentage of bumps that were sheared off the substrate.

FIGURE 8. Maximum shear forces of printed solder bumps on PCB
sample with ENIG finishing with flux coating, which were printed after
preheating times of 35, 120, 300, and 480 seconds and at various
substrate temperatures of 120, 150, and 180 ◦C. The printhead
temperature has been kept at 400 ◦C throughout the experiment.

The procedure is described in Section II.D in detail. The
printhead temperature was fixed at 400 ◦C as it provided the
best performance in the previous experiments. The maximum
shear force measurement results for fluxed samples printed
at different substrate temperatures are plotted in Fig. 8. The
results obtained without flux at Tsub = 120 ◦C are also added
to the diagram for comparison. The diagram indicates that
the additional non-clean flux further improves the adhesion
and largely reduces the preheating-induced adhesion issue
discussed before. Regardless of the preheating time, high
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FIGURE 9. Side view photograph of printed solder bumps on PCB
samples with ENIG finishing: (a) with a non-clean flux layer; and
(b) without flux layer. They were both printed at printhead temperature of
400 ◦C and substrate temperature of 180 ◦C.

shear-off values can be obtained that are limited by material
properties of the tin only and not by the adhesion to the sub-
strate. The reason for this is probably because the additional
flux layer prevents nickel from direct contact with oxygen,
even when it has diffused to the surface due to extended
preheating. If we compare the adhesion properties of printed
solder bumps with and without flux layer at Tsub = 120 ◦C,
there is generally a slight increase of the maximum shear
forces. This increase might be explained by the different
contact area of printed bumps with and without flux due to
the additional wetting property of the flux that leads to a more
stable bump geometry and a higher contact area (see Fig. 9).

Finally, it is also interesting to note that the use of flux
reduces the variability of the adhesion for nearly all tested
conditions. Compared to the results without flux (see Fig. 6),
the distribution of the data is narrower for nearly all tested
conditions. Narrow distributions without flux were rarely
obtained in most of the other reported experiments.

IV. CONCLUSION
In this experimental study, we have shown that molten solder
droplets printed by StarJet technology can be used to produce
solder bumps with low electrical resistance and high mechan-
ical adhesion on ENIG surfaces. Therefore, the StarJet tech-
nology has high potential in direct soldering, bumping and
electrical bonding of microelectronic devices and chips on
PCBs. The main process parameters affecting the adhesion
between solder and ENIG have been studied in detail, and
it turned out that the printhead temperature, the substrate
temperature, as well as the preheating time of the substrate
are crucial parameters that influence the formation of the IMC
by which the mechanical adhesion and electrical conductivity
are mediated.

In order to achieve bonding strengths suitable for industrial
applications, corresponding to values of 3000 mN maximum
shear force or higher, themolten solder (type SAC305) should

be applied at high temperatures in the range of 300 to 400 ◦C
on ENIG surfaces heated to about 180 ◦C. Under these condi-
tions, a quite narrow distribution of high maximum shear-off
forces can be obtained. The interface of the printed solder
bumps on the ENIG surface was also examined via SEM and
EDX. A thin interlayer can be observed, which could be the
IMC layer for high adhesion. If the substrate has to be kept
at high temperature for a longer time (e.g. due to extended
printing duration for a whole PCB board), then reducing the
substrate temperature down to 120 ◦C can be beneficial. This
is because diffusion of nickel can take place through the thin
gold layer at elevated temperatures over time and then lead to
reduced adhesion of the solder. In our experiments, heating
times of more than 120 s at temperatures above 150 ◦C were
sufficient to observe a reduction of adhesion.

Finally, it could be shown that the use of flux (MG chemi-
cal 8341 flux paste) can further improve the maximum shear
force to above 4000 mN by providing a larger contact area
for the bumps and a lower bump profile. Furthermore, flux
reduces the negative impact of extended substrate heating
times and generally improves the consistency between indi-
vidual bumps. Therefore, the additional effort of applying
flux can be rewarded by an easier adjustment of appropriate
printing parameters as well as a more robust and consistent
performance over time.
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