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ABSTRACT
As millimeter wave RF device applications expand above 

traditional microwave frequency bands in the global communications, 
automotive and Mil-Aero markets, the need to limit interconnect 
signal losses related to parasitic elements has never been more 
important. As the frequency increases, device designers are facing 
numerous challenges, complications, and costs when fabricating 
interconnects with techniques such as copper pillar bumps, wire, 
ribbon or wedge bonding in 3DIC packaging. 

Printing conformal interconnects with Aerosol Jet® direct-write 
technology can offer package designers and RF engineers a new 
approach for optimizing interconnect transitions to active die, 
tailoring the loss characteristics to specific application requirements 
and eliminating the need to compensate for high signal transmission 
losses. Printed interconnects can be digitally designed into the 
package with a variety of  metallic and dielectric materials. As these 
interconnects are conformally printed on the 3D surface of  the 
package, the trace length can be minimized with zero loop height, 
reducing parasitic inductance to active die circuitry specifically for 
die on board, die in trench, or die on die with pads-up packaging 
configurations. 

In this work, Aerosol Jet® printed interconnects with silver 
nanoparticle inks are compared with the gold microstrip transmission 
lines as well as traditional gold bond wires, for performance up to 
110 GHz.  We will share examples showcasing that the printed 
interconnects can have similar RF transmission performance to 
microstrip, with significantly lower loss than bondwires especially 
at high frequencies.  We will also discuss design effects for Aerosol 
Jet® printed RF interconnects up to 110 GHz based on a set of  
results for different line heights with a given line width printed with 
a silver ink.
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INTRODUCTION
Desired interconnects for RF components should have uniform 

impedance with minimal impedance discontinuities at interconnect 
points, to minimize signal power loss due to electromagnetic wave 
reflections [1]. The interconnects fabricated by the wire bonding 
technique tend to degrade device performance due to significant 

parasitic reactance at higher frequencies especially at millimeter wave 
frequencies.  To obtain a return loss better than -10dB, bond wires 
should not have lengths more than 0.1 mm at 100 GHz [2].  Although 
ribbon bonding or multiple wire bonding can substantially improve 
the interconnect performance of  surface-mount millimeter-wave 
components by reducing parasitic inductance and discontinuities 
and considerable efforts using impedance compensation strategies 
have still been made to overcome inherent limitations and make the 
wire bonding viable at millimeter-wave frequencies, for its simplicity 
and robustness involving well-established technologies [3], its 
high costs are in opposition to the cost reduction goals typically 
associated with high volume manufacturing..  

As a direct-write technology, Aerosol Jet® (AJ) printing has 
enabled fabrication of  a variety of  microelectronic devices by 
depositing a wide range of  conducting as well as dielectric ink 
materials in a noncontact fashion onto 3D substrates [4, 5].  It 
deposits ink materials in a form of  collimated high-speed mist 
stream consisting of  ink droplets of  1 to 5 µm allowing a long 
standoff  between nozzle and substrate during printing, with very 
high resolution down to the feature size about 10 µm [6].  Thus, the 
ink materials can be easily deposited onto substrates of  complex 
3D geometries, when the relative motion of  substrate with respect 
to the deposition nozzle is coordinated with a motion control 
system driven by the toolpath generated with a CAD-CAM software 
interface (Figure 1).

Figure 1: Schematics of the Aerosol Jet® direct-write system, 
consisting of an atomizer that generates mist of microdroplets 
of functional ink, and a mist transport-conditioning channel that 
delivers ink microdroplets to the deposition head, where a high-
speed collimated mist jet is formed by an aerodynamic focusing 
nozzle with sheath gas to deposit ink material onto the substrate in a 
noncontact fashion
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AJ printing was shown to be very effective, as an alternative to wire 
bond and through-silicon via (TSV) technology, for 3D interconnect 
applications [7, 8].  It also enables printing interconnects with 
significantly reduced insertion loss for high frequency applications 
[9, 10].  With the flexibility to vary the geometry cross-section and 
chose ink materials having different resistivity and CTE values, 
AJ printed interconnects loss performance can be tailored to the 
specific application requirements, enabling low-loss, low-reflection 
broadband transitions.  

In this paper, we demonstrate an AJ direct-write process for 
fabricating test samples for RF signal performance evaluation.   The 
RF signal performance of  AJ printed interconnects (microstrip 
lines) with silver nanoparticle inks between gold pads are compared 
with the gold microstrip transmission lines [1] fabricated with 
conventional photolithography [11] as well as gold bondwires 
[12].   In view of  the convenience with AJ printing, the AJ printed 
microstrip lines can have different line heights while maintaining a 
fixed line width, as well as different electrical resistivity values, for 
investigating sensitivities of  RF performance to these variables. 

TEST SAMPLE DESCRIPTION
For the purpose of  direct comparison between AJ printed 

interconnects and traditional bond wires against the micro-
fabricated microstrips, a test coupon (shown in Figure 2, as an 
existing set of  test structures re-purposed for the present work) 
with photolithographically patterned gold pads on a SiC wafer is 
used.  The backside of  the SiC wafer is covered with a metal ground 
plane.  The test coupon contains five pairs of  gold probe pads, one 
of  which (2nd to the left) is open, to be connected with either an AJ 
printed microstrip line using a silver nanoparticle ink or a bond gold 
wire.  The 1st one on the left and two on the right side (4th and 5th 
from left) are connected by a photolithographically patterned gold 
microstrip transmission line, and the middle one is shorted by via 
connection to the backside ground metal.  The long microstrip (4th 
from left) is used in this work for comparison.   This gold microstrip 
is 44 µm wide and 5 µm thick resulting in a characteristic impedance 
of  50 Ω. The distance between the gold pads of  the “open” is 0.5 
mm---a representative interconnect length, for an interconnect 
either printed by AJ or made with wire bonding.  

Figure 2: Test coupon for RF signal performance evaluation of AJ 
printed interconnect (in place, 2nd from the left) or bond wire (not 
shown) vs. microstrip (in place, 4th from the left)

For meaningful comparison, the AJ printed microstrip lines are 
targeted at a width of  ~44 µm (but might have different height, e.g., 
~4, 7, 10 µm when printed with one, two, three passes).  Figure 3 
shows representative images of  an AJ printed microstrip line with 
two pass stacking, connecting the gold probe pads at two ends.

Figure 3: Microscope and white-light-interferometer images of an 
AJ printed (two-pass stacked) microstrip line of width ~44 µm and 
height ~7 µm, between two probe pads 0.5 mm apart

When the interconnect is made with wire bonding, instead of  an 
AJ printed microstrip line directly on the dielectric, a loop is formed 
above the dielectric, the height of  which is described by a so-called 
“loop height (as seen in Figure 4).   Such a loop height creates 
extra parasitic inductance and a localized increase (discontinuity) 
in the interconnect impedance which becomes more significant 
at high RF frequencies [13]. If  not properly compensated for, 
such a discontinuity will lead to undesired reflections and severe 
transmission loss especially at high RF frequencies.

Figure 4: A microscope image of a bond gold wire of 25.4 µm 
diameter, between two probe pads 0.5 mm apart

An interconnect on the test coupon (Figures 2-4) forms a two-
port network, in which the relationship between the reflected and 
incident voltage waves is commonly described in terms of  a 2x2 
scattering parameter (S-parameter) matrix [1].

The S-parameters for signal integrity are directly measured using 
a ground-signal-ground (GSG) probe setup connected to a vector 
network analyzer (Anritsu) from 1 to 110 GHz.  The on-chip 
calibration test structures are utilized to de-embed the RF launcher 
from the device under test (DUT).   Therefore, data for each of  the 
AJ printed microstrip lines, bondwires, and microstrip transmission 



SMTA Journal Volume 36 Issue 1, 2023

22 Germann, et al.

lines on the test coupons are recorded, and compared against the 
theoretical values of  high-frequency structure simulator (HFSS) 
results for an idealized microstrip transmission line.

AEROSOL JET PRINTING
With AJ printing, there can be considerable degrees of  freedom 

to create microstrip lines with different widths and heights, by 
varying the mist density output from the atomizer, mist flow rate 
and sheath gas flow rate to the deposition nozzle, nozzle orifice 
diameter, print speed, etc.  The mist density output from the 
atomizer depends heavily on the atomization parameters (such as 
the transducer power for an ultrasonic atomizer or atomization gas 
flow rate for a pneumatic atomizer), as well as the ink rheological 
properties.   The ability to vary line allows RF designers to control 
the impedance of  interconnects much like they would do with a 
strip line or co-planar wave guide.

Ink Material
In principle, any liquid material that can be atomized into a 

mist of  microdroplets can be printed with the AJ process [4 
–6].  For electrical circuit interconnects, an ink for AJ printing 
typically contains metal (e.g., gold, silver, copper, etc.) nanoparticles 
which can have metal-to-metal contact through neck growth after 
sintering to form an electrically conductive trace.  However, the 
sintered metal nanoparticle inks do not have the same resistivity 
as the bulk metal, due to inevitable porosity which can vary 
significantly depending on the postprocessing conditions as well 
as ink formulation [14].  The resistivity value of  sintered metal 
nanoparticle inks is often greater than 5 times of  the corresponding 
bulk metal value, and is considered exceptionally good if  less than 
2 times.   Therefore, various electrical resistivity values can be 
obtained with AJ printed silver nanoparticle inks.  This fact offers 
us an opportunity to examine the microstrip line resistivity effect 
on RF signal performance, by changing the type of  ink and varying 
sintering temperature.

In this work, a silver nanoparticle ink (Loctite ECI-1011) is used 
for the reason of  its abundant availability and simplicity of  sintering 
in ambient condition.  Slightly diluted with n-propyl acetate, it can 
be atomized with a pneumatic atomizer. The resistance values of  
printed microstrip lines can be varied from 0.1 to 0.2 Ω by changing 
the sintering temperature (corresponding to a resistivity about 4x 
that of  the bulk silver).  

AJ Process Setting
For printing microstrip lines of  44 µm wide, a nozzle of  200 µm 

orifice diameter is used with atomization power, print speed, sheath 
and mist flow rates adjusted for obtaining a line height of  about 
3 µm in one pass.  When stacked by printing two passes, the line 
height becomes 7 µm without significantly altering the line width 
(as shown in Figure 3).  Because of  the surface tension effect on 
wet ink as deposited, the cross-section profile of  AJ printed lines 
usually do not have a rectangular shape in the strict sense; the line 
edge would  have some slopes (unless the ink can be solidified in-
situ, e.g., with a UV-curable ink [6]). 

It is known that the alternating electrical current density in a 
conductor decreases exponentially from its surface due to the 
nature of  wave propagation.  The electromagnetic wave entering a 
conductor is damped to 1 / e = 0.369 of  its initial amplitude in a 
distance called the skin depth δ [15], 

where p, µ, ε denote resistivity, permeability, permittivity of  the 
conductor (in SI units), respectively.  For bulk silver, p= 1.6 x 10-8 
Ω m, µ ~ 4 � x 10-7 H/m, ε ~ 8.85 x 10-12 F/m.  At 100 GHz, we 
indeed still have p ω ε ~  8.9 x 10-8  << 1.  Thus, the skin depth δ for 
bulk silver becomes 0.2 µm at 100 GHz (or ~0.632 µm at 10 GHz). 
For printed silver nanoparticle inks with a resistivity value of  5x (or 
10 x) that of  the bulk silver, we expect the skin depth to become ~ 
0.45 µm (or 0.632 µm) at 100 GHz.   Thus, a printed line with height 
> 2 µm should be more than 3 δ (responsible for > 95% current 
conduction) for most millimeter-Wave applications.

To produce high aspect-ratio lines (i.e., line height / width > 0.1) 
printing by multiple pass stacking is often an effective strategy, to 
provide an opportunity for solvent evaporation from the deposited 
ink before next pass wet ink deposition.  Heating the substrate can 
also expedite solvent evaporation.  For example, high aspect-ratio 
microstrip lines with heights ~4, 7, 10 µm can be printed with one, 
two, three passes running the same toolpath over a panel of  nine 
coupons, with about 10 seconds between each pass on substrates 
heated to 60 ºC.

By the nature of  building a printed line with numerous 
microdroplets with AJ printing, `overspray’ microdroplets scattered 
outside the edges can be visible along AJ printed lines (cf. Figure 3). 
Our analysis of  overspray with AJ printing [16] shows that extent 
of  overspray can be ink formulation as well as process setting 
dependent and typically diminishes to < 1% (in terms of  percent 
area coverage in ImageJ analysis) beyond 30% or 40% of  line width.  
Because the line edge formed by microdroplets is not perfectly 
straight and must be defined statistically as an overall area coverage 
~50%, the overspray area coverage is always < 50% (often < 20%) 
even only slightly away from the line edge. Thus, conductive leakage 
due to percolation of  two-dimensional composites [17] such as 
overspray is not expected likely. The fact of  such a small area 
coverage, the capacitance produced by individual overspray spots 
should be negligible comparing to that of  printed lines. On the 
other hand, the random distribution of  overspray spots and related 
edge roughness along the printed lines are more or less statistically 
the same and spaced in a length scale much smaller than the RF 
wavelength (e.g., millimeters).  The noise introduced by overspray 
and edge roughness in the RF interconnects cannot be more than 
negligible when considering other sources of  process variations.
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RESULTS
Comparison of RF Signal Performance

Among the measured S-parameters, S11 represents the “return 
loss” due to reflection and S21 the “insertion loss” for signal 
transmission.  In units of  “dB”, Figure 5 shows that the bondwire 
has the highest return loss (or the most reflected power) and the 
most insertion loss (or least transmission).  The S21 values of  
bondwire continuously decline with increasing frequency (out of  
the scope of  the plot), reaching -6.3 dB at 110 GHz, while the AJ 
printed (3 pass stacked) microstrip line has the S21 values mostly 
above -0.5 dB remaining close to the curves of  HFSS simulation 
and microstrip transmission line.

There are resonant peaks in curves of  the AJ printed microstrip 
line as well as the microstrip fabricated with the photolithography 
process that are not present in the simulation curve.  This is due 
to the idealized HFSS model used for simulation of  the perfect 
microstrip that does not include impedance deviations inherent in 
inevitable imperfections such as geometric roughness and noise 
from probe connections in the measurement system.  With regard 
to the apparently smooth bondwire curves, the scales of  the large 
through and return losses would render the noisy peaks relatively 
less obvious.

Figure 5: Curves of S11 and S21 versus RF frequency for HFSS 
simulation, AJ printed microstrip line, bondwire, and microstrip

Repeatability of AJ Printed Microstrip Lines
As an additive manufacturing tool, AJ printing may have some 

variations in terms of  the line width, line height, line profile, etc.  
With appropriate process control for a well-formulated ink (such as 

the one used in this work), the AJ mass output (as well as line width 
and line height) typically meets the variation tolerance in terms of  
relative standard deviation (or coefficient of  variation) < ±10% .  
How such a variation tolerance affects the AJ printed interconnect 
performance is examined here especially at high frequencies.

Figure 6: Measured curves of S11 versus RF frequency for 9 AJ printed 
microstrip lines and the corresponding relative standard deviation 
(RSD) as well as standard deviation (STDEV)

Figure 7: As Figure 6 but for S21
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Figures 6 and 7 show a set of  measured S11 and S21 data for 
nine printed (2 pass stacked) microstrip lines of  height ~ 7 µm 
printed under identical process conditions. Except data around a 
few resonance peaks, the relative standard deviation (RSD) values 
in most frequency ranges are within 10% (as consistent with the 
current AJ process control capability of  < ±10% variations for 
mass output as well as line width and line height).  Such values 
of  standard deviation (STDEV) seem to be comparable to those 
reported for bondwire interconnects under 40 GHz [13].

Effects of Microstrip Line Aspect Ratio and Resistance
There are several ways to vary the aspect ratio and resistance of  

microstrip lines with AJ printed inks.  One variable that can easily be 
changed by the number of  stacking layers under the same process 
condition is the aspect ratio and cross-section area of  the printed 
lines. Even for lines of  the same cross-section area and aspect 
ratio, the resistance (or resistivity) value can be varied by changing 
the sintering temperature.  Table 1 shows the process conditions 
for obtaining resistance values of  0.19, 0.15, 0.098Ω (with relative 
standard deviation < 10% among multiple printed lines of  the same 
process setting) using the same silver nanoparticle ink.

Table 1: Process conditions for obtaining various resistance values of 
AJ printed microstrip line of width ~44 µm

Shown in Figure 8 is the comparison of  S11 and S21 values 
among the three types of  AJ printed microstrip lines of  0.16 and 
0.23 aspect ratio, 0.19, 0.15, 0.098Ω resistance.  It appears that line 
aspect ratio has a more noticeable effect than the resistance value. 

According to electromagnetic wave theory, the interconnects 
can be analyzed as a lossy transmission line with characteristic 
impedance given by [1]

where R,  L, G,  C denote the series resistance, series inductance, 
shunt conductance, shunt capacitance per unit length of  the 
transmission line, respectively.  In practice, it is often desirable 
to have interconnects with characteristic impedance of  50 Ω to 
match the typical input and output impedance of  most microwave 
components. For RF signals, the terms associated with angular 
frequency ω in (2) typically dominate such that R and G are 
practically negligible in the characteristic impedance.  As shown 
in Table 1, the AJ printed microstrip lines have R < 0.2 Ω, much 

smaller than the interconnect characteristic impedance of  about 50 
Ω.  Therefore, it is not a surprise to see little differences between 
the microstrip lines of  the same aspect ratio but with different 
resistance values.  However, with an ink of  much higher resistivity 
the printed line resistance can play a considerable role in microstrip 
losses for D-band RF applications [18].

Figure 8: Effects of line aspect ratio and resistance on S11 and S21

However, geometric factors such as aspect ratio can be expected 
to alter the fringe fields and consequently and transmission line 
impedance.  From Figure 8, it seems that the microstrip line of  
higher aspect ratio (with R = 0.098 Ω) is more desirable for RF 
signal performance for relatively lower S11, higher S21, and smaller 
resonance peaks than that of  lower aspect ratio.

CONCLUSIONS
This work demonstrates that AJ printing can be used for 

fabricating interconnects of  RF components, with the flexibility of  
varying the printed line geometry according to digitally designed 
toolpath.  Comparison of  RF performance is made between the 
straightforwardly printed silver microstrip lines by the AJ process 
and gold microstrip fabricated by the photolithography process, 
bond gold wires, against the theoretical simulation results of  HFSS 
for an idealized microstrip.  The S-parameter measurements of  AJ 
printed microstrip lines show reasonable agreement with the HFSS 
theoretical results.  The AJ printed interconnects can have similar 
RF transmission performance to microstrip, with significantly 
lower loss than bondwires especially at high frequencies.  Unlike 
bondwires, the AJ printed interconnects have no loop height with 
a shorter length as to be beneficial for improving the interconnect 
performance for RF components.

To analyze the effects of  line aspect ratio and resistance, 
microstrip lines were printed with different numbers of  passes 
for a constant line width, and sintered at different temperatures 
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for different interconnect DC resistance.  Our results indicates 
that variation of  the DC resistance value of  AJ printed lines 
have little effect on RF performance, consistent with the lossy 
transmission line theory that expect the characteristic impedance 
to be dominated by the reactance rather than resistance at high 
frequencies.  However, the aspect ratio of  AJ printed lines can have 
noticeable influence on their RF performance; lines of  higher pile 
height seem to offer more desirable RF performance.  This clearly 
illustrates the potential of  AJ printing technology for producing 
fully optimized interconnect geometries for minimizing loss of  
high frequency RF packages and can offer an alternative to wire and 
ribbon bonding as well as prevent the need to transition to flip-chip 
packaging methods with copper bumps.

FUTURE WORK
With the versatility and flexibility of  AJ printing, interconnects 

of  optimized geometry can be fabricated according to digitally 
designed toolpaths. This provides RF designers with extra tools to 
control the impedance of  interconnects much like they would do 
with a microstrip or co-planar wave guide, but with the convenience 
for rapid-prototyping iterations.  With the promising results and AJ 
printing capabilities demonstrated in this work, it naturally points 
to the future work of  establishing the design rules for optimizing 
the AJ printed interconnect geometric pattern, aspect ratio, etc. for 
particular RF applications.  To improve the current control capability 
for keeping the relative standard deviation of  outputs within 10%, 
some feedback schemes may be implemented for tighter controls.  
Further development could lead to a standardized AJ printing 
packaging methodology for adhering to the standards for reliability 
common adapted in military, international telecommunications 
and semiconductor industry.  It is also possible to incorporate AJ 
printing of  conformal interconnects into completely additively 
manufactured packaging strategies like Crayton et al demonstrated 
in their W-band packaging strategy [19].
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