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Open-Source Tools for the Fabrication and Characterization

of Organic Electronics

Julian F. Butscher, Seonil Kwon, Anna Popczyk, and Malte C. Gather*

By promoting collaborative sharing of knowledge, the open-source movement
has catalyzed substantial progress across diverse fields, including software
development and artificial intelligence. Similarly, the concept of openly shared
hardware has gained attention, due to its cost-effectiveness and the prospect
of improved reproducibility. A major motivation for the development of
organic electronics is its promise to deliver substantial advantages in price
and manufacturability relative to its inorganic counterpart. Here, two
open-source tools for organic electronics are introduced: a dip-coating device
designed for thin film fabrication and a four-point probe for precisely
measuring the resistance of thin films. These tools only cost a fraction of
comparable commercial devices and run with open-source software to ensure
a user-friendly experience. A case study demonstrates the optimization of

1. Introduction

Through collaborative sharing of de-
signs, software, and methodologies,
open-source initiatives have democ-
ratized scientific endeavors and thus
empowered researchers across dis-
ciplines to contribute, replicate, and
actively participate in expanding existing
knowledge. Notably, this cooperative
model has gained substantial attention
in the field of open-source generative
artificial intelligence.l'*] Hardware tools
that follow a similar ethos have also cap-
tured growing interest, and have been a

simple fluorescent organic light-emitting diodes (OLEDs) using these
open-source tools achieving 4% external quantum efficiency (EQE). To
characterize these OLEDs, a previously reported open-source setup for
accurate efficiency measurements is used. A substantial software upgrade to
this setup, which speeds up the characterization of electroluminescence, is
also repor. This work contributes open-source hardware and software to the
field of organic electronics, thereby lowering the entrance barrier to the field
and fostering the involvement of scientists with diverse scientific

backgrounds.
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driving force in promoting collaboration,
enhancing accessibility, and fueling
innovation.[*”7! They offer cost-effective
alternatives, often utilizing affordable
components, 3D-printed parts, and
readily available materials, thus allow-
ing researchers from diverse scientific
communities worldwide to experiment,
prototype, and optimize fabrication pro-
cesses without the burden of prohibitive
cost. Additionally, through the detailed
documentation of open-source equip-
ment, experimental reproducibility can
be enhanced. 8

Organic electronic devices promise significant advantages over
their inorganic counterparts due to the relatively cost-effective
synthesis of the involved materials and their ease of manufac-
turing. Organic light-emitting diodes (OLEDs) are the workhorse
of organic electronics and have revolutionized the display and
lighting industries with their exceptional characteristics, includ-
ing self-emission, wide viewing angles,”) and intrinsic mechani-
cal flexibility.['®!!] They can be manufactured via thermal evap-
oration of the constituting layers in a vacuum or from solu-
tion. While thermal evaporation usually yields higher purity films
and thus is often associated with better device stability, solu-
tion processing is of great interest due to its simplicity and cost-
effectiveness.['?! Dip coating, in particular, provides a simple, af-
fordable, and versatile method to fabricate thin films on flat sur-
faces as well as on more complex topologies, and unlike spin-
coating promises reasonable scalability to both high through-
put and large substrates.!'3] Furthermore, for material deposition
from low-viscosity solutions, dip coating can offer a versatile plat-
form to deposit thick layers in a single deposition step.['*]

Dip coating involves immersing a substrate into a solution of
the desired material, followed by controlled withdrawal of the
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substrate and subsequent drying of the wet film formed on the
surface of the substrate. It has been used for the fabrication of
many different structures and devices, such as OLEDs—, e.g.,
on textile fibers,—{*! distributed Bragg reflectors (DBRs),['® and
electrodes.['1] While dip coating is a simple technique in prin-
ciple, its more widespread application in research laboratories is
in part still prevented by the significant cost of commercial dip
coaters, which often cost thousands of euros/dollars.

The fabrication of organic electronics invariably involves the
deposition of thin film electrodes capable of carrying current over
considerable distances with minimal losses. These electrodes are
mainly characterized by their surface roughness, optical trans-
parency, and sheet resistance.?*?!l A simple, yet accurate tech-
nique to determine the sheet resistance of thin films is the four-
point probe.?2] As the name suggests, this method uses four
probes, often arranged in a linear configuration, to make electri-
cal contact with the targeted layer. By applying a current through
the outermost pair of probes and measuring the voltage drop
across the two inner probes, the resistance can be determined,
without the need to account for internal or contact resistances
as is required for two-point experiments. While the principle of
this technique is strikingly simple, again, commercial probing
systems often cost several hundreds to thousands of euros.

Ultimately, the performance of the final OLED stack is the
determining criterion in evaluating organic electronic devices;
therefore, they must be evaluated in a controlled and repro-
ducible way. We recently reported on an open-source alterna-
tive for accurate efficiency measurements of OLEDs. Our sys-
tem accounts for the angular emission characteristics of OLEDs
to arrive at correct values for device efficiency, which is partic-
ularly important for complex OLED designs, such as microcav-
ity OLEDs, where the angular distribution of the radiant inten-
sity can differ significantly from the ideal Lambertian emission
profile.[>2*] However, the accessibility and throughput of our for-
mer system were somewhat hampered by the lack of an easy-to-
use user interface.

This work shares an upgrade to our previously reported angle-
resolved electroluminescence (AR-EL) characterization setup (24!
as well as two novel open-source hardware projects; these are
a dip coating device for thin film fabrication as well as a four-
point probe for the characterization of conductive thin films.
Both hardware devices are fabricated from readily available or
3D printable components, are compact enough for and com-
patible with operation inside a nitrogen glovebox, and run with
custom, openly shared software. Indeed, the provided software
packages represent a substantial part of the discussed work.
The overall cost of the basic components is ~70 euros for the
dip coater and less than 30 euros for the four-point probe. We
use the dip coater developed in this work to deposit thin films
of PEDOT:PSS and of the Poly(p-phenylen-vinylene) derivative
Super Yellow (SY-PPV) of varying thicknesses and analyze the
quality of the fabricated films. Furthermore, we show an op-
timization of the conductivity of two representative thin film
electrodes—aluminum-doped zinc-oxide (ZnO:Al) and silver—
using our four-point probe. Lastly, we bring both results together
by fabricating simple OLEDs with dip-coated organic layers in
both bottom-emitting and semi-transparent configurations. Us-
ing our previously presented AR-EL characterization setup with
the newly programmed control interface, we find that the external
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quantum efficiencies (EQEs) of these OLEDs reach up to 4%, in
line with the expected value for a fluorescent, solution-processed
device. This work aims to contribute to the expansion of the reper-
toire of open-source tools for the fabrication and characterization
of organic electronic devices and, therefore, to foster accessibility,
reproducibility, and collaboration among scientists in our field
and beyond.

2. Result

2.1. Overview

A typical workflow for the fabrication of organic electronic de-
vices is summarized in the flow chart illustrated in Figure 1a.
Usually, the process starts with the deposition of single layers
to optimize the coating parameters. In this work, we present a
dip-coating device that can be used for this step requiring the op-
timization of retraction speed, retention time, and solution con-
centration (Figure 1b). The resulting films are subsequently char-
acterized using various methods such as profilometry, to deter-
mine the thickness of the films, and atomic force microscopy
(AFM) to determine the uniformity of the film on the microm-
eter scale. While the bottom electrode for such devices is often
prepatterned indium tin oxide (ITO), the top electrode must be
deposited subsequently. Optimization of the top electrode for,
e.g., transparency, uniformity, and conductivity is usually car-
ried out separately. We present a four-point probe that can be
used for the investigation of the sheet resistance of such thin
films (Figure 1c). Lastly, the optimized layers are brought to-
gether to fabricate a full device that can then be characterized
and optimized further. For the characterization of the electrolu-
minescent properties of an exemplary OLED, we also show an
upgrade to our previously reported AR-EL characterization setup
(Figure 1d).2* This manuscript presents the devices by guiding
through the flow chart of fabricating OLEDs starting with our dip
coater design to deposit organic thin films, continuing with thin
film characterization using our four-point probe, and finally dis-
cussing the characterization of OLEDs with the newly provided
open-source software packages.

2.2. Film Fabrication (Open-Source Dip Coater)

Dip-coating represents a very simple technique, nevertheless,
several requirements must be fulfilled to enable consistent
fabrication of high-quality thin films. These include minimiz-
ing vibration as well as ensuring smooth retraction at defined
speeds.[?’! To match these requirements, we developed a simple
device that can be built from easily accessible and inexpensive
components. Our dip coater is built around a NEMA17 stepper
motor controlled by an Arduino Nano and a DRV8825 stepper
motor module (schematics of the electronics can be found in
Figure S1, Supporting Information). We chose a stepper motor
in this project instead of a DC servomotor due to its significantly
lower cost. No significant motor heating was observed, as the mo-
tor is kept in an idle state when it is not moving. The user inter-
acts with the device using a rotary encoder and a 16 x 2 digit
LCD display (Figure 2a). This combination allows for intuitive
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Figure 1. a) Flow chart for the fabrication of organic electronic devices. Thin film organic layers as well as electrodes are deposited via, e.g., dip coating
or thermal evaporation. The thin film layers are characterized for thickness, morphology, and electrical properties (e.g., using a four-point probe) until
the desired properties are found. Finally, the optimized organic and electrode layers are combined in an actual device that is characterized and optimized
further (e.g., for their electroluminescence properties in the case of an OLED). In this work we present a dip coating device b) for thin film fabrication, a
four-point probe c) for sheet resistance measurements (film characterization), and an upgraded version of our previously presented electroluminescence

characterization setup (device characterization)[?4] d).

and easy handling, even when the device is placed inside a glove-
box.

The rotations of the stepper motor are transformed to linear
motion through a spindle drive. This principle is used in many
industrial applications, such as 3D printing, and allows for cost-
effective and precise movement. The lead screw is held by two
aluminum rods lubricated by two PTFE pads to reduce friction.
Stepper motors divide each revolution into a defined number of
steps. Depending on the lead pitch of the used spindle, the lin-
ear motion can be controlled with micrometer accuracy. For the
chosen lead pitch (2 mm) and our stepper motor, which has 200
steps/revolution, each step corresponds to ~#10 um of linear mo-
tion. By default, the user interface works with units of steps, the
corresponding motion in units such as mm s~! can be calculated
from the above considerations or an additional calibration mea-
surement. Furthermore, as the DRV8825 stepper motor driver
allows for up to 32 micro steps per actual step, the resolution
could be improved further; however, we do not expect that this
is needed for most dip-coating applications. A step-by-step guide
for the assembly of the device can be found in the Supporting
Information. The full CAD drawings of the system are provided
via the University of St Andrews Repository https://doi.org/10.
17630/651679f3-4d56-40cd-b6da-e0c24804bcc3 and a complete
part list can be found in Table S1 (Supporting Information).

When the dip coater is started by connecting it to a 12 V power
supply, it first moves downward until it hits a microswitch to
calibrate its zero position. After successful calibration, the user
sees the main menu (Figure 2b). The menu allows for 1) manual
movement (turning the rotary encoder will move the dip coater
up or down), 2) the selection of one of three adjustable saved dip-
coating recipes, and 3) changing of the settings, such as the micro
stepping settings. After selecting one of the three programs, the

Adv. Electron. Mater. 2024, 2400460 2400460 (3 of 10)

user can change the top position, bottom position, speed, acceler-
ation, and retention time of the dip coating process. The settings
are stored in the nonvolatile EEPROM storage of the Arduino,
which is maintained even after disconnecting the dip coater from
power. A full description of the dip coater menu can be found in
Figure S2 (Supporting Information).

To showcase the utility of the dip coater, we fabricated PE-
DOT:PSS films using a series of different retraction speeds
(Figure 2c¢). For retraction speeds between 2.7 and 3.7 mm s7!,
the resulting films had good long-range uniformity whereas the
PEDOT:PSS layers produced at a retraction speed of 6.2 mm s™!
showed a more inhomogeneous surface topology. The high qual-
ity of the dip-coated layers was further confirmed by AFM mea-
surements (Figure 2d) showing a root mean square roughness
(R,) of less than 1.5 nm for a retraction speed of 2.7 mm s~".
Furthermore, even with a 20 pm X 20 pm field of view, corre-
sponding to the linear motion covered by at least two motor steps,
no ripples are introduced on the dip-coated film as confirmed by
a large-scale AFM measurement (Figure S3a, Supporting Infor-
mation). Figure 2e shows the film thickness as a function of the
retraction speed for films of PEDOT:PSS and SY-PPV. For faster
retractions, we observed an increase in film thickness as expected
from Landau-Levich theory.?*”] An AFM micrograph ofa 70 nm
thick SY-PPV film confirming its high quality and low roughness
of R, =0.5 nmis shown in Figure S3b (Supporting Information).

2.3. Determination of Electrode Resistance (Open-Source Four
Point-Probe)

According to Ohm’s law, electrical resistance can be measured
by simply dividing the applied voltage by the flowing current.
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Figure 2. a) 3D rendering of open-source dip-coater (front view). The dip-coater is based on a spindle drive coupled to a NEMA17 stepper motor. The
lead screw transforms the rotation of the spindle into a linear motion and carries a sample holder with the substrate. The electronics to drive the stepper
motor and receive user input are encased in the electronic enclosure. The user menu is displayed via 16 x 2 digit LCD screen that can be navigated via
a rotary encoder. b) A custom user interface running on the controlling Arduino Nano allows for direct interaction with the device. Three different dip
coating recipes can be programmed and stored. c) Uniformity of PEDOT:PSS films on glass deposited via dip coating at different retraction speeds. d)
AFM micrograph of a 45 nm thick PEDOT:PSS film fabricated with 2.7 mm s~ retraction speed on glass. Rq denotes the root mean square roughness.
e) Thickness of films of SY-PPV and PEDOT:PSS prepared at different retraction speeds.

However, for an accurate measurement, it is vital to ensure
that no parasitic resistances, such as wire or contact resistances,
distort the measurement. A simple, yet effective way of achieving
this, is to use a four-point probe, which separates the applied
current from the measured voltage drop. While the absolute re-
sistance of a sample is the important factor for its performance,
resistivity is defined to evaluate the efficiency of a material to
conduct current in a geometry-independent way. Additionally, for
2D materials, the sheet resistance can be a valuable quantity to
assess the conductivity of thin films and compare their absolute
conductivity regardless of their thickness (e.g., as in the case
of silver electrode optimization below). To calculate resistivity
and sheet resistance, several geometric parameters must be con-
sidered. These parameters are most easily accounted for using
lookup tables for different geometries, as the determination of
geometrical parameters can be a complex task.[?8]

From geometrical considerations for evenly spaced probes, the
sheet resistance measured by a four-point probe is given by Equa-
tion (1).

T \%4

R, =
s 10g(2) X = ><Cth

X Cyidih (1)

ickness
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where [ is the applied current, V is the measured voltage drop,
Cihickness the finite thickness correction factor, and C,,g,, the fi-
nite width correction factor. The derivation of the above formula
as well as a list of correction factors for a variety of different ge-
ometries can be found in Ref. [29].

Here, we demonstrate a simple, yet user-friendly and accu-
rate four point-probe based on readily available components that
can be purchased for less than 30 euros at the time of writ-
ing (plus some further standard equipment available in most
laboratories as explained below). The design of our four-point
probe is shown in Figure 3a; it consists of a printed circuit board
(PCB) with spring-loaded gold contact pins and four banana plug
adapters to easily connect to a current source and a multime-
ter. The schematic of the PCB can be found in Figure S4 (Sup-
porting Information), the corresponding Gerber files, which can
be used to order the PCB from a manufacturer, as well as full
CAD drawings, are again shared via the University of St Andrews
Repository (https://doi.org/10.17630/651679f3-4d56-40cd-b6da-
€0c24804bcc3)-. The PCB is mounted on a 3D printed holder so
that a z-stage and the sample under investigation can be placed
underneath the gold pins. The z-stage is necessary to make con-
tact between the sample and the four-point probe, which sits at
a fixed height. Most z-stages can be used for this task as there
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Figure 3. a) Schematic side view of the four-point probe consisting of a custom printed circuit board, four banana plug adapters, and four spring-loaded
gold pins. The sample is mounted from the bottom from where it is lifted into position with a z-stage. b) Open-source user software to control the
current source and voltmeter. Conversion to sheet resistance, resistivity, and conductivity is done based on the sample dimensions provided by the user.
c) Conductivity measurements of thermally evaporated silver films with (light blue) and without (dark blue) aluminum seed layer. d) Optimization of

sheet resistance of transparent conductive oxide electrode of ZnO:Al deposited via atomic layer deposition at different temperatures.

is no demanding requirement for z-resolution. A full list of re-
quired materials, including a possible z-stage, is given in Table
S2 (Supporting Information.

We provide a simple open-source software (Figure 3b) that
allows for automatic control and calculation of the sheet re-
sistance from the applied current and the measured voltage
drop as well as geometric parameters provided by the user
(GitHub: https://doi.org/10.5281/zenodo.12722101). We used a
Keithley Sourcemeter 2450 as the current source and a Keithley
Multimeter 2100 as the voltmeter, the same instruments we
recommended for use with our previously developed AR-EL
characterization setup.[?*] However, any equipment compatible
with Standard Commands for Programmable Instruments
(SCPI) communication and sufficient resolution can be used, as
the software can be easily adapted to other hardware.

To test our four-point probe, we investigated the sheet resis-
tance of two common electrode materials available in our lab,
the transparent conductive oxide (TCO) aluminum-doped zinc-
oxide (ZnO:Al), which we deposited via atomic layer deposition
(ALD), and silver, which was deposited via thermal evaporation.
Figure 3c shows the sheet resistance of silvers of different thick-
nesses deposited with and without a 1 nm thick aluminum seed
layer. In both cases, the sheet resistance initially decreases rapidly
with increasing film thickness and then converges toward the
bulk value of silver for higher thicknesses. The nonlinear de-
crease in sheet resistance with thickness can be attributed to the
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growth behavior of silver. Without the aluminum seed layer, we
were only able to determine a sensible sheet resistance starting
from a film thickness of 12.5 nm, which we attribute to silver
showing pronounced island growth on the bare glass.?!l In line
with reports in the literature, silver films without the aluminum
seed layer reach a slightly lower sheet resistance in the large film
thickness limit.[?!]

Furthermore, Figure 3d shows the optimization of the sheet re-
sistance for ZnO:Al deposited via ALD at different temperatures
and with otherwise fixed deposition parameters (see Experimen-
tal Section). The sheet resistance initially reduces with increasing
temperature and reaches an optimum at 200 °C before it starts
to increase again. Since the resistivity should further decrease
for higher temperatures, 3% we attribute the increase in sheet re-
sistance to a reduced growth rate for higher temperature ZnO
processes.20]

2.4. Electroluminescence Characterization (User Interface for
Open-Source EL Setup)

Next, the previously optimized film deposition recipes were
used to fabricate a simple OLED based on PEDOT:PSS as the
hole transport layer and SY-PPV as an emitter.*!l We fabricated
two different device structures, a semi-transparent device with
a highly conductive yet semitransparent 20 nm thick silver top
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contact, seeded with a 1 nm aluminum layer as discussed above,
and a bottom-emitting device with an opaque 100 nm thick
aluminum top electrode.

To characterize OLEDs, we previously described a custom go-
niometer setup that allows accurate characterization of electro-
luminescence via AR-EL measurements.[**! The hardware con-
figuration and the calculations underlying the analysis of the
AR-EL measurements are described in detail in our previous re-
port and thus are only summarized briefly. The setup consists
of a motorized goniometer stage for mounting the OLED, a cali-
brated photodiode with an integrated amplifier, and a fiber spec-
trometer. First, the goniometer is rotated such that the OLED
faces the photodiode, which is positioned at a sufficient distance
from the OLED to cover a negligible angle range and thus only
record light emitted perpendicular to the device surface (forward
direction). The voltage applied to the OLED is ramped up in
user-defined steps and the current through the device as well
as the photocurrent picked up by the photodiode are recorded.
Subsequently, the OLED is rotated, and the electroluminescence
spectrum is recorded as a function of emission angle using the
fiber spectrometer. While the system described in our earlier re-
port allowed for accurate and robust device characterization, it
lacked a user-friendly software interface for measurement and
data analysis. Therefore, we now developed a completely new
software package, consisting of characterization software (avail-
able via GitHub: https://doi.org/10.5281/zenodo.10546513) that
interfaces with the hardware to perform the actual measurement,
and an evaluation software that allows for the automated eval-
uation of the data within seconds (available via GitHub: https:
//doi.org/10.5281/zenodo.10546515). To showcase the features
of both pieces of software, the characterization of the two device
structures introduced above is described in the following.

The suggested workflows for the measurements as well as for
the evaluation of the data are summarized in Figures S6 and S7
(Supporting Information). After mounting the sample, the user
starts with defining a folder path for data storage and adds some
additional metadata such as device number and batch name for
later reference. Current-voltage characteristics of the OLED pix-
els are subsequently recorded alongside the photodiode voltage,
which will later be converted into photometric and radiometric
quantities. If the auto position option is selected, the goniometer
motor automatically turns the OLED toward the photodiode for
the measurements, subsequently selects the brightest pixels, and
then turns the OLED toward the spectrometer. The software then
switches to the spectrum tab, where the user can adjust applied
voltage and integration time before recording an electrolumines-
cence spectrum together with a dark spectrum for background
subtraction to file.

For OLEDs with a non-Lambertian emission, it is vital to ac-
count for the angular dispersion of the emission. In addition to
recording a forward spectrum, the user can select the goniometer
tab, where they can again adjust the measurement parameters,
such as the angle increment between spectra, applied current,
and integration time. As previously described by Archer et al. /2]
the motor then moves to different angles, thereby recording the
angular emission characteristics of the device. The new interface
allows the plotting of the data in real-time (Figure 4 top) and
enables direct user feedback, which is important as this is the
most time-consuming part of the electroluminescence character-
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ization. For instance, an asymmetry of the maximum intensity
can indicate a misalighment of the sample which can be cor-
rected even before the measurement is completed.
Furthermore, we introduce an additional feature for OLEDs
with poor operational stability, namely a degradation check
(Figure 4 bottom). When this option is selected, the software
takes an additional spectrum in the forward direction before and
after the measurement. The difference between the maxima of
the peaks is a reasonable indication of the amount of degradation
during the measurement itself (The typical cumulated on-time
of an OLED for a complete angular dispersion measurement is
90 s or more; the total on-time is saved to file after each measure-
ment). The software then saves the angle-resolved spectrum in a
noncorrected format and stores a version that is corrected for the
degradation of the device. For this, the software assumes an expo-
nential decay of the OLED brightness I according to Equation (2).

IG)=1I¢e" (2)

where irepresents the i-th angle step, N is the last angle step, and
A=—= ln( ) is a degradation time constant. While a stretched

exponentlal decay might give a more accurate description of the
decay characteristics, the beta parameter of the stretched expo-
nential cannot be fitted with two available data points, and thus
such a correction would require a separate measurement of de-
vice stability, which in our view adds too much complexity to the
presented system.[3233]

To quickly convert the raw data to photometric and radiometric
quantities, we developed an evaluation software that guides the
user through the process of evaluating and accessing their data
(Figure 5). The full evaluation process is thoroughly described in
Figure S7 (Supporting Information). In addition to the recorded
data, the software needs some information about the geometry of
the sample (active area) and the measurement setup (distance be-
tween OLED and photodiode). After entering these parameters, a
folder containing the raw data can be selected. The file names of
all files in that folder are extracted and devices available for eval-
uation are listed (Figure 5 bottom left). Devices can be assigned
to a group of devices that share the same emission spectrum and
angular dispersion. Only now is the data converted to photomet-
ric and radiometric quantities. The user can plot the JVL curves
of the different devices and sort out unreasonable curves (e.g.,
defective pixels) by clicking on the according color in the legend
(Figure 5 bottom right).

For an easy comparison of the performance of different
groups, the user can plot performance statistics (Figure 5 top).
For our example series of opaque bottom emitting devices, we
immediately see which dip-coating parameters lead to the best
performance. Furthermore, the statistics show the good repro-
ducibility we can obtain when using our custom-made dip-
coating device to fabricate an OLED stack. The best EQEs, for
instance, are obtained for devices coated with retraction speeds
of ~3 mm s! for the PEDOT layer and ~7 mm s~ for the SY-
PPV layer. Under these conditions, a maximum EQE of ~4% is
reached, with a median EQE of 3.7% for multiple devices. These
results agree well with EQEs reported in the literature on OLEDs
manufactured via spin-coating using commercial devices.[23334]
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Figure 4. Characterization software for the electroluminescent characterization of OLEDs using our previously described setup. Here, the measurement
of an angle-resolved electroluminescence spectrum is shown directly displaying the angle-resolved (AR) spectrum and the maximum intensity versus
angle during the measurement (Live, AR spectrum, top). A degradation check allows to control of device degradation over the course of the measurement
and to apply of an automatic correction if required (Degradation correction, bottom). The shown data is for the semi-transparent OLED design with

dip-coated layers of PEDOT:PSS and SY-PPV.

The complete performance parameters of the best-performing
devices for the semi-transparent and bottom-emitting device con-
figurations are provided in Figure S8 (Supporting Information).

3. Conclusion

In conclusion, this study introduces two open-source tools de-
signed to facilitate the fabrication and comprehensive characteri-
zation of thin film electronics, alongside an open-source software
suite that streamlines OLED characterization within the frame-
work of our previously presented open-source angle-resolved
electroluminescence characterization setup. We present a dip-
coating system for the manufacturing of different thin films, a
four-point probe with a software package for the accurate de-
termination of sheet resistances, and we show how these open-
source systems can be used to fabricate, optimize, and character-
ize efficient OLED stacks.

Adv. Electron. Mater. 2024, 2400460 2400460 (7 of 10)

The hardware solutions outlined herein represent a cost-
effective alternative to commercial devices as they can be made
from common lab equipment and affordable bespoke compo-
nents. The main components required for the assembly of the
dip coater can be purchased for ~70 euros at the time of writ-
ing, whereas the parts required for the four-point probe can be
obtained for less than 30 euros. In our experience, this costs 40
times and 80 times, respectively, lower than even the more cost-
effective commercial alternatives. Moreover, additional support
structures can be easily prepared by 3D printing. These econom-
ically viable solutions serve to further enhance accessibility to ad-
vanced tools for thin-film electronics research. Furthermore, this
work describes a new software package for our previously estab-
lished AR-EL characterization setup. This software empowers re-
searchers to conduct thorough electroluminescence characteriza-
tion and data analysis of OLEDs within a matter of minutes.

While the importance of publicly available projects is widely
accepted in software development, open-source hardware lacks

© 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 5. Software to evaluate the measured data and transform it into photometric and radiometric quantities. The shown data is for the opaque devices
with dip-coated layers of PEDOT:PSS and SY-PPV with a thick aluminum electrode. After entering details about the measurement setup, device size,
etc., the data can be loaded automatically from any folder. Subsequently, groups of devices with the same configuration can be defined and the data
are transformed into photometric and radiometric quantities (Assign groups, bottom left). Afterward, any invalid data, e.g., from short pixels, can be
rejected based on the displayed JVL curves (Select valid data, bottom right). Performance statistics for each device as well as for each previously defined
group can be displayed to confirm the best device configuration within seconds (Plot statistics, top).

behind in some research areas. With the hardware and software
specifically designed for thin film and organic electronics re-
search that is introduced here, we hope to enhance accessibility,
improve collaboration, and further advance the reproducibility of
the data reported in our field. We also wish to inspire other re-
searchers to share open-source versions of their custom designs
in the future.

4. Experimental Section

Atomic Layer Deposition: Aluminum-doped zinc-oxide films were de-
posited via atomic layer deposition (Savannah S200; Veeco, USA) at dif-
ferent temperatures. Trimethylaluminum (TMA) (Strem, USA) pulses of

Adv. Electron. Mater. 2024, 2400460 2400460 (8 of 10)

15 ms were followed by a 5 s purge time before injection of water for 15 ms
and another 5 s waiting time. Each TMA + water pulse pair was followed
by 20 pulses of water (15 ms + 10 s purge) + Diethyl-zinc (Strem, USA)
(15 ms + 10 s purge time). This combination of pulses was repeated 32
times amounting to a total of 672 ALD cycles corresponding to ~100 nm
thickness.

Thermal Evaporation: Electrodes were fabricated by thermal evapo-
ration via resistive sources in a high-vacuum environment (EVOVAG;
Angstrom Engineering, Canada), maintaining a base pressure below
1% 1077 torr. The thickness of the deposited electrodes was measured
using quartz crystal microbalances.

OLED  Fabrication: Prepatterned ITO  glass  substrates
(24 mm X 24 mm) (Xin Yan, Hongkong) were cleaned via sonica-
tion in deionized (D) water, acetone, and isopropanol, each for 15 min.
Next, PEDOT:PSS solution (poly(3,4-ethylenedioxythiophene):polystyrene
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sulfonate; CLEVIOS P VP Al 4083) was filtered through a 0.45 pm PVDF
membrane filter and mixed with DI water at a weight ratio of 1:2 to adjust
its viscosity. For the hole injection layer, we dip-coated a 45-50 nm thick
PEDOT:PSS layer onto the ITO-coated glass substrates. During this dip
coating process, the retention time was set to 10 s, and then the retraction
speed to 2.7 mm s~'. The dip-coated PEDOT:PSS films were dried on a
hotplate at 140 °C for 30 min. Subsequently, the devices were transferred
to a nitrogen-filled glovebox to deposit the SY-PPV light-emitting layer.
SY-PPV (Sigma-Aldrich) was dissolved in Chlorobenzene at 0.2 wt.% and
retracted at different speeds to form layers of varying thickness, keeping
a constant retention time of 10 s. The SY-PPV films were subsequently
dried on a hotplate at 140 °C for 20 min. The samples were transferred to
the vacuum chamber for thermal evaporation of the top contact without
intermittent exposure to air. We deposited a 0.5 nm thick LiF layer,
followed by either a 100 nm thick Al electrode for bottom-emitting devices
or a 1 nm thick Al and 20 nm thick Ag electrode for semi-transparent
devices. Before characterizing the devices, we removed the dip-coated
layers on the back side of the substrate using acetone and DI water.

AFM Measurements:  Atomic force microscopy measurements were
performed using JPK Bruker The NanoWizard 4 mounted at the Nikon
Ti2 optical microscope. Imaging was performed via frequency modulation;
with the resonance frequency of the AFM probe f; = 32 kHz. All measure-
ments were carried at room temperature.

Supporting Information

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