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process requires deposition of consistent, 
uniform layers with a repeatable thick-
ness distribution across multiple material 
classes. Different manufacturing methods 
such as spin or dip coating,[10] lithog-
raphy,[11] doctor blading,[12] chemical vapor 
deposition,[13] and others have been used 
to fabricate thin-film devices. However, 
most of these methods are limited by sub-
strate planarity, high temperatures, harsh 
chemistries, or the dissolution of pre-
vious layers by non-orthogonal solvents.[14] 
Furthermore, in certain situations, it is 
desirable to deposit a customized pattern 
or to selectively place components on 
an existing device structure without dis-
turbing it.

To address the challenges noted above, 
we examine an additive manufacturing 
(AM) approach and use it to realize ver-
tically stacked, thin-film devices using 
multiple materials. AM technology in 
principle enables material deposition on 
nonplanar surfaces, by direct addition 
of material on existing topographies, 
without requiring cleanroom facilities 
and the use of masking steps more com-

monly used with lithography, and less material waste. Inkjet 
printing has been studied extensively for the creation of multi-
material, thin-film devices with demonstrated transistors[15–17] 
and optical sensors.[18] The thermal or piezo-driven excita-
tion[19] used to deposit materials in a liquid phase in inkjet 
printing limits the achievable spatial resolution to larger 
than 20  µm. Furthermore, high viscosity inks (>50  cP) nec-
essary for certain applications cannot be printed using inkjet 
technology.[20]

Electrohydrodynamic jet (e-jet) printing is a solution-based 
fabrication technique enabling thin-film fabrication and pat-
terning without the planarity restrictions of lithography and 
other subtractive processes. Compared to inkjet technology, e-jet 
printing has a much higher spatial resolution (0.05–30  µm), 
comparable to the resolution of lithographic processes,[20,21] 
while also providing a high degree of freedom in creating cus-
tomized patterns. Complex structures can be fabricated with 
high controllability and precision in desired locations from the 
micro- to nanoscale. E-jet is also capable of depositing a wide 
range of fluid viscosities from 100–105 cP, several orders of mag-
nitude larger than that of inkjet printing.[19] This further enables 
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There has been a growing interest in the past decade in the 
fabrication of high-resolution, thin-film devices such as optical 
sensors,[1–3] flexible electronics,[4] memristor devices,[5] photonic 
crystals,[6] organic lasing cavities,[7] and transistors.[8,9] To 
realize high-performance, thin-film devices, the manufacturing 
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flexibility in the classes of materials deposited, from biological 
materials to polymers and conductive inks.[20–22] Manufacturing 
speed can also be increased by integrating multiple parallel 
printheads depositing multiple materials onto one platform.[23]

The main elements of an e-jet printer (see schematic in 
Figure  1A) include a conductive nozzle holding the build 
material, conductive substrate, and voltage amplifier. We use 
a previously developed customized e-jet printer[24] with two 
printheads. An electric field is created by applying a voltage 
difference between the nozzle tip and the grounded substrate, 
changing the meniscus profile from a pendant shape to a cone 
shape, defined as a Taylor cone jet.[20] As the field strength 
increases, electrostatic forces overcome ink capillary tension 
and the liquid build material jets from the tip of the cone to 
the substrate.[21] The applied voltage can be pulsed with a pulse-
width, tp, from low voltage, Vl, to high voltages, Vh, as described 
in Figure 1A. Custom structures can be fabricated by synchro-
nizing the stage motion with the voltage pulses, which enables 
a drop-on-demand printing mode with the ability to deposit 
sessile droplets at specified locations. It should be noted that 
a continuous jet-printing mode can also be used to deposit 
material on the substrate similar to line printing in ref. [25]. 
However, the fabrication of uniform thin films (film spatial 
resolution <  100 ×  100 µm, film thickness <  100 nm) requires 
the deposition of high-resolution droplets (droplet diameter 
< 2 µm, droplet height < 100 nm). In a continuous jet-printing 
mode, high-resolution droplets are generated by increasing the 
applied voltage, which simultaneously results in higher fre-
quency jetting. High stage speed is then required to space out 
the printed material on the substrate to form sessile droplets 
rather than large conglomerations of printed droplets. As the 

stage speed increases, additional dynamics and noise are intro-
duced into the process, thus reducing the overall quality of  
the printed patterns. Thus, drop-on-demand printing offers 
more stability at a particular spatial resolution by controlling 
the release of a small volume of material at a desired coordinate 
and at a desired time.

Many applications require multi-material, layered structures 
with well-defined areas, smooth interfaces between layers, 
and controllable thicknesses; however, a systematic method to 
achieve these structures by e-jet is lacking. E-jet employs a com-
plex ejection mechanism that is affected by the fluidic properties 
of the build material (e.g., surface tension, electrical conductivity, 
viscosity, density, etc.) and process parameters (e.g., nozzle size, 
electric field, the surface energy of the substrate, etc.). There are 
many challenges in material ejection and spreading that need to 
be investigated to understand the printing process and material 
interactions at the micro and nanoscale toward realizing the full 
potential of the e-jet printing process.

In Part I of this companion set, an empirical model is 
developed that correlates process parameters with material 
properties in multi-material, multi-layer structures with con-
trol of thickness at the nanoscale, and control of in-plane pat-
terning at the microscale. First, we study the deposition of 
individual droplets and how they merge to form continuous 
layers. Second, we extend this result to multiple stacked layers 
comprising different materials, enabling structures like the 
vertical Bragg reflectors in Figure  1B. The reflectance of a 
Bragg reflector can be tuned by the number of layers and cor-
responding thicknesses (see Figure  1C). We outline process 
parameters that determine the quality of film formation, which 
in turn influences device functionality. We also highlight the 

Figure 1.  Multi-material thin-film fabrication by e-jet printing. A) Schematic of e-jet printing process. A high voltage pulse is applied to the nozzle 
to eject a droplet of material with droplet volume related to pulse-width, tp. B) One-dimensional photonic crystals (1DPCs) to be fabricated by e-jet 
printing. nL and nH are low and high refractive indices of the corresponding polymeric materials. C) Reflectance response of a 1DPC can be tuned by 
modulating the number of layers and corresponding thicknesses.
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material properties and their scale-dependence that contribute 
to high-quality film formation.

A series of experiments are conducted to find a set of com-
patible materials that demonstrate stable jetting behavior 
during deposition as well as merging characteristics after the 
material has reached the substrate. Stable jetting behavior 
describes materials that form a stable, single Taylor cone 
jet[20] at the meniscus without clogging or evaporating. Good 
merging characteristics describes build materials that spread to 
a uniform thin-film on existing topography. In Part II of these 
companion manuscripts, a photonic crystal is fabricated using 
e-jet printing, with alternating layers of low and high refractive 
indices of commercially available photopolymers.[34] Design 
criteria are developed to select material combinations with 
favorable optical properties for the fabrication of a multi-mate-
rial, multi-layer photonic crystal. The photonic responses of 
the structures printed in this work are quantified via a custom-
developed microspectroscope.

Thin-film fabrication, using drop-on-demand e-jet printing, 
is a result of droplet ejection, droplet spreading, and droplet 
coalescence. Materials with stable jetting behavior will form a 
single stable Taylor cone jet[20] at the meniscus. After the mate-
rial is ejected from the nozzle tip, a sessile droplet is formed on 
the substrate with a spherical cap shape that is defined based on 
the droplet diameter and contact angle.[26] The droplet geometry 
depends on the electric field, the kinetic energy imparted on the 
droplet at ejection, the surface tension of the droplet, surface 
energy of the substrate, rheological properties of the ink, and the 
viscous energy lost during spreading. Several previous studies 
on e-jet behavior have utilized UV-curable photopolymer inks 
deposited onto conductive, smooth silicon wafers as a model 
system. They are chosen here again for their combination of 
fluid properties as well as having the ability to be cured in situ, 
without requiring high temperature operations. As an example, 
NOA170 was chosen to investigate the formation of thin-films on 
a polished silicon substrate based on varying process parameters.

The controllable process parameters that can affect the 
applied electric field, and subsequent droplet volume, include: 
high voltage value, low voltage value, pulse-width (tp), nozzle 
size, and standoff height (distance between the nozzle tip and 
the substrate). In this work, we intentionally adjust the droplet 
volume of a specific material using tp, while keeping all other 
process parameters constant. We chose tp because it has a direct 
mapping to droplet volume[27] and reduces the introduction of 
additional jetting dynamics and disturbances, such as nozzle 
arcing, which are more likely to occur with changes in other pro-
cess parameters like high voltage or standoff height. By design, 
each droplet is a result of a single droplet released within the 
designated tp. Successive droplets can be placed at a certain 
distance (center to center) from each other, defined as pitch, 
to form a film. The average thickness of a film, g , and the root 
mean square (RMS) surface roughness, sq, are defined as:
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where gi,j is the topography of the pattern at the discretized 
coordinate of (i,j), and N1 and N2 are the total number of discre-
tized coordinates in the X and Y direction. Note that both g  and 
sq are measured using an integrated AFM.

Roughness is a representation of the merging quality of a 
film such that a low sq value indicates a smoother film. The 
thickness and roughness of the printed films can be regulated 
by adjusting the droplet volume and pitch. As such, pitch and 
tp are independent variables while film thickness and rough-
ness are dependent variables. At small tp or large pitch values 
(pitch >> D), the droplets become smaller than the pitch, which 
yields voids in the pattern and increases the film’s roughness. 
To quantify film quality, we define a thin-film pattern with a 
thickness smaller than 200 nm as fully merged if it has an sq 
value less than 20  nm, partially merged for sq values between 
20 and 50 nm, and unmerged for sq values greater than 50 nm. 
Figure 2 shows these interactions at the microscale.
Figure  3A shows the effect of tp on the average thickness 

and corresponding RMS surface roughness (represented 
as error bars) of NOA170 films (60  ×  60  µm). The controlled 
process parameters include: Vh  =  500  V, Vl  =  250  V, nozzle 
size = 1 µm, standoff height = 20 µm, and pitch = 2.4 µm. The 
pulse width, tp, is varied between 0.5 and 12 ms to investigate 
its effect on film quality. Note that the diameter of a droplet is 
varied by changing tp. It is observed that decreasing tp from 
12 to 2  ms decreases the pattern thickness and roughness. A 
pulse-width of 1 ms (tp = 1 ms) resulted in the lowest roughness 
(sq = 7.23 nm) with a film thickness of 95 nm.

The influence of pitch on average thickness and roughness 
of NOA170 films is presented in Figure 3B. We use a raster type 
motion to print a continuous line that merges to form films, 
as presented in the inset of Figure 3B. The controlled process 
parameters are the same as those used to evaluate the effect 
of pulse width; however, we set tp to be 1 ms, which yields an 
average droplet diameter of D =  2.83 ± 0.12 µm, and vary the 
pitch between 1 and 2.9  µm. As the pitch increases, both the 
roughness and thickness decrease. A pitch of 2.5 µm resulted 
in the lowest roughness (sq  =  8.41  nm) with an average thick-
ness of 89.63 nm.

These results suggest that the thin-film fabrication process 
has two parameter selection steps: (1) eject controlled droplets 
by pulsing from low to high voltage over a designed time period 
(shorter tp leads to smaller droplets), and (2) adjust the pitch 
between deposited droplets to achieve thin, uniform patterns 
(pitch values ≈ droplet diameter D).

Figure 2.  Material interactions at the microscale. A) Fully merged: Loc-
tite3526 fully merges on NOA170 with thickness and RMS roughness of 
90 and 6 nm, respectively. B) Partially merged: NOA170 partially merges 
on NOA144 with thickness and RMS roughness 175 and 40 nm, respec-
tively. C) Unmerged: NOA170 does not merge on NOA1348 with thickness 
and RMS roughness 250 and 200 nm, respectively.
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In the previous section, process parameters governing the 
deposition of smooth, nanoscale films onto a uniform surface 
(e.g., polished silicon) were investigated. However, in some 
cases, tuning the process parameters does not guarantee a fully 
merged film. It is possible for a build material to merge into a 
uniform film on one material, but not on a different material. 
This raises the question of how to determine appropriate mate-
rial interactions in multi-material structures that are fabricated 
in a layer-by-layer fashion. For example, to create a multi-material  
structure such as a photonic crystal in Figure  1B, a refractive 
index contrast (Δn = nH − nL) must be achieved between neigh-
boring layers, which introduces variations in surface energy for 
each additional layer being deposited. To quantify the impact 
of these variations, we study the shape of sessile droplets of 
a build material on a previous surface. A range of photopoly-
mers are investigated: NOA170, Loctite3526, NOA144, NOA142, 
NOA13825, NOA138, NOA13775, NOA1369, and NOA1348, with 
refractive indices ranging from n  =  1.35–1.71, which provides 
an index contrast maximum of Δn = 0.35. We chose NOA170 as  
the nH material due to its high refractive index, nH = 1.70, and 
search for a low refractive index material (nL) to fabricate a 
multi-layer structure such as Figure  1B. Moving forward, we 
will refer to the silicon wafer as the primary substrate, while 
previously deposited, fully merged and cured photopolymer 
surfaces (Figure 2) will be referred to as secondary substrates.

The substrate-ink interaction can be defined by the contact 
angle, which is a function of fluidic properties of the build mate-
rial (liquid surface tension (LST), viscosity, evaporation rate, 
density, etc.), and surface energy of the previous layer. Several 
previous studies have investigated how tuning the solid surface 
energy (SSE) of a substrate can affect droplet shape and subse-
quent feature resolution in inkjet printing.[25,27] This has been 
extended to high-resolution e-jet printing, where the microscale 
contact angles of droplets were used to predict the merging 
quality of lines[28] on varying SSE surfaces. Microscale contact 
angles (droplets of 2–10 µm) are also used here to predict the 
roughness of a deposited layer of a build material on the sur-
face of a previously printed material. In addition, we explored 
if macroscale surface energetic measurements could be used to 

gain insights into material behavior at the microscale; however, 
no relationship was found. This highlights the fact that material 
interactions at the microscale are different from the macroscale, 
and subsequently previous theories derived for the macroscale 
are not sufficient to describe the layer-to-layer dynamics at the 
microscale. As such, we only focus on the microscale results, 
and contact angle measurements at the macroscale are pre-
sented in the Supporting Information.

The microscale material interactions in Figure  4A include: 
NOA170 printed on the primary substrate (Figure  1B, layer 1),  
the nL materials printed on top of a secondary substrate 
of NOA170 (unfilled markers in Figure  4A and layer 2 in 
Figure  1B), and NOA170 printed on secondary substrates of 
nL photopolymers (filled markers in Figure  4A and layer 3 in 
Figure  1B). The low refractive index materials in this work 
include: Loctite3526, NOA144, NOA142, NOA13825, NOA138, 
NOA13775, NOA1369, and NOA1348. Three regimes defined by 
the roughness of the formed film (60 × 60 µm) of a build mate-
rial on a substrate are delineated for ease of characterization. A 
monotonically increasing linear relationship on a log–log plot is 
found between the contact angle of a single droplet (2–10 µm) 
of a build material on a substrate (primary/secondary of a dif-
ferent material) and the roughness of a printed film of the 
same build material on the substrate. It is observed that build 
materials with a low contact angle have a higher likelihood of 
adhering to previous surfaces and forming a uniform thin-
film on them. Focusing on the microscale measurements in 
Figure  4A, a printed layer of NOA170 serves as the secondary 
substrate for the deposition of low index materials. All low 
index inks exhibit fully merged thin-films (<200 nm) with low 
contact angles (<15°) and low RMS surface roughness (<10 nm). 
Interestingly, the deposition of NOA170 on top of low refrac-
tive index materials (layer 3) does not perform as smoothly. 
Depending on the material in the previous layer, the contact 
angles range from 10° to 50° with resultant pattern roughness 
values ranging from less than 20 nm to greater than 200 nm. 
The only low index material that NOA170 fully merges onto is 
filtered Loctite3526, while NOA170 printed onto several other 
low index ink secondary substrates shows partial merging.

Figure 3.  Effect of process parameters on average thickness ( )g  and surface roughness (sq) of NOA170 films. Error bars indicate RMS roughness 
measured by an integrated AFM. Patterns are printed on bare silicon using drop-on-demand e-jet printing in a raster motion. A) Effect of pulse-width 
(tp) on pattern thickness and roughness for a fixed pitch = 2.4 µm. B) Effect of pitch on pattern thickness and roughness for a fixed tp = 1 ms (droplet 
diameter of D = 2.83 ± 0.12 µm). Convex patterns result for pitch ≪D, uniform patterns result for pitch ≈D, and rough patterns result for pitch >D.
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It should be mentioned that the results in Figures  4A 
describe material spreading on a uniform surface with low 
roughness (<10  nm). Previous work has demonstrated the 
impact of previous layer roughness on material spreading.[29] 
Our investigations in this work suggest that at the microscale, 
in addition to the topology, chemical heterogeneity of the pre-
vious layer may play a role in surface roughness (Figure S2A, 
Supporting Information). Future studies will explore the 
relationship between thickness of the current layer and rough-
ness of the previous layer.

The effects of process parameters demonstrated in Figure 3, 
combined with the empirical model determined from 
Figure 4A, provide the first steps toward the development of a 
generalized model for describing material spreading of printed 
layers of polymers as a function of process parameters and the 
contact angle of printed single droplets. Additional material 
interactions should be explored along with a parameterization 
of different material properties such as density, viscosity, and 
conductivity to derive a normalized model that can be used to 
predict material spreading for a broad range of materials at the 
microscale.

To further explore material spreading, a macroscale surface 
energetics study is undertaken using the standard method of 
Owens and Wendt[30] and Wu.[31] While this work focuses on 
controlling material behaviors at the microscale, measuring 
SSE at these length scales is quite difficult; thus, requiring 
a surface energetics study at the macroscale. The results of 
this study are summarized in Figure  4B. The silicon wafer 
showed the highest average SSE (γs =  66.3 mN m−1), followed 
by NOA170 (γs  =  48.3  mN  m−1), while the lower index mate-
rials (nL  =  1.35–1.51) exhibited significantly lower SSE values 
(γs = 11.5–19.5 mN m−1). From previous reports,[25] it is expected 
that a material with a high SSE value will be a more favorable 

substrate for realizing uniform film formation of the next layer. 
This supports our observations that NOA170 is a favorable sub-
strate for the low index materials evaluated here.

The LST values of all inks are evaluated using the pendant 
droplet method.[32] In this paper, a highly cohesive ink is defined 
as an ink that has a high LST value and exhibits poor wetting 
behavior due to a preference for attaching to itself rather than 
adhering to a substrate. On the other hand, poorly cohesive inks 
(low LST values) are not able to remain bonded to themselves to 
form a uniform pattern on existing topographies. Based on the 
values provided in Figure 4B, NOA170 has a relatively high LST 
value (37.3 mN m−1). Note that NOA170 will spread readily on a 
silicon substrate (γs (silicon) > γ l (NOA170)), but exhibits mixed 
merging behavior on lower SSE valued surfaces. We observed 
that a highly cohesive ink (e.g., NOA170) is unlikely to adhere 
to a low surface energy substrate (γl (NOA170) > γs (nL mate-
rials)). Through our studies we identified two approaches for 
managing these interactions. First, the SSE value of a merged 
layer of an nL material could be increased using in situ modi-
fications, such as atmospheric plasma treatments.[33] Second, 
efforts may be spent in determining methods for decreasing 
the LST of a high index material (NOA170 in this case) to pro-
mote improved merging quality.

From these studies, we have concluded that material interac-
tions at the microscale are a result of a trade-off between con-
tact angle, SSE, and LST values. For example, printed droplets 
of NOA170 on NOA1348 and NOA138 secondary substrates 
exhibit similar contact angles at the microscale (Figure  4A). 
However, a lower SSE value for NOA1348 may help explain why 
NOA170 fails to result in a merged film on this surface. We also 
note that the filtered Loctite3526 and NOA13775 have similar 
SSE values; however, the higher contact angle of printed drop-
lets of NOA170 on the printed NOA13775 surface results in a 

Figure 4.  Surface energetic investigation to determine wetting behavior of inks on previous substrates. A) Contact angle measurements of a single 
droplet (2–10 µm) versus RMS roughness of a film (60 × 60 µm) of the same build material onto a primary or secondary substrate. 3D view of an 
AFM scan of a single droplet of a build material on a secondary substrate is shown near the horizontal axis. Filled markers describe interactions of 
NOA170 on nL materials, while unfilled markers represent nL materials on NOA170 films. Results indicate: full merging for θ < 15º, partial merging for 
15º < θ < 25º, and failure to merge for θ > 25º. Further details are provided in Tables S3 and S4 (Supporting Information). B) Solid surface energy and 
liquid surface tension of all inks in this work.
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rougher surface deposition for films of NOA170. In addition, 
partial merging was observed with the deposition of NOA170 
on NOA138, NOA142, and NOA144; which also showed mod-
erate contact angles of printed NOA170 droplets (15º < θ < 25º) 
as compared to NOA1369 with similar SSE values.

This section provides a demonstration of e-jet printing 
of multi-layer thin-film structures. The results presented in 
the previous sections were used to select appropriate ink 

combinations. The experimental results in this section were 
heuristically obtained by determining appropriate process 
parameters that would yield the desired film thicknesses. The 
desired thickness values were derived from simulation results 
provided in our companion paper[34] and chosen as values that 
would provide a specific optical outcome.
Figure  5A shows multi-material microstructures that were 

fabricated by e-jet printing of two high viscosity adhesives 

Figure 5.  Multi-material thin-film fabrication using drop-on-demand of e-jet printing. A) Multi-material, single layer fabrication of high-resolution thin-
film patterns using e-jet printing. The white line shows the height average across five pixels in the Y direction. The lighter color patterns are NOA13825 
with thickness and roughness of 205 and 12 nm, respectively, and the darker color patterns are NOA170 with thickness and roughness of 101 and 
5 nm. B) Average pattern height across five pixels through the center of the last row. C) Multi-material and multi-layer fabrication using e-jet printing.  
D) Multi-material and multi-layer e-jet printed Bayer array filter.
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at room temperature. The design goal is to deposit uni-
form high-resolution NOA170 and NOA13825 patterns with 
layers of 100  nm and 200  nm average thickness, respectively. 
The darker color patterns were 20  ×  20  µm films of NOA170 
(4400–5000 cP) with an average thickness and RMS roughness 
of 101 and 5  nm, respectively. The lighter colors were depos-
ited 17 ×  17 µm films of NOA13825 (5600 cP) with an average 
thickness and RMS roughness of 205  and 12 nm, respectively. 
The distance between the patterns was set at 5 µm. The pattern 
profile across the last row of the printed structure (shown in 
Figure 5B) highlights the flexibility and repeatability of the e-jet 
printing process.

The multi-material, multi-layer fabrication of two high vis-
cosity materials using e-jet printing is presented in Figure 5C: 
NOA170 was printed in layers 1 and 3, while filtered Loctite3526 
was printed in layer 2. To achieve the desired effect, each layer 
is designed to be approximately 160 nm thick. The e-jet process 
parameters for NOA170 were Vh = 600 V, Vl = 200 V, tp = 1 ms, 
f  = 20 Hz, and pitch = 1.8 µm. The e-jet process parameters for 
Loctite3526 were Vh = 500 V, Vl = 250 V, tp = 5 ms, f = 20 Hz, 
and pitch =  2 µm. At each layer, the liquid patterns were UV-
cured and their topography was measured using the integrated 
AFM. Figure 5C shows the corresponding average total height 
map over five pixels from the middle of the pattern at each 
layer. The overall variation (roughness/total height) in the total 
stack height was less than 6% across a single layer and 4% 
across the entire stack. The average total height is 159 ± 9 nm 
for layer 1, 325 ± 13 nm for layer 2, and 489 ± 17 nm for layer 
3, respectively. The maximum RMS roughness in all layers is 
less than 17  nm, which is a demonstration of the flatness in 
the overall height. The integration of control to the e-jet process 
could be used to mitigate height variations.

Figure 5D presents a high-resolution e-jet printed Bayer filter 
array using a high refractive index polymer (NOA170, n =  1.7) 
and a medium refractive index material (Loctite3526, n = 1.51). 
Patterns 1, 2, and 3 are associated with the red, blue, and green 
color spectrum, respectively, and are equally spaced with a 
15 µm offset with roughness smaller than 13 nm. One goal in 
creating these bi-layer samples was to show the e-jet process 
could independently control layer thickness, regardless of the 
previous printed layer thickness, with the end result being con-
trol over the reflected light intensity at specific areas of the spec-
trum. Thus, the following layer goals were set with the first and 
second layers at 90 and 130 nm for pattern 1, 130 and 180 nm 
for pattern 2, and 90 and 180  nm for pattern 3, respectively. 
These combinations achieved red, green, and blue reflected 
peak intensity with differing combinations of thickness of both 
the NOA170 as base layer and Loctite3526 as the second layer. 
The optical response of these structures is explored further in 
ref. [34]. Through drop-on-demand e-jet printing, we controlled 
the thickness of each layer precisely and by design. As demon-
strated, it is possible to create a variable color spectrum using 
e-jet printing, as the color spectrum is correlated with the layer 
thickness and the corresponding refractive indices of each 
layer.[35] Therefore, for a fixed material combination, the optical 
properties can be varied by adjusting the layer thickness.

The experimental results in this section show that the thick-
ness variation is within 6% across a single layer. Different 
factors affect these variations: (1) The integrated Nanite AFM 

has ±10  nm thermal noise that directly affects the roughness 
measured. (2) Commercial inks may contain large particles that 
increase thickness variations. (3) E-jet is an iteration varying 
process and different factors such as nozzle clogging, environ-
ment temperature and humidity, and more can affect the depo-
sition process and eventually affect the roughness. Future work 
will explore the integration of control strategies to minimize 
variations and achieve higher fidelity printed patterns.

In this work, we presented an empirical model for e-jet 
printing that influences the merging quality of UV-curable 
polymers in thin-film, multi-material, layered microstruc-
tures. A set of material criteria were introduced that are 
required for material ejection as well as material merging in 
e-jet printing. The experimental results highlighted the poten-
tial of e-jet printing as a substitute for other manufacturing 
techniques, such as lithography, to fabricate high-resolution 
devices that are made of multiple thin layers of different mate-
rials. Furthermore, it was experimentally demonstrated that 
at the microscale, high-quality films were most probable with 
the following material combinations (1) low contact angle, (2) 
high surface tension of the build material, and (3) high surface 
energy of the previous layer. Ultimately, the controllability and 
repeatability of e-jet printing were demonstrated by fabricating 
a Bayer filter that consisted of different colors across the spec-
trum using drop-on-demand printing.

Experimental Section
Material Preparation: Several optical adhesives (Norland Optical 

Products (NOA)) as well as a commercial Loctite formulation were 
used. For high-resolution patterning, nozzles smaller than 1  µm in 
inner diameter were used with a 20  µm standoff height. Some inks 
contained large particles (e.g., comprising resin, a long chain oligomer, 
or foreign moieties) that must be filtered in order to reduce the chance 
of nozzle clogging. Before running the experiments, Loctite3526 using 
high pressure and a filter with 0.22 µm diameter pores were filtered. The 
removal of large particles had the added benefit of reducing the surface 
roughness of the printed patterns. However, it was noted that filtering 
in some cases changed other ink properties, e.g., filtered NOA170 had 
a smaller refractive index value than unfiltered NOA170, while also 
exhibiting an unstable spray jet[36] instead of a single stable jet mode at 
the same standoff height and voltage.

Contact Angle Measurement: To measure contact angles at the 
microscale, an array of droplets of a build material was deposited onto 
a surface (primary or secondary substrate of another material). The 
droplets were cured, and their topographies were measured using an 
integrated Nanite AFM (inset of the horizontal axis in Figure  4A). It 
was assumed that the contact angle of a droplet did not change with 
UV-curing; this assumption was confirmed using a slightly larger droplet 
(>20  µm) and an integrated camera. The raw AFM data were then 
post-processed in the software package “Gwyddion” to measure the 
topography and the corresponding contact angles. Fifteen droplets were 
deposited with varying tp to generate droplets with diameters ranging 
from 2 to 10 µm. These droplets were used to measure the average 
contact angle and corresponding standard deviations. The standard 
deviation of the printed droplets was low (<6°, except for NOA13825 that 
exhibited clogging issue) as shown in Figure 4A. This indicated that the 
contact angle at the microscale did not depend on the droplet diameter. 
At the macroscale, contact angle measurements were conducted on a 
Ramé-Hart goniometer by placing millimeter-scale droplets of various 
inks on the respective surfaces. “DROPImage” software was used to fit 
a curve to the acquired image of the droplet and measure the contact 
angle. This is shown in Figure S3B (Supporting Information).
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Liquid Surface Tension Characterization: The LST values of all inks were 
determined using the pendant droplet method. Based on the density of the 
ink and the resulting droplet shape underneath a nozzle, it was possible to 
compute the LST of an ink. This study was also carried out on a Ramé-Hart 
goniometer. Density measurements were conducted by weighing a known 
volume of each ink. A summary of density measurements and resulting 
LST measurements is given in Table S1 (Supporting Information).

Solid Surface Energy Characterization: All of the photopolymers 
studied in this work were spin-coated onto silicon wafers (≈2 ×  2  cm) 
at 6000  RPM within an inert glove box and cured under 365  nm light 
for 15  min to ensure a full cure. The contact angle-based methods of 
Owens–Wendt and Wu were selected for this study to estimate the SSE 
value.[27,28] Three droplets of two different probe liquids, deionized water 
(γl =  72.8 mN m−1) and diiodomethane (50.8 mN m−1), were placed at 
three different positions on the spin-coated samples (as well as the 
silicon substrate), and the contact angles were measured using a Ramé-
Hart goniometer. The SSE values of all inks studied in this work are 
given in Table S2 (Supporting Information).

It should be mentioned that material deposition had been done in 
an ambient atmosphere. However, the patterns were cured in a nitrogen 
atmosphere due to oxygen inhibition of the photopolymerization of 
the inks (excluding Loctite 3526). This was achieved by creating an 
enclosure around the LED curing bulb and flowing nitrogen at a high 
rate over the surface. The surface energies were not measured in an 
inert atmosphere. The macroscale surface energetics were determined at 
room temperature and pressure.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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