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the mechanisms that dictate performance 
of electronically functional three-dimen-
sional inkjet-printed structures. 

 The primary limitation of the applica-
tion space will be the critical dimension 
of inkjet printing technology—which is 
on the order of ten microns. While this 
dimension seems large when compared 
to the nanoscale limits of conventional 
lithography, it is an ideal fi t for MEMS, 
sensor, and integrated circuit package 
interconnects. Further, this application 
space will continue to bloom as demand 
continues for fl exible, thin, mobile, wear-
able, and ubiquitous electronics; this is 
evidenced, for example, by the prolifera-
tion in chip stacked packages in mobile 
phones. [ 7 ]  The primary challenge is the 
exploration of functional inks (i.e. metallic, 
semiconducting, and dielectric inks) with 

the specifi c goal of fulfi lling the growing demand for the var-
ious aforementioned arenas. For example, metallic nanoparticle 
inks have already demonstrated the potential for achieving high 
conductivity interconnects at processing temperatures as low 
at 150 °C. [ 8 ]  However, these properties are achieved with fi lms 
less than 1 µm thick. Understanding the implications of fabri-
cating features tens of microns tall yet still comprised of these 
nanoscale structures will be critical to determining the utility of 
such novel materials in 3D applications. 

 With specifi c regard to package interconnects, the main 
driver is the unrelenting demand of CMOS scaling (see 
 Figure    1  ), which is demanding smaller, more closely-spaced, 
and more total interconnects per package. Furthermore, 
growing health concerns as well as performance/reliability 
issues related to thermal conductivity, electric conductivity, 
and electromigration failure of conventional lead-tin eutectic 
interconnect materials have led to a search for replacements. 
To date, only gold stud bumps and solder-capped copper posts 
have gained signifi cant traction. [ 9–13 ]  While the conductivity of 
these interconnects will unquestionably outperform eutectics, 
there are a number of drawbacks associated with the required 
fabrication process steps. First, gold bumping is a relatively low-
throughout processes requiring thermosonic bonding, which is 
very sensitive to process parameters and often leads to bump 
deformation/poor bond strength. [ 14 ]  Second, the copper pro-
cesses (and some gold processes) rely on electroplating, which 
both introduces multiple processing steps and results in large 
volumes of wasted material. Due to these tradeoffs between 
material properties and fabrication costs, it is vital that new fab-
rication techniques and new functional materials be explored 
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  1.     Introduction 

 Inkjet printing functional electronic inks has proven to be a 
powerful alternative to conventional fabrication techniques 
for various applications. [ 1–6 ]  Not only does droplet-on-demand 
inkjet printing offer characteristics ideal for manufactur-
ability—it is non-contact, additive, adaptive-on-the-fl y, and 
has the potential for high-throughput processing via the coor-
dination of massively parallel arrays of inkjet nozzles—but it 
also enables the fabrication of structures on non-traditional 
electronic substrates and facilitates the use of nanostructured 
materials as a means of reducing critical process temperatures 
while still achieving high-performance features. However, the 
printing of functional inks has generally been confi ned to the 
two-dimensional world of thin-fi lm devices; much effort has 
been focused on the fabrication of passive components, [ 1,2 ]  thin-
fi lm transistors, [ 3 ]  sensors, [ 4,5 ]  solar cells, [ 6 ]  and so forth, while 
little progress has been made in exploring the third dimension 
with these promising materials. Given the recent surge in three-
dimensional printing processes, the time is ripe for identifying 
the applications, developing the processes, and understanding 
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in an effort to minimize cost and maximize performance. To 
that end, this work explores the viability of three-dimensional 
droplet-on-demand inkjet printing of metal nanoparticle inks 
for the fabrication of packaging vertical interconnects.  

 Metal nanoparticle inks, typically comprised of organic-encap-
sulated nanoparticles suspended in solution, [ 8,15–17 ]  are an ideal 
choice for package interconnects as well as general three-dimen-
sional conductive structures. First, because the melting point of the 
nanoscale materials is dramatically reduced due to the increased 
surface area-to-volume ratio as compared to bulk, [ 18 ]  the sintering 
temperatures of materials is often below the thermal budgets of 
standard processes and below the glass transition temperature of 
several attractive polymer substrates. In addition, many existing 
sintering techniques such as intense pulsed light, [ 19 ]  microwave, [ 20 ]  
electrical, [ 21 ]  and so on, may offer even further improvements to 
thermal constraints. Finally, a specifi c concern in package inter-
connects is electromigration; however these materials have also 
demonstrated superior electromigration performance. [ 22 ]  

 While many solution-based deposition techniques exist, 
inkjet printing is a particularly attractive three-dimensional 
deposition technique for these specifi c interconnect struc-
tures. First, the ten micron critical dimension of inkjet printing 
matches well with the current and future technology node 
requirements for package interconnects. [ 23 ]  In addition, the 
application of metal nanoparticle inks offers the opportunity 
to fabricate structures that readily compete with conventional 
materials with regard to their performance metrics. While we 
have recently reported on the inkjet fabrication of such fea-
tures, [ 24 ]  much of the work toward printed, conductive, three-
dimensional interconnects that does exist emphasizes dem-
onstrations of electrohydrodynamic printing, [ 25 ]  extrusion 
printing, [ 26 ]  and molten solder droplet printing. [ 27 ]  While these 
techniques have their own advantages and drawbacks, none 
offer the scalability, throughput, and performance of inkjet-
printed nanoparticles. To our knowledge, this work is the fi rst 
complete study of the electrical and mechanical properties 
critical to high performance of such large nanoparticle-based 
structures and the results discussed herein will serve to further 
motivate the research of materials, processes, and applications 
for functional three-dimensional structures.  

  2.     Results and Discussion 

  2.1.     Printing Process 

 For a single nozzle, the volumetric fl ow rate of material ejected 
( Q  drop ) is dictated by the drop frequency ( f  drop ) and the volume 
of an ejected droplet ( V  drop ). It is important to note that 1)  V  drop  
includes the solvent volume ( V  solv ) and nanoparticle volume 
( V  NP ), and 2) generally  V  solv  is much greater than  V  NP  due to 
the need to maintain low ink viscosity. Consequently, assuming 
 V  drop  is constant over the course of printing, the main control 
over  Q  drop  becomes  f  drop . 

 Because the primary constituent of the droplet is the sol-
vent material, wetting/spreading of the ink on the substrate 
typically makes it diffi cult to print high aspect ratio features. To 
control this spreading, we print at elevated substrate tempera-
ture, causing the evaporation of the solvent prior to the next 
drop impinging on the surface. This evaporation rate ( Q  evap ) is 
dictated by the solvent material and the substrate temperature 
( T  sub ). For a given ink system, the solvent is constant, making 
 T  sub  the primary control for  Q  evap . 

  Figure    2   demonstrates the impact of each of these process 
parameters. All samples prepared in Figure  2 a were fabri-
cated with a total of 50 drops and images were taken before 
any sintering occurred. The volumetric fl ow rates for these pil-
lars range from ≈20–60 pL/s as the applied drop frequency is 
adjusted from 0.16 Hz to 0.5 Hz. As  f  drop  increases and  T  sub  
is held constant, it becomes increasingly diffi cult to build 
vertical features because  Q  evap  is much less than  Q  drop . The 
result is a short and continuously expanding dome-shaped 
puddle on the substrate. However, increasing  T  sub  at a given 
 f  drop  results in increasing  Q  evap  such that tall, narrow pillars 
are able to form. Figure  2 a demonstrates this shift in mor-
phology and Figure  2 b is an enhanced view of a pillar printed 
with 30 total drops.  

 Extracting the height and width measurements from these 
printed pillars, we can determine the aspect ratio of these pil-
lars as a function of printing conditions (Figure  2 c). For the 
high  f  drop , low  T  sub  conditions it was not possible to measure an 
accurate height or width, so the aspect ratios of these samples 
are omitted from Figure  2 c. As demonstrated, pillars with an 
aspect ratio of approximately 6:1 can be fabricated with as few 
as 50 droplets. 

 The formation of these pillars involves three distinct regimes, 
which we name wetting, tapering, and growth. In the wetting 
regime, the initial droplet wets the substrate and expands to 
essentially the same diameter regardless of print condition. 
A higher  T  sub  may eventually result in decreasing this initial 
spreading, though this was not observed in our experiments. 
During the tapering regime, as more droplets impinge upon 
the substrate they slowly begin to pin with a smaller diam-
eter until a fi nal, steady-state diameter is reached. Finally, 
throughout the growth regime, subsequent droplets contribute 
solely to increasing the height of the pillar. Assuming  Q  drop  and 
 Q  evap  remain constant, the height of the pillar should increase 
linearly and the width remain constant, allowing for very high 
aspect ratio features to be fabricated simply by adding to the 
total number of drops. This assumption may break down as 
pillars grow taller because the temperature at the top of the 
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 Figure 1.    Exponential growth of transistors and interconnects per 
package for select Intel processors since 1970.
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pillar may begin to decrease below  T  sub  if heat conduction 
from the bottom to the top of the pillar is too slow, however 
no issues became apparent during our fabrication process. 
Indeed, we have shown that incredible complex high-aspect 
ratio structures (see  Figure    3  a,b) such a vertical polygons and 
multi-branched “cacti” can be built using this approach; this 
attests to the promise of this technique for generalized 3D 
fabrication.   

  2.2.     Coplanarity and Compaction 

 Conventional packaging interconnects depend on refl ow 
bonding to compensate for package nonplanarity and die 
bow, that is, solder refl ow allows for robust interconnection 
despite wide variation in gap height. Similarly, as-printed 
pillar coplanarity and post-sintering pillar compaction are 
important criteria for printed nanoparticle-based intercon-
nects. Higher coplanarity results in minimized gap height 
variation prior to sintering and sintering-triggered pillar 
compaction will improve interconnection bonds similar to 
refl ow processes with conventional materials. During thin 
fi lm nanoparticle sintering, the encapsulant-metal bonds 
break, both the encapsulant material and the metal nanopar-
ticles begin to diffuse, and nanoparticles eventually coalesce 

to form a continuous, compact, conductive, polycrystalline 
fi lms. [ 2,16,17,19–21,28 ]  Thus, we expect the pillars to compact upon 
sintering due to outdiffusion of the ligand, similar to the com-
paction observed in two-dimensional nanoparticle thin fi lms. 
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 Figure 2.    The impact of printing process parameters  f  drop  and  T  sub . a) Higher  T  sub  and lower  f  drop  lead to higher aspect ratio pillars. b) Example of 
single printed pillar. c) Extracted aspect ratio from images in a). All printed pillars fabricated with a total of 50 drops. Scale bars in a) are 100 µm and 
in b) are 50 µm.

 Figure 3.    Demonstrations of generic high-aspect ratio structures fabri-
cated with inkjet-printed gold nanoparticles. a) hexagonal structures and 
b) “cacti” with scale bars representing 100 µm in each micrograph.
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To measure this compaction we monitor the change in height 
and width as a function of sintering condition. Results are 
shown in  Figure    4  b,c. 

  We fabricated arrays of pillars with the following conditions: 
 f  drop  = 0.125 Hz,  T  sub  = 110 °C, and total drop count of 30 drops. 
The printed arrays were arranged in a rectangular grid with 
a large pitch of 650 µm, though it is worthwhile to note this 
pitch can be decreased to approximately 200 µm with relative 
ease, and, indeed, can be scaled further by reduction in jetted 
droplet size. The primary limit for minimizing the pitch of the 
printed arrays is the diameter of the fi rst printed drop. Of the 
arrays printed, three separate arrays were measured to deter-
mine the height and width variation per array before sintering. 
The average across all samples was 113 µm tall and 63 µm in 
diameter, with a standard deviation of 0.90 µm and 1.21 µm, 
respectively. Thus, it is evident that the inkjet printing process 
is indeed highly reliable both within an individual printing pro-
cess and across multiple processes. 

 In Figure  4 c we present the effect of sintering temperature 
on extracted volume compaction of the pillars in our printed 
arrays. While sinter time and temperature will both play a role 
in determining the degree of pillar compaction, the effect of 
temperature is much stronger for the time and temperature 
ranges tested, thus only the effect of temperature is shown 
(see Supporting Information Table S1 for complete dataset). To 
determine the percent change in volume, we use the average 
value for the height and width of the pre-sintered pillars as 
an initial value and we model the shape of the pillar as a per-
fect cylinder. We see up to 53% volume reduction in pillars 
sintered at 350 °C (see Supporting Information Table S2 for 
complete dataset). The error bars representing standard devia-
tion in Figure  4 c appear to be large because various sintering 

times were included in determining the effect of temperature, 
however the average intra-array variation across all nine arrays 
was 1.27 µm and 0.95 µm for height and width, respectively. 
Therefore, both the pre- and post-sintering coplanarity values 
are highly uniform. 

 Figure  4 a presents a schematic cross-section of pillars 
throughout the sintering process. Special attention should be 
paid to the location of the sintering front which represents a 
boundary between densely sintered nanoparticle material 
and the less dense regions that still contain large amounts of 
carbon. Because heat is applied at the base of the pillar during 
sintering, we expect sintering to initiate at the base of the pillar 
and extend upward through the pillar. In addition, we anticipate 
the thermal conductivity of sintered material to be higher than 
unsintered material due to the densifi cation of the metal. This 
thermal conductivity increase will aid in accelerating sintering. 
Finally, we expect the center of the pillars to sinter the slowest 
due to the increased distance the free encapsulant must diffuse 
to escape the system and the potential for denser sintered mate-
rial on the outside of the pillar to act as a barrier to diffusion. 
This implies both a vertical and lateral diffusion of material 
during the sintering process, which will strongly impact the 
electrical and mechanical properties of the sintered structures. 
We will experimentally verify this view of 3D sintering below.  

  2.3.     Electrical, Elastic, and Shear Properties 

 In general, we expect more extreme sintering treatments to 
result in extracted material properties closer to bulk proper-
ties. For example, ideal electrical performance would be a resis-
tivity equal to bulk gold: 2.44 µΩ cm. However, large volumes 
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 Figure 4.    a) Schematic diagram depicting densifi cation and compaction of nanoparticle-based pillars as a function of sintering time. The sintering 
front separates the dense, sintered (darker) material from the less dense, unsintered (lighter) material in the schematic. b) Pre-sintered height and 
width values for three arrays of printed pillars demonstrating highly coplanar structures. c) Height, width, and extracted volume compaction of pillars 
as a function of sinter temperature demonstrating pillar compaction during sintering. Error bars represent sample standard deviation. Coplanarity and 
compaction data extracted sintered pillars fabricated with a total of 30 drops each.
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of residual encapsulant are detrimental to conductivity in two-
dimensional nanoparticle fi lms, [ 8,17 ]  and the same response is 
expected for pillar structures. The electrical, mechanical, and 
shear response of these pillars as a function of sintering treat-
ment is shown in  Figure    5  a–d.  

 First, Figure  5 a presents the measured electrical perfor-
mance of a set of pillars fabricated with 30 drops each and 
sintered between 140–200 °C for 15–75 min. Pillar resist-
ance was extracted using the custom four-point probe tech-
nique described in the experimental section. As expected, an 
increase in sintering temperature as well as sintering time 
results in a decrease in measured resistance. It appears that 
the electrical response is exponentially dependent upon the 
sintering time, which we attribute to the diffusive nature of 
the free encapsulant material migrating within the system 
as the nanoparticles coalesce and the pillars compact. As the 
temperature increases, the diffusion rate is accelerated and 
the time to achieve high conductivity is decreased. The 140 °C 
and much of the 155 °C sintered samples do not appear on the 
plot because the resistance was beyond the measurable range. 
This indicates that at lower temperature and time conditions, 
the sintering and compaction of the nanoparticles has not yet 
created a conductive path from the base to the top of the pillar. 
Referring to the schematic drawn in Figure  4 a, this would 
correspond to bottom and sidewall sintering but no sintering 
along the top of the pillar. The lowest resistivity measured 
in this experiment is 40.7 µΩ cm, but the lowest resistivity 
measured to date for pillars annealed at fully optimized condi-
tions is 13.2 µΩ cm, or 16% of the conductivity of bulk gold 

and a higher conductivity than available from conventional 
eutectics. [ 29 ]  

 Using the same set of pillars, we performed nanoindenta-
tion tests to determine the elastic response of the pillars as a 
function of sintering conditions. The results are presented in 
Figure  5 b. We fi rst note that, unlike the electrical tests that 
resulted in nonconductive, that is, non-measurable, pillars for 
both the 140 °C and 155 °C conditions, we are able to measure 
all of the prepared pillars in this mechanical test. In fact, we 
observe little to no increase in elastic modulus for these mini-
mally sintered pillars, which correlates well with the lack of a 
dense, sintered, conductive path reaching the top of the pillar. 
Similar to the electrical response, the elastic modulus increases 
as a function of time, which correlates with the compaction 
of the pillars and outdiffusion of encapsulant, and increasing 
the sinter temperature results in a shorter time to achieve high 
modulus. The peak elastic modulus measured is 28.6 GPa, 
which is 36% of the bulk gold modulus and comparable to con-
ventional eutectics. 

 In addition to the electrical and elastic property extraction, 
a fi nal shear test experiment was performed to determine the 
shear strength of sintered pillars; this is a particularly impor-
tant test for semiconductor packaging applications, since shear 
strength is a standard specifi cation requirement for semicon-
ductor packages. New pillar arrays were fabricated and pillar 
compaction was recorded prior to shear testing to normalize 
shear strength to cross-sectional area. As shown in Figure  5 c, 
when comparing the shear strength of unsintered pillars with 
pillars sintered at 150 °C, no clear effect is visible. However, 
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 Figure 5.    Pillar a) electrical and b) elastic property response as a function of sintering time and temperature. c) Shear strength and d) distribution of 
shear surface failure mechanisms as a function of sintering temperature for pillar arrays sintered for one hour. Horizontal bars in c) represent shear 
strengths guaranteed in industrial processes.
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increasing the temperature results in dramatically increasing 
shear strengths driven by the decrease in pillar diameter as 
well as improved strength of sintered gold. The shear failure 
mechanisms outlined in the JEDEC Solder Ball Shear standard 
are ductile, pad lift, ball lift, and interfacial break. [ 30 ]  In our 
testing we primarily observe ductile and interfacial shearing. 
As a further level of distinction, we divide the ductile shearing 
into two categories: fl at ductile and sloped ductile shearing. 
Figure  5 d details the rate of shear failure mechanism as a 
function of sintering condition. The shear direction is bottom-
up for all images. Interfacial shearing between the pillar and 
pad dominate low temperature sinter processes, indicating 
sintering has not successfully formed a solid bond across 
the pad. For the higher temperature conditions, fl at ductile 
shear surfaces extend throughout the pillars. The interme-
diate sloped ductile failure mechanism primarily occurs in 
the 200 °C condition whereby pillar shear surfaces begin fl at 
and suddenly slope downward once the center of the pillar is 
reached. Top-down SEM images are presented in  Figure    6  a–e 
depicting these failure mechanisms. At 300 °C we begin to 
see a shear response near the denser exterior of the pillar that 
resembles the ductile shear response of homogenous bulk 
materials (see Figure  6 e). The average shear strength for the 
300 °C sinter treatment is 7.81 mg µm −2 , which is 92% of the 
bulk gold shear strength guaranteed in industrial processes. [ 31 ]  
At 200 °C, the 2.64 mg µm −2  shear strength is comparable to 
conventional eutectic shear strength guaranteed in industrial 
processes. [ 30 ]   

 The time- and temperature-dependent 
nature of these pillar properties is a very 
important and promising outcome. First, 
with regard to absolute terms, the pillars fab-
ricated and tested have achieved properties 
comparable to bulk materials at moderate 
heat treatments. This indicates the viability 
for such structures in applications where 
performance is paramount. Not only would 
the pillars presented in this work operate as 
electrical interconnects, but they would also 
outperform the conventional materials used 

for such an application. Second, and perhaps more importantly, 
the time- and temperature-dependent properties indicates these 
structures can be tuned to meet fairly precise design standards. 
Further, despite this work being focused strictly on metal nano-
particles, it is reasonable to expect other materials will exhibit 
similar tunability.  

  2.4.     FIB and EDX 

 To validate the sintering model above, we perform structural 
and materials analysis as a function of sintering conditions. 
 Figure    7   shows cross-sections of three separate pillars sintered 
at varying time/temperature conditions and milled with FIB to 
elucidate the composition and structure of the features. There 
are stark qualitative differences between the gentle, moderate, 
and strong sintering conditions. First, the 150 °C and 175 °C 
pillars exhibit a typical “waterfall effect” which commonly 
occurs in composites with highly disparate atomic masses. [ 32 ]  
Because the main components of these pillars are carbon and 
gold, not only do the conditions needed for the observation of 
the waterfall effect apply but the severity of the waterfall effect 
may also be used as an indicator for residual carbon content. 
No waterfall effect is evident in the 200 °C sample, indicating 
a much smaller carbon content consistent with highly sintered 
samples. Additionally, as the sintering time and temperature 
increases, the large cracks within the structure disappear. This 
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 Figure 6.    Shear failure interfaces. a–d) Shear surfaces for various sinter conditions. e) Enhanced view of sample d). Scale bars in (a–d) represent 
40 µm and in (e) represent 5 µm.

150 °C / 15 min 175 °C / 30 min 200 °C / 75 min 

 Figure 7.    FIB milled pillars for various sinter time and temperature conditions. Waterfall effect 
and cracks diminish as sintering time and temperature increase. Scale bars represent 25 µm.
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behavior is consistent with improved compaction as well as 
electrical and mechanical performance.  

 Because the 200 °C sintered pillar does not exhibit a strong 
waterfall effect, the surface was smooth enough to perform 
EDX scans. Prior to EDX, 10 pA polishing FIB scans were 
made to smooth the surface further.  Figure    8   shows the result 
of EDX scans throughout the pillar. At the base and center of 
the pillar the measured gold peak is about twice the intensity 
of the carbon peak, but the peaks are nearly equivalent at the 
top of the pillar, which indicates a higher carbon content at 
the top than the bottom. This is likely due to the pillar being 
primarily sintered from bottom to top as previously described. 
Furthermore, the fi eld scans at the top of the pillar qualitatively 
indicate the carbon concentration is primarily located near the 
center of the pillar rather than the edge (see Figure S1, Sup-
porting Information), consistent with the expectation that 
carbon in the center will take more time to diffuse out of the 
system due to the longer diffusion distances and the formation 
of a hard shell during the sintering process.  

 This structural and compositional characterization is the 
fi rst direct investigation of sintering in such inherently large 
nanoparticle-based structures. The redistribution of carbon 
material within the pillar helps explain the electrical, elastic, 

and mechanical responses observed and helps to establish 
performance limitations for the given processing parameters. 
Namely, the entrapped carbon material within the fi nal struc-
ture will contribute to a higher degree of elasticity as well as 
lower conductivity, and enhanced heat treatments will likely 
do little to permit the outdiffusion of the carbon through the 
dense shell-like structure. All of these results inform design 
decisions for optimized performance throughout the process: 
from encapsulant selection to printing parameters to sintering 
treatment.   

  3.     Conclusion 

 We have demonstrated a well-controlled inkjet printing process 
for printing three-dimensional nanoparticle-based structures 
and we have explored the effects of sintering on critical struc-
tural properties. Both the printing process and sintering pro-
cess result in well-controlled pillar arrays, suitable for use as 
vertical interconnects in semiconductor packaging applications. 
At process temperatures comparable to eutectic refl ow temper-
atures, the pillars sinter and compact to achieve electrical and 
mechanical properties that outperform conventional eutectic 

 Figure 8.    Polished sections of FIB milled pillar sintered at 200 °C for 75 min and corresponding EDX scans for each labeled area. EDX carbon-to-gold 
ratio increases moving upward throughout pillar indicated higher level of residual carbon content near top of pillar.
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materials, indicating these features are clear competitors for 
eutectic solder replacement. Further, the general understanding 
of sintering and observation of encapsulant diffusion within 
these three-dimensional structures will provide invaluable 
insight for nanoparticle ink design to optimize performance 
at even lower temperatures and for new material systems. By 
demonstrating the success of metal nanoparticles, this work 
has made it quite clear that inkjet printing is a viable alterna-
tive to conventional, costly materials and processes for three-
dimensional electronically functional structures.  

  4.     Experimental Section 
  Inkjet Printing : All inkjet printing was performed on a custom-built 

droplet-on-demand inkjet printing system. The system is composed of 
 x - and  y -axis translational motors and a theta-axis controlled mounted 
stage. The stage has vacuum capability as well as heating/cooling 
control (up to 300 °C). Two cameras provide visual feedback of the 
printing process. MicroFab MJ-AT 60 µm orifi ce diameter nozzles are 
used for all printing experiments. A nitrogen-fed back pressure system 
with adjustable needle valves controls the meniscus of the fl uid at the 
nozzle orifi ce above the stage. A personal computer controls all of 
these components and runs an original software suite to coordinate 
stage movements and drop ejections. The ink used in this work is a 
commercially available gold nanoparticle ink (Harima NPG-J) with typical 
viscosity ≈7 cP, density ≈1.8 g cm −3 , nanoparticle loading ≈55 wt%, and 
nanoparticle diameter ≈5 nm. Harima NPG-J has a primary nonaromatic 
solvent identifi ed as “AF7” within the Materials Safety Data Sheet 
(MSDS) with a boiling point of ≈270 °C. Depending on the applied pulse 
waveform, the 60 µm nozzle produces drops with diameters that range 
between 55–65 µm and therefore produces drop volumes that range 
between 87–144 pL. A typical applied waveform is a standard bipolar 
pulse waveform with  t  dwell  = 20 µs,  t  echo  = 40 µs,  V  0  = 0 V,  V  +  = 19 V, 
 V  –  = –19 V,  t  rise-1  = 3 µs,  t   f all  = 6 µs, and  t  rise-2  = 3 µs to produce drops with 
calculated volumes of ≈100 pL. Any substrate temperature noted was 
allowed to settle before printing began to avoid temperature fl uctuations 
during printing. Substrates used in all printing experiments are silicon 
test wafers with pre-patterned chrome/gold pads fabricated via standard 
photolithography, metal evaporation, and liftoff processes. 

  Sintering : All sintering experiments took place after the printed 
pillars were allowed to cool to room temperature after printing. Pillars 
were either sintered on the same heated stage as the one used for 
printing or in a one inch diameter tube furnace (which permits higher 
temperatures than the hotplate). The desired sintering temperature was 
allowed to reach its set point prior to placing the pillars on the stage 
or in the furnace. After the prescribed sintering time ended, samples 
were removed immediately and placed onto a cooling plate in order to 
quench the sintering process. 

  Electrical Characterization : Probing two pre-patterned extensions on 
the gold pad and carefully lowering another two probe tips onto the 
top of the pillar allows for a four-point probe measurement setup of 
the printed pillars. Multiple measurements were taken on each pillar, 
and the average extracted resistance was used to describe individual 
pillars. Error bars in relevant electrical characteristic plots indicate the 
standard deviation across multiple pillars printed and tested under the 
same conditions. To extract a material resistivity, we use a cylindrical 
approximation for the geometry of the pillars. An Agilent 4156B was 
used to record all measurements. 

  Mechanical Characterization : After printing and sintering were 
complete, nanoindentation tests performed at the top of the pillars were 
used to determine the reduced Young’s modulus,  E  r , of the pillars as a 
function of sintering condition. The load profi le for each test includes 
a 1000 µN s –1  ramp to 5000 µN maximum force, a two second hold 
time, and a 1000 µN s –1  unloading segment. During unloading, 
force-displacement data is used to determine the reduced modulus 

of the sample. All tests were performed on a Hysitron TI 750 series 
TriboIndenter. 

  Shear Strength Characterization : Because most substrates used to 
print were very small (roughly 50 mm 2 ) compared to the bond tester 
stage, already-sintered substrates were affi xed to glass microscope slides 
with a cyanoacrylate adhesive to prepare samples for bond testing. 
Samples rested overnight to fully harden before shear tests and care 
was taken to ensure the microscope slide did not slip during the test. 
Using a Nordson Dage 4000 bond tester, printed pillars were sheared at 
100 µm s −1  at a height of 20–25 µm. Failure detection for tested pillars 
was set to a fallback of 30 percent, meaning a failure was recorded 
only if the measured force at any time dropped below 30 percent of the 
measured maximum force. 

  SEM, Optical, and EDX Characterization : Multiple instruments were 
used to image and characterize the morphology of printed pillars. 
Scanning electron microscope (SEM) images were obtained using both a 
Zeiss Leo SEM and FEI Quanta 3D FEG SEM. In addition, laser confocal 
microscopy with an Olympus LEXT OLS4000 was used to rapidly 
characterize the height and diameter of fabricated pillars. The brightness 
switching feature available on the confocal laser was necessary in 
order to successfully image the top surface of pillars. Finally, an FEI 
Quanta focused ion beam (FIB) and in situ energy-dispersive X-ray 
(EDX) spectroscopy tool were used to analyze the internal chemical 
composition of pillars as a function of sintering condition. A milling FIB 
current of 7 nA and a polishing FIB current of 10 pA were used to create 
surfaces for EDX scans.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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