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3D-Printed alternating current electroluminescent
devices†

Cole D. Brubaker, a Kailey N. Newcome,a G. Kane Jennings *b and
Douglas E. Adams *ac

This work explores the use of metal-doped zinc sulfide (ZnS) phosphor

materials by harnessing their unique optical response for the

development of 3D-printed electroluminescent devices. Through

materials design and processing considerations, the ability to

manufacture alternating current electroluminescent (ACEL) devices

using commercially available fused deposition modeling (FDM) type

3D printing systems is demonstrated. ZnS-based phosphors are

incorporated within a polylactic acid (PLA) host matrix and fabricated

by depositing a single layer (100 lm) of PLA/phosphor-functionalized

filament onto an ITO-coated glass slide, sandwiched between a

second electrode comprising of 3D-printed carbon-doped conductive

PLA. By applying a voltage across the PLA/phosphor layer, 3D-printed

ACEL devices display a tunable bright blue/green luminescent

behavior. The observed optical response is highly reproducible

and dependent on both the applied voltage and frequency of

excitation, where the recorded emission displays a significant blue

shift with increasing excitation frequencies. ACEL devices with various

geometric shapes are printed to further demonstrate the effective-

ness and feasibility of additive manufacturing and 3D printing tech-

nologies as an additional methodology and approach for developing

custom light emitting devices and displays.

Introduction

With applications ranging from lighting and displays1,2 to wear-
able devices3–5 and even structural health monitoring6 and visual
sensing,7 metal-doped phosphor systems have received significant
interest from the research community due to their tunable
response and behavior. Owing to their underlying composition

and structure, luminescent phosphor materials capable of
emitting colors across the visible spectrum have been
developed.8,9 Traditionally incorporated within a polymer host
matrix or binder, both electroluminescent (EL) and mechano-
luminescent (ML) devices and structures capable of optically
responding to electrical and mechanical stimuli, respectively, have
been demonstrated using a variety of metal-doped phosphor
systems. ZnS-based phosphors are among the most commonly
studied phosphors for device fabrication due to their intense
luminescent and emissive properties, as well as their overall
temporal durability and stability.10–12 Transition metal ions,
including copper10–13 and manganese,12–15 among others, are
examples of dopants that have been used to modulate the optical
response and emissive behavior of ZnS-based phosphor materials.
In each case, the metal ions substituted within the host crystal
lattice results in the formation of discrete energy levels that are
responsible for the observed differences in the luminescent and
emissive behaviors for the various metal ion dopants.

As a result of their customizable optical properties and
multi-stimuli responsive behavior, ZnS-based phosphors have
been increasingly used in the development of alternating
current electroluminescent (ACEL) devices. In their most basic
configuration, ACEL devices are comprised of a phosphor/
dielectric composite binder and a set of conductive electrodes
through which external electrical stimuli can be applied to the
device. The subsequent voltage drop across the phosphor/
dielectric layer under electrical excitation results in an intense,
bright luminescence based on the specific type of embedded
phosphor and the applied voltage. Such devices have been used for
a range of applications related to lighting and displays, and are
continuing to gain attention for additional uses, such as sensing,16

due to the flexibility of their design and implementation.
Traditionally ACEL devices are fabricated in multi-step pro-
cesses involving various spin coating, masking, drop casting
and curing iterations to manufacture the final device. Polymer
host matrices such as polydimethyl siloxane (PDMS),10–13,17,18

and other thermoplastics,14 resins1,16,19 and epoxies20–22 have
all been reported as encapsulating agents for the development
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of both the phosphor/dielectric composite and conducting
electrodes. Although such conventional manufacturing approaches
have resulted in the demonstration of a number of functional
and durable ACEL devices, these fabrication techniques are
often time-consuming when manufacturing single devices or
small arrays, posing a challenge to the more widespread use
and implementation of ACEL devices.

In order to address such constraints, we herein report the
first known demonstration of a 3D-printed ACEL device using a
commercially available fused deposition modeling (FDM) type
3D printing system. Utilizing a thermoplastic-based feedstock,
parts and structures with complex and varied geometries can
be rapidly manufactured in a layer-by-layer fashion without the
need for any post processing or additional curing steps. As
opposed to conventional manufacturing techniques that often
require one or more hours of fabrication time,10,13 individual
ACEL devices with functional and customizable responses can
be printed in a matter of minutes using the approach discussed
in this paper. Building upon recent reports in which phosphors
have been utilized for direct ink writing (DIW) processes,23 our
3D-printed device consists of a polylactic acid (PLA)-based
phosphor/dielectric composite binder sandwiched between an
indium tin oxide (ITO) glass substrate and a 3D-printed carbon-
based conductive PLA electrode to achieve device illumination
and luminescence. PLA was selected as the host matrix for the
development of our ACEL devices due to its minimal optical
contributions in the visible range, ease of materials processing,
compatibility with FDM-type 3D-printing systems, and lack of
requirements for additional curing agents during the manu-
facturing and printing process. 3D-Printed PLA/phosphor ACEL
devices were tested under various electrical configurations, and
the resulting optical responses were recorded. By embedding
copper-doped ZnS phosphors (ZnS:Cu, with an approximate
particle size of 24 � 6 mm, Fig. S1, ESI†) within the PLA host
matrix, a visual color change from green to blue was observed
with increasing excitation frequencies, where the overall lumi-
nescent intensity was found to be dependent on the applied
voltage. The ability to incorporate functional materials within
3D printing and additive manufacturing approaches represents
a promising direction not only for the future of ACEL devices,
but also in the design and development of stimuli-responsive
materials, devices, and structures across a diverse range of
fields and applications.

Results and discussion

For initial testing, thin film templates, 0.5 mm in thickness,
with varying concentrations of embedded phosphors ranging
from 5–40% by weight, were fabricated to evaluate the optical
response of the PLA/phosphor composite after materials pro-
cessing and printing. Utilizing a solution-based approach, PLA/
phosphor-functionalized filament was fabricated according
to established protocols.24,25 In short, the PLA host matrix
and ZnS:Cu phosphor powder were mixed in solvent, dried,
shredded, and extruded to manufacture PLA/phosphor filament

compatible with conventional FDM type 3D printing systems.
A detailed description of the filament fabrication process is
included in the ESI.† Thin film samples were printed using a
dual nozzle Ultimaker 3 Extended FDM type desktop printer,
where functionalized PLA/phosphor filament was extruded
through a 0.4 mm nozzle heated to 215 1C, and then deposited
at 0.1 mm (100 mm) layer height increments to manufacture the
desired structure.

Following printing, PLA/phosphor thin film templates exhibited
a bright blue-green luminescent coloration under UV excitation
(Fig. 1a). Consistent with other polymer/ZnS:Cu-based phosphor
systems,10 the 3D-printed films exhibited a single monotonic
photoluminescence (PL) emissive peak centered near 515 nm
(Fig. 1b). Though the overall spectral shape remained constant
between the various concentrations tested (Fig. S2, ESI†), the

Fig. 1 (a) 3D-printed PLA/phosphor thin film samples at varying concen-
trations of phosphors in PLA (% by weight) under ambient and UV excita-
tion (top and bottom, respectively); (b) photoluminescence (PL) response
of 3D-printed PLA/phosphor thin film samples recorded at varying
concentrations of phosphors in PLA (% by weight); and (c) maximum
PL intensity for 3D-printed PLA/phosphor thin film samples at varying
concentrations of phosphors in PLA (% by weight). Three individual scans
for each weight percent are shown in the plot.
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PL response reached a maximum intensity at a 20% by weight
loading of phosphors embedded in PLA (Fig. 1c). We attribute
this decrease in PL at higher concentrations to the presence of
phosphors in close proximity and a partial wetting of their
surface. Though there are more phosphors and subsequent
potential light emitting sites, the increased concentration of
the surrounding particles effectively reduces the proportion of
available light emitting sites, leading to a reduction in PL.6

Further inspection of the 3D-printed films using differential
interference contrast (DIC) microscopy confirms this behavior,
where phosphors were observed to exist in close contact with one
another, occasionally forming partially aggregated structures in
samples containing higher concentrations of embedded phos-
phors (Fig. S3, ESI†). At a 20% by weight loading, though,
phosphors were well dispersed throughout the 3D-printed films,
providing a number of light-emitting sites that were observed
under WL microscopy (Fig. 2). Based on these findings and
observations, all PLA/phosphor samples and ACEL devices were
fabricated at a 20% by weight loading of phosphors to maximize
the overall luminescent and optical response of the 3D-printed
devices and structures.

At 20% by weight, the 3D-printed samples studied in this
report were fabricated using a significantly lower concentration
of embedded phosphors compared to other ZnS-based devices
previously reported in the literature, in which phosphor loadings
in excess of 50% by weight are commonly used to obtain the
desired optical response and behavior for both electro- and
mechano-luminescent applications.10–13,23 The ability to reduce
the overall concentration and required weight of embedded
phosphors provides a distinct advantage not only in cost but
also in reducing the impact that functionalization has on the
underlying material response and behavior of the polymer host
matrix. Prior studies have shown that functionalization can impact
a number of material properties ranging from mechanical strength
and durability and thermal stability.25–28 By effectively reducing

the overall concentration of embedded phosphors needed for
device fabrication, we aim to minimize any adverse impacts that
functionalization may have on the material properties and
response of the PLA host matrix, while still maintaining the
optical response necessary to develop functioning ACEL devices.

A schematic representation of the 3D-printed ACEL devices
tested in this paper is shown in Fig. 3a. Samples were again
fabricated using a dual nozzle Ultimaker 3 Extended FDM type
desktop 3D printer, with the same printing parameters used to
fabricate the thin film templates discussed earlier. A single
layer of PLA/phosphor material (100 mm in thickness) was
directly deposited onto a pre-cleaned conductive ITO glass
substrate and sandwiched between two layers of 3D-printed
conductive carbon-based PLA serving as a second electrode
(200 mm in thickness). In total, individual ACEL devices and
samples were manufactured in less than 5 minutes, including
the time required for nozzle heating and the entire 3D printing
process. The optical response of 3D-printed ACEL devices was
then evaluated for various frequency- and voltage-dependent
excitation conditions using a CCD-based spectrometer system.
For each case, a sinusoidal voltage was applied across the single
PLA/phosphor layer using a function generator and associated
amplification source where samples were tested for voltages
ranging from 150 V to 245 V and corresponding frequencies
spanning from 10 Hz to 10 kHz.

Still images of a representative 3D-printed ACEL device
exposed to a constant voltage source and various excitation
frequencies are shown in Fig. 3b. Under these conditions,
the 3D-printed samples displayed a bright luminescence that
gradually changed color from green to blue with increasing
excitation frequencies. The resulting electroluminescent (EL)
spectral response was recorded in order to further quantify the
impact of voltage and frequency on the optical response and
resultant color change for 3D-printed ACEL devices. As the
excitation frequency was increased from 300 Hz to 10 kHz under

Fig. 2 Differential interference contrast (DIC) and white light (WL) microscopy images for 3D-printed PLA/phosphor thin film samples (20% phosphor in
PLA by weight) at increasing levels of magnification. Red circles indicate representative ZnS:Cu phosphor particles embedded in PLA under DIC and WL
excitation, respectively. The diagonal lines visible in the images are a result of material deposition and nozzle movement occurring during the 3D printing
process and material deposition/sample fabrication.
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a constant voltage, the maximum EL peak location shifted from
517 nm to 495 nm and a secondary peak emerged near 450 nm
for frequencies above 2000 Hz (Fig. 3c). Furthermore, the
maximum EL intensity and corresponding brightness of the
3D-printed ACEL devices dramatically increased with increasing
frequency (Fig. 3d). Commission Internationale de L’Eclairage
(CIE) coordinates were used to visualize the dependence of color
and electroluminescence on the applied voltage and excitation
frequency by providing a relationship between the recorded
spectral response and the corresponding color perceived by
the human eye (Fig. 3d). For the representative device shown,
the calculated CIE coordinates shifted from (0.19, 0.54) to

(0.16, 0.31) when frequency was increased from 300 Hz to
10 kHz, corresponding to the green to blue color change that
was visually observed (Fig. 3b). The spectral response and
corresponding shifts in both the observed color and in CIE
coordinates were consistent among all samples tested, regard-
less of the applied voltage, where additional information can be
found in ESI† (Fig. S4 and S5 and Table S1).

Though the presence of both green and blue emissive bands
for ZnS:Cu-based phosphor systems and devices has been well
documented,11 the underlying mechanisms responsible for such
spectral response and resultant change in color from green to blue
with increasing excitation frequencies remain a topic of debate.

Fig. 3 (a) Schematic representation of 3D-printed ACEL device (from bottom to top: ITO glass slide/3D-printed PLA/phosphor layer (100 mm thickness)/
3D-printed conductive PLA electrode (200 mm thickness), where emission is visible through the bottom of the ITO glass slide); (b) still images of
3D-printed ACEL devices at various excitation frequencies under constant applied voltage (245 V); (c) normalized electroluminescence (EL) intensity
spectra of a representative ACEL device at increasing frequencies under constant 245 V excitation source (arrows are included as a guide for the eye for
increasing frequencies studied); (d) dependence of excitation frequency on maximum PL response at various voltages; (e) CIE coordinate (x,y) values for
EL response at increasing frequencies under 245 V excitation source (arrow is included as a guide for the eye for increasing frequencies studied);
(f) representative EL intensity spectra for ACEL device at increasing voltages with a constant 10 kHz excitation source; (g) dependence of excitation
voltage on maximum EL response at various frequencies (dashed lines represent linear fits for each frequency studied; additional curve fitting information
can be found in the ESI,† Table S3); (h) CIE coordinate (x,y) values at various voltages for constant 10 kHz excitation source (location of data points for all
voltages tested fall within the black circle shown in the figure). EL response of the 3D-printed ACEL devices was found to be stable and reproducible four
months after printing and sample fabrication (see Fig. S8, ESI†).
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In both cases, researchers hypothesize that the presence of
structural impurities and metal dopant substitutions are the
primary driving forces behind the optical response. For the green
band occurring near 515 nm, a number of research groups
attribute this emissive behavior to electron transfer between
the impurity-induced shallow donor state arising from sulfur
vacancies and the t2 state of the substituted Cu ions.11,29–32 An
explanation for the subsequent blue emission and shoulder peak
occurring near 450 nm, though, has yet to be agreed upon.
Conflicting claims attribute blue emission to electron transfer
between the native ZnS conduction band and t2 state of the
substituted Cu ions,29 Zn defect vacancies and resultant trap
states not related to Cu dopants,30 or transitions between
sulfur vacancies and the native ZnS valence band.33,34 With the
application of an external voltage source, the recombination of
electron–hole pairs between the discrete energy states ultimately
leads to the observed blue/green luminescence in our 3D-printed
ACEL devices.18 The contribution of this paper is not to identify
the underlying mechanisms driving the emergence of additional
emissive peaks with increasing frequency, but rather to demon-
strate the capability of developing color tunable ACEL devices
using 3D printing and additive manufacturing processes.

The optical response of 3D-printed ACEL devices was also
evaluated for voltage-dependent excitation configurations. For
a fixed frequency, the recorded EL spectra of a representative
3D-printed ACEL device exposed to various voltage inputs is
shown in Fig. 3f. Unlike the results for the frequency-dependent
excitation case, the overall shape of the EL spectral response
remained unchanged regardless of the applied voltage (Fig. 3f
and Fig. S6, ESI†). For this case, the recorded maximum EL
intensity and resulting brightness increased as the applied
voltage was increased. In fact, for all frequencies tested, the
maximum EL intensity was linearly dependent with the applied
voltage (Fig. 3g). This response is in agreement with previously
reported ACEL devices and can be attributed to an increase in
excitation probability where a higher number of electrons
are expected to activate more luminescent centers at higher
voltages; leading to an increase in EL intensity.35,36 As the
overall EL spectral response and shape remained unchanged
with increasing voltages, the recorded CIE coordinates for a
fixed excitation frequency also remained constant for all voltages
tested (Fig. 3h). The optical response for voltage-dependent
excitation was again highly reproducible between individual
samples, where additional spectral data can be found in ESI†
(Fig. S6 and S7, and Table S2).

When compared to traditional ACEL device fabrication
procedures, one of the major benefits of additive manufacturing
and 3D printing is the flexibility in the design and manufacturing
process. 3D printing provides a number of advantages including
reduced production times and minimized material waste. As a
potential and relevant application for the work described in
this paper, we successfully demonstrated the ability to 3D print
individually customized, color tunable, light emitting devices
and structures (Fig. 4). Similar to the frequency- and voltage-
dependent samples tested, the customized ACEL devices shown
in Fig. 4 were 3D printed and manufactured in less than

five minutes by depositing a single layer of PLA/phosphor
filament onto an ITO slide sandwiched by a conductive PLA
top electrode. The luminescent shape and behavior of the ACEL
device is controlled by modulating the design of the conductive
PLA electrode. When a voltage is applied to the printed device,
the ACEL device exhibits luminescent behavior only in regions
where the top electrode is in direct contact with the PLA/
phosphor layer. Regardless of shape or geometrical configu-
ration, all customized 3D-printed samples displayed a color
change from green to blue as the excitation frequency was
increased. Using computer aided design (CAD) software, any
design, shape, geometry or logo can be incorporated within
ACEL devices in a matter of minutes using a 3D printing
approach. With the continued advancement of materials devel-
opment and additive manufacturing technologies, the design
of more complex and larger-scale ACEL displays and devices
can be realized through the use of additive manufacturing
technologies.

Conclusions

Through materials design considerations, we have demon-
strated the ability to manufacture functional ACEL devices
using additive manufacturing and 3D-printing approaches.
The luminescent performance and response of 3D-printed
PLA/phosphor samples was evaluated at various concentra-
tions, where it was found that a 20%-by-weight loading was
the optimal concentration of embedded phosphors in the PLA
host matrix. For concentrations above 20%, the luminescent
response decreased due to inter-particle interactions within the
3D-printed structure. Individual ACEL devices were fabricated
using a FDM approach, where a single layer of PLA/phosphor
was directly deposited onto an ITO glass slide and sandwiched
between a secondary 3D-printed conductive electrode. When
exposed to an external voltage source, 3D-printed ACEL devices
exhibited both voltage- and frequency-dependent responses,

Fig. 4 Demonstration of custom 3D-printed ACEL devices with various
geometric patterns under ambient conditions with no excitation, and with
a 245 V source under varying excitation frequencies showing visual
changes in color.
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where the luminescent color and intensity could be easily
modulated. The resultant color of the ACEL device depended
exclusively on the applied frequency, where the resultant emis-
sion shifted from green to blue as the excitation frequency was
increased. When the excitation frequency was held constant,
though, the brightness and maximum luminescent intensity
were linearly related to the applied voltage for the 3D-printed
ACEL devices tested in this study. 3D printing offers an alter-
native approach to rapidly manufacture ACEL devices and
structures and represents a new way of thinking for the
continued development of light emitting components and
applications across a variety of uses, fields, and industries.
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