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ABSTRACT: Interface engineering is the key to optimizing
optoelectronic device performance, addressing challenges like
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various techniques, including electron paramagnetic resonance, X-

ray/ultraviolet photoelectron spectroscopy, capacitance—voltage measurements, and density functional theory calculations. In
organic light-emitting diodes (OLEDs), the influence of MC on charge transfer, trap density, and light emission properties is
evaluated. MCs in ZnO:PEIE nanocomposites (NCs) show improved charge transport, accelerated trapping/detrapping in
ZnO:PEIE NCs, and a 50% reduction in active traps in NaCl-based devices versus the reference without MCs. RbCl-, CsCl-, and
NaCl-based OLEDs exhibit substantial reductions in the potential barrier between the electron injection layer and the metal contact
(Al) from 4.43 to 2.93, 3.02, and 4 €V, respectively, accompanied by enhancements of 35, 27, and 25% in electroluminescence
intensity.

KEYWORDS: interfacial engineering, metal chlorides, organic electronics, electron paramagnetic resonance spectroscopy, interface dipoles,
photoelectron spectroscopy, DFT calculations

1. INTRODUCTION Effective recombination of electrons and holes in the emissive
layer results in a higher efficiency and a brighter device.’
Conversely, for solar cells, the process involves harnessing solar
energy. Here, electron—hole pairs created by the absorption of
photons from sunlight must be efficiently separated and
collected at the electrodes to generate an electric current.
Achieving this requires the creation of a potential difference
across the interface, a factor that can be finely adjusted through
interface engineering. Efficient charge transfer, therefore, is a
common denominator in both light-emitting devices and solar
cells. It not only leads to higher light output and greater power

Interfaces between different layers have been an area of
significant interest and exploration in the field of micro- and
nanoelectronic devices." These interfaces play a significant role
in a wide range of applications, such as catalysis, sensors,
batteries, optoelectronic devices, and more. In-depth under-
standing of the fundamental principles including the
interactions at these interfaces is significant for designing and
optimizing novel materials and devices with enhanced
performance.”

In optoelectronic devices, such as light-emitting diodes
(LEDs) and solar cells, the management of charge carriers is of

paramount importance.3 In the context of LEDs, engineered Received: September 27, 2024
charge injection leads to a flow of charges between the Revised:  October 25, 2024
electrodes. Electrons emitted from the cathode recombine with Accepted: October 29, 2024

holes injected from the anode in the emissive layer, resulting in Published: November 15, 2024

light generation.” The charge injection can be facilitated by
lowering the potential barrier with the subsequent layer.
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output in LEDs but also plays a vital role in effectively
converting sunlight into electrical energy in solar cells.”’
Various interface engineering strategies exist to enhance the
performance of optoelectronic devices including the mod-
ification of the material work functions (WFs), charge carrier
injection barriers, and reduction of the influence of interface
traps. These optimizations can be achieved through physical
surface treatments like plasma treatment” and ultraviolet ozone
(UV) treatment,® as well as the incorporation of an ultrathin
interfacial layer (approximately 1—10 nm) positioned between
electrode and electron (hole) injection layers (E/HIL).”"° The
interfacial layer functions as an electric dipole layer with a
known electric dipole moment, strategically positioned at the
interface between the electrode and injection layers. This
configuration generates an electric field, effectively adjusting
the energy level of the layers by modifying their work
function.” The electric dipole involves two points with
positive and negative charges, which are placed at a distance.
An asymmetrical distribution of these charges in an ultrathin
layer creates individual single electric dipole moments and
finally an electric dipole layer.'” It is noteworthy to mention
that these modifications are not limited to inorganic
optoelectronics alone, and they also add positive changes to
organic optoelectronic devices. For instance, in organic
optoelectronic devices, a self-assembled monolayer of organic
molecules like alkyl thiols or phosphonic acids'® is a common
dipole layer that positively changes the materials work function
and charge dynamics across the interface.'* Polyethylenimine
ethoxylated (PEIE), an insulator material,'> modifies the
electronic properties of the interface by increasing the charge
carrier mobility and reducing the recombination rate of charge
carriers close to the electrode regions, thus improving the
energy levels at the interfaces.' Semiconductors, like
molybdenum oxide (MoQj;), as buffer layers have been used
to generate an intermediate energy level between two layers of
poly(3,4-ethylenedioxythiophene) polystyrenesulfonate (PE-
DOT:PSS) and CuPc.'” Alkali metal fluorides like lithium
fluoride (LiF)'®'” and sodium fluoride (NaF) are common
materials that can be used as a buffer layer." LiF alters the WF
of the electrode, field emission, carrier injection,20 and contact
adhesion, which leads to better stability and performance.”"**
However, metal fluoride poses health risks and is costly due to
processing limitations. Further, they also have very limited
charge-trapping and detrapping capabilities on metal oxides.
Therefore, an alternative material is needed that can replicate
the desirable electronic properties of metal fluorides while
being safer, more accessible, compatible with solution
processing, and with enhanced charge transfer capabilities.
Inorganic alkali metal chlorides (MC) as interfacial layers are
one of the best candidates because they exhibit dipole
moments similar to LiF, which can be employed in most of
the optoelectronic devices such as organic light-emitting
diodes (OLEDs) to further improve their performance.””**
In the present work, metal chlorides, including sodium
chloride (NaCl), cesium chloride (CsCl), potassium chloride
(KCl), and rubidium chloride (RbCl), have been considered to
be used in optoelectronic devices like OLEDs. The influence of
incorporating metal chlorides in optoelectronic devices on the
charge injection capability and device performance has been
studied. Based on literature studies, these compounds
effectively facilitate the injection of electrons into the organic
layers of the OLEDs, leading to improved device perform-

ance.”>?*® Another advantage of metal chlorides over alkali

metal fluorides is their cost-effectiveness. These compounds
can often be produced at a lower cost, making them more
economically viable for large-scale production of optoelec-
tronic devices. Furthermore, alkali metal chlorides demonstrate
compatibility with various substrates, such as flexible’”** and
rigid substrates, without significant degradation or loss of
performance. For instance, transparent flexible electrodes have
been made by the deposition of a NaCl sacrificial crystal on
polyethylene terephthalate (PET), which has the advantages of
making different sizes of NaCl particles varying from 10 nm to
micrometers by adjusting the thickness and substrate type.
Additionally, metal chlorides can be deposited by solution
processing, such as spin coating and physical deposition
techniques, such as vacuum evaporation. For instance, NaCl
has been deposited by using atomic layer deposition (ALD) for
substrate protection from surface contamination.” Finally, the
wide range of material options with metal chlorides allows for a
wide range of explorations of new combinations. Generally,
alkali metal chlorides have better sustainability compared to
metal fluorides due to factors like lower cost and recycling
ability. Lii and colleagues™* delved into the realm of metal
chlorides, inspired by the distinctive traits of alkali metal
chlorides. They structured their study around a device
architecture involving ITO/N,N’-di(naphth-2-yl)-N,N’-di-
phenyl-benzidine (NPB, 40 nm and BCP, 15 nm)/tris(8-
hydroxyquinoline) aluminum (Alg;) (60 nm)/metal chlorides
(1.0 nm and at various distances inside Alg,)/Al Within their
investigation, they observed a remarkable increase in the light
output, specifically in the CsCl devices. Their hypothesis
attributed this enhancement to tunneling and the potential
barrier reduction.””*° Building further on this initial
observation, this work explores the mechanism of this
enhancement in much more detail using a combination of a
wide range of experimental techniques with corroborating
simulations and density functional theory (DFT) computa-
tions. As such, a detailed understanding is obtained of how
metal chlorides as interface layers in OLEDs can significantly
boost their performance. We find that these compounds are
not just replacements for other materials like LiF, but they
excel in enhancing charge transport to the active layers, making
devices more eflicient. Various complementary techniques
were used, such as electron paramagnetic resonance (EPR),
impedance spectroscopy, X-ray photoelectron spectroscopy
(XPS), ultraviolet photoelectron spectroscopy (UPS), and
DFT calculations. Our findings show that adding a metal
chloride layer improves several key aspects of the OLED
performance, like brighter light, better efficiency, and lower
power needs compared to devices without these layers. This is
because these layers reduce the influence of interfacial traps
that can slow down electrical flow and make it easier for
charges to move around. Additionally, the creation of an
interface dipole layer lowers the work function of the metal
contact, resulting in better electron injection, all confirmed by
our different measurements and calculations. The properties of
metal/metal chloride/semiconductor interfaces are studied in
an OLED stack of ITO/poly(3,4-ethylenedioxythiophene)
polystyrenesulfonate (PEDOT:PSS)-hole transport layer, poly-
(para-phenylenevinylene) copolymer (SY)-emissive layer, and
ZnO:PEIE nanocomposite (NC) (electron transport layer)/
metal chloride (surface modifier)/AlL

In light of our findings, we conducted a comparative analysis
among different OLED devices based on CsCl, RbCl, NaC],
and KCl, and a reference device without an interfacial layer,
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evaluating their performance in terms of electroluminescence
(EL) intensity, external quantum efficiency (EQE), luminous
efficacy, illuminance, and current density. Our analysis revealed
that devices based on CsCl and RbCl outperformed the
devices based on KCl, NaCl, and the reference device in these
specific aspects. Therefore, we conclude that CsCl and RbCl
are the suitable choice for OLED applications, although KCI
and NaCl with a minor difference in respect to the above-
mentioned compounds can be true choices for a variety of
optoelectronic applications due to abundancy, lower cost, and
easy access.

This research sheds light on the importance of interface
engineering factors in optimizing optoelectronic device
performance and provides valuable insights for future advance-
ments in research and industrial applicability.

2. EXPERIMENTAL SECTION/METHODS

2.1. Materials. BIOTAIN-supplied glass substrates patterned with
indium thin oxide (ITO), having a thickness of approximately 135 +
S nm, have been utilized for all the OLED samples. These substrates
exhibit a sheet resistance of 10™'° Q sq™! as well as a transmittance
above 86%. Poly(3,4-ethylenedioxythiophene) polystyrenesulfonate
(PEDOT:PSS, grade Al 4083) has been received from Heraeus
supplier. Super Yellow (SY) light-emitting PPV copolymer (PDY-
132), polyethylenimine 80% ethoxylated solution (PEIE, 37% wt % in
H,0), and zinc oxide nanoparticle (NP) ink containing particles
(diameter ~10 to 15 nm) dissolved in isopropylalcohol (IPA) have
been obtained from Sigma-Aldrich. Cesium chloride >99.5%,
rubidium chloride 99.8+%, and potassium chloride 99% have been
provided by VWR Chemicals. 99.99% aluminum pellets have been
bought from Kurt J. Lesker, while 99% and 99.99% lithium fluoride
were obtained from Alfa Aeser by Thermo Fisher Scientific.

2.2. Device Fabrication. The OLED preparation starts with a
thorough cleaning process. The cleaning protocol of the ITO-coated
glass substrates involves ultrasonication for 30 min in soap water, 20
min in demineralized water, 10 min in acetone, and finally 10 min in
isopropanol alcohol. Afterward, the samples were dried using nitrogen
gas and were treated with UV—ozone for 30 min.*" Spin coating has
been used for deposition of all of the active layers. PEDOT:PSS
diluted in water has been spin-coated at 2000 rpm for 40 s, resulting
in a 40 nm-thick layer. SY dissolved in chlorobenzene (20 mg/4 mL)
has been spin-coated at 1000 rpm for 60 s inside a glovebox
environment, resulting in 80 nm-thick layers. Finally, ZnO NP ink and
PEIE were mixed together (1.5 mL/0.006 mL) and dissolved in 2 mL
IPA, which has been deposited at 6000 rpm for 60 s, resulting in 14
nm-thick layers.”’ Subsequently, all the metal chloride/fluoride layers
as well as Al (electrode) were deposited by vacuum evaporation at 8.5
X 1077 mbar. The thickness of Al was 80 nm for all samples, and the
thickness of metal chlorides was varied between 1 and 10 nm for
different studies. The deposition rate was changed between 0.15 and
0.01 A s™! to control the uniform distribution of the metal chloride
clusters.

3. RESULTS AND DISCUSSION
3.1. Morphology. First, thin alkali metal chloride films

were prepared by vacuum evaporation (see Materials and
Methods Section S1). Surface topology measurements were
conducted by atomic force microscopy (AFM) using the
tapping mode to visualize the surface roughness of the films
(2.5 cm X 2.5 cm), see Figure 1. The images show a quasi-
uniform distribution of small nanocrystals with an average
height of ~2—6 nm and width of several tens of nm. Figure S1
provides a zoomed-in view of the small nanocrystals, showing
some representative examples and their dimensions. Height
data was extracted by generating line profiles through the NaCl
particles and creating 3D surface plots for visual inspection

b) 0.15 A/S 1 nm NaCl

a) 0.15 A/S 3 nm NaCl
[ 4

50 nm

0nm

50 nm

0nm

Figure 1. AFM images of NaCl on a glass substrate using different
deposition rates of (a) 0.15 A s™* for 3 nm NaCl; (b) 0.15 As™" for 1
nm NaCl; (c) 0.01 A s™! for 3 nm NaCl; and (d) 0.01 A s™" for 1 nm
NaCl

(see Supporting Information, Figure S1b). Aside from that,
larger agglomerates are also found, which seem to be reduced
in size and quantity when the deposition rate is reduced from
0.15 to 0.01 A s™'. Individual particle heights were measured
by comparing the maximum particle height to the surrounding
substrate level (Figure Slc). Note that in the end, the
deposition rate in this range did not significantly influence the
final OLED performance. In support of this, Figure S16
demonstrates the similar current density—voltage character-
istics of RbCl-based OLEDs fabricated at both low and high
deposition rates, underscoring the negligible influence of the
deposition rate on electron injection. The metal chloride forms
small nanocrystals, even at higher deposition rates. ZnO:PEIE,
being a highly efficient electron transport and injection layer,
maintains its functionality with minimal impedance from larger
metal chloride nanocrystals. This is evident in the consistent
current density—voltage characteristics across different depo-
sition conditions. Furthermore, very close and similar electro-
luminescence performances are observed across both deposi-
tion conditions, indicating that the metal chloride nanocrystals
do not adversely affect the light emission process of the
OLEDs. This supports the conclusion that the electron
injection mechanism remains largely unaffected by the
variations in the NaCl deposition rate.

Moreover, the robustness of the ZnO:PEIE layer is crucial.
The 16 nm ZnO:PEIE layer situated beneath the metal
chloride nanocrystals effectively serves as an electron transport
layer, ensuring insulation between the organic emissive layer
and the cathode. Its thickness and uniformity prevent direct
contact between the cathode and the underlying organic layers,
significantly reducing the risk of short circuits even in the
presence of metal chloride nanocrystals.

In our previous work,” we investigated the impact of
varying the thickness of the ZnO:PEIE layer on the J-V—-L
(current density, voltage, and luminance) characteristics of
OLEDs. As the thickness of the ZnO:PEIE layer increased
from 16 to 28 nm, we observed a reduction in the injected
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Figure 2. (a) Capacitance—voltage at a frequency of 165 Hz obtained from impedance spectroscopy of OLEDs based on NaCl, RbCl, and CsCl
interfacial layers and no metal chloride (reference) showing three regimes including charges in electrodes, charge injection, and recombination of
charges; (b) capacitance—voltage at different frequencies from 165 Hz to 2 MHz for OLEDs based on NaCl and RbCl; (c) Nyquist plot of the
reference sample at different voltages; (d) Nyquist plot of NaCl-based OLED at different voltages; (e) capacitance—frequency measured at —3, 0, 2,
3, and 4 V; (f) Mott—Schottky profile showing the slope of —8.36 X 107> ((F/(cm)™?)/V) in the range between —1.5 and 1.5 V.

current and luminance. This reduction indicated a disruption
in the carrier balance, where the thicker ZnO:PEIE layer
impeded efficient electron transport, leading to a lower EQE.
We have now referenced this finding in this article, clarifying
that the thickness of the ZnO:PEIE layer does indeed affect
carrier balance.

3.2. Optical Properties. The transmittance of ZnO:PEIE
NC films is illustrated in Figure S2, and the Tauc plot of NaCl
on ZnO:PEIE NC layers is depicted in the inset of Figure S2.
The results are highly comparable and show that the addition
of a thin metal chloride layer does not impact the absorption of
light in the OLEDs.

3.3. Charge Transport Properties. We start from
impedance spectroscopy, i.e., capacitance—voltage measure-
ments, to provide insights on the influence of different metal
chloride interfacial layers on charge-injection and charge-
recombination in the OLED device. In such a CV measure-
ment, an alternating electrical signal with a small amplitude V;
(0.05 V) and a specific frequency f in the range of 20 Hz to 2
MHz (V¢ = V; sin(2zft)) is superimposed to a constant bias
DC voltage (ranging from —4 to 4 V), resultlng in a total
voltage V = V¢ + V¢ applied over the device.”> The response
from the sample is measured by the induced AC current. The
complex impedance can then be calculated as the ratio of
voltage and current from which capacitance C can be obtained.
A first increase in capacitance with respect to the geometric
capacitance (C, ) in the dark current regime (no light
generation of the OLED) arises from the accumulation of
charge carriers in the active layers, the latter being composed
of the electron transport layer, the emissive layer, and the hole

transport layer (HTL). At higher voltages, charge carriers meet
in the emissive layer and recombine by emitting a photon,
thereby reducing the capacitance.

Impedance spectroscopy has been performed on a complete
OLED stack, which is shown in Figure S3. The capacitance—
voltage results are presented in Figure 2a, where the measured
capacitance is normalized over the geometric capacitance C,,
which can be determined at highly negative voltages and 1s
described by eq 1.>**

C, = (g X A) X

(€mrL X €pmy X €vpry)
(Sr—ETLX‘("r—EMLXdHTL)"'(Sr—HTLXSr—ETLXdEML)+(£r—EMLX£r—HTLXdETL)

(1)

with & (8.854 X 107> F m™') being the permittivity of
vacuum, &, the dielectric constant of the active layers, A (0.25
cm?) the area of the active region of the OLED, and
dygr ety eme, the thickness of the hole transport layer (HTL),
emissive layer (EML), and electron transport layer (ETL).
Three regimes can be seen in the C—V curve presented in
Figure 2a. The first regime (green) at high reverse bias shows
the device in insulating (dark) mode, providing the value of the
geometric capacitance (C/ Cy= 1) at the lowest voltages The
average value found for C, was 1.64 + 0.1 nF. The relative
dielectric constant of the active layers determined by eq 1 for a
40 nm-thick HTL, 200 nm-thick EML, and 16 nm-thick ETL is
found to be around 7.8 + 0.7. Given that the dielectric
constants of the EML and HTL in literature are found to be
between 2 and 3.5,°*” this implies that the dielectric constant
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of the ETL should also lie in the range of 2 in our case. To be
more accurate, &, yrr, €-pmr, and €.prp of 1.9 + 0.1, 2.65 +
0.05, and 1.55 # 0.5 could be considered for the OLED stack.
Interestingly, the dielectric constant of ZnO nanoparticles in
literature is reported to be around 8, while in our case, we find
a value around 2, which can most likely be attributed to the
reduction in dielectric constant upon ZnO nanoparticle
integration within PEIE, similarly as previously observed for
other organic materials.”®*’

The second regime (pink) in Figure 2a shows the expected
increase in capacitance with increasing DC voltage, indicating
the injection of majority carriers in the active layers and can be
represented by Q’,, which shows the amount of charge trapped
in the active layer due to the AC voltage.”® Specifically in our
experiments, the capacitance begins to increase above a
threshold voltage of approximately 0 V for the reference
sample.”’ Figure 2b demonstrates the capacitance behavior at
different frequencies for NaCl- and RbCl-based OLEDs. The
threshold voltage observed in Figure 2b appears to be
independent of frequency since the initial charge accumulation
process is primarily governed by material properties rather
than the frequency of the applied AC signal. According to eq 2,
which is provided further on, and the explanation provided, the
capacitance (C) is influenced by three components:

At the threshold voltage, the system transitions into the
second regime, dominated by Q.. where charge injection and
trapping occur. This threshold is determined by the balance
between the applied voltage and the intrinsic properties of the
material, such as the energy barriers for charge injection and
trapping. Since these material properties are nearly constant,
the threshold voltage remains quasi unchanged for different
frequencies.”"**

The frequency begins to affect the system significantly only
in the subsequent regimes. At higher frequencies, charge
carriers have less time to migrate and the maximum
capacitance shifts to higher voltages, while recombination
processes are less likely to occur, see Figure S6. However, the
threshold for the initial charge accumulation, i.e., the threshold
voltage, does not rely on these dynamic processes and thus
remains constant, regardless of the frequency applied. More-
over, at lower frequencies, the AC signal changes slowly,
allowing charge carriers ample time to migrate through the
active layers of the OLED and become trapped in defect sites
or other trapping states. This migration and trapping
contribute to an increase in capacitance because more charges
accumulate in response to the applied voltage.

As the frequency increases, the AC signal oscillates more
rapidly, reducing the time available for charge carriers to
respond to a changing electric field. Consequently, fewer
charges can migrate through the active layers and get trapped
within the time frame of each oscillation cycle. This limited
charge movement results in a smaller increase in capacitance as
less charge is available to contribute to the overall capacitance
of the device.

In addition, at higher frequencies, the charge carriers that do
migrate are less likely to reach deeper trapping states because
the electric field direction changes before the carriers can fully
settle. This incomplete trapping further diminishes the
capacitance increase. Additionally, the maximum capacitance
shifts to higher voltages at higher frequencies because more
energy is required to drive the migration and trapping
processes under these conditions.”

Therefore, the reduced capacitance increase at higher
frequencies is due to the limited time for charge migration
and trapping, which are critical processes that contribute to the
capacitance. This frequency-dependent behavior is a funda-
mental aspect of charge dynamics in OLED devices and is
essential for understanding the device’s performance under
different operating conditions. Finally, in the third regime
(yellow), a sharp reduction in capacitance is observed,
originating from the recombination of charges by emitting a
photon, thereby consuming the charge carriers and decreasing
the capacitance. The detailed explanation is given in the
Supporting Information Section SS5.

These three regimes can be identified by eq 2, which
describes capacitance as consisting of 3 parts™"!

codo _dQ,+ dQ, - dQ,
rVa dV,c 2)

where Q represents the total change in charge due to the
superimposed AC signal (V,c). Q,, defines the typically minor
charging of the electrodes, which can result in a small increase
of the capacitance in the green regime, while Q.. dominates in
the second region. Finally, Q. describes the loss of charge due
to recombination in the third regime. The recombination rate
7, as well as the trapping rate 7,,,, are two important time scales
determining the frequency response of the CV signals and, in
particular, the competition between charge trapping and
charge recombination. Therefore, at higher frequencies, charge
carriers do not have sufficient time to migrate in the active
layer, resulting in a smaller increase and a shift of the maximum
of the curve to larger voltages, as clearly observed in Figure 2a.
Recombination can also not take place, resulting in the
capacitance not being dependent on voltage anymore.*

To study ionic migration (current) in the presence of
OLEDs, electrochemical impedance spectroscopy (EIS) is an
invaluable tool. In EIS, an alternating current (AC) potential is
applied to a device, and the resulting AC current is measured.
By analyzing changes in amplitude and phase across a wide
frequency range, EIS can distinguish between different
processes occurring at various time scales. This makes it
particularly useful for investigating both ionic and electronic
transport in materials such as hybrid organic—inorganic
heterojunctions.

EIS results are typically presented as Nyquist plots. These
plots graph the real (Z') and imaginary (Z”) components of
impedance in a complex space. The impedance data are
conducted at a frequency range of 1 MHz to 1 mHz, a 10 mV
perturbation, and several bias voltages, ie., from 2 to 4 V.
Figure 2c¢,d illustrates the Nyquist plots for reference and
NaCl-based OLEDs. Figure S4 provides more detailed
information about the Nyquist plots of the OLEDs with
various metal chloride interfacial layers at different voltages.
Data near the origin corresponds to higher frequencies, while
data farther away represents lower frequencies. Analyzing
Nyquist plots involves fitting the data to equivalent circuit
models to quantitatively assess device properties. The shape of
the plot provides insights into the underlying processes: (1) a
vertical line suggests a circuit with a capacitor in series with a
resistor, with resistance indicated by the x-axis intercept. (2) A
semicircle with an origin intercept indicates a parallel
combination of a capacitor and resistor. (3) A semicircle
shifted along the x-axis implies the presence of a series resistor,
with the shift corresponding to the series resistance.
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When investigating the influence of metal chloride additives
on ionic currents in the presence of OLEDs, impedance plots
can reveal both electronic and ionic processes. Typically,
Nyquist plots show two distinct features: a semicircle at high
frequencies and another semicircle or linear feature at low
frequencies. At high frequencies, electronic processes predom-
inate, and these devices can be effectively modeled using a
simple electronic RC circuit. At lower frequencies, ionic
transport becomes more significant, often represented by the
Warburg element, which captures ion diffusion and appears as
a 45° diagonal line in the low-frequency region of Nyquist
plots.*#*

In our study, when analyzing the effect of adding metal
chloride on ionic currents, we would expect to see a Warburg
element if ionic diffusion is significant (refer to Figure S4e,f).
However, our measurements reveal only a single semicircle and
lack the expected 45° tail, suggesting that ionic contributions
might be minimal or not adequately captured in the frequency
range tested. Additionally, no significant difference is observed
between the reference and salt-treated samples in the low-
frequency region. This absence of the Warburg element and
the lack of notable differences imply that ionic diffusion is not
prominent or that the metal chloride addition has not
significantly influenced ionic transport in the OLED device.

For the OLEDs with and without metal chloride interfacial
layers, the following results are observed and listed in Table S1.

Capacitance values with metal chloride interfacial layers,
which are listed in Table S1, are comparable to or slightly
higher than those with the reference OLED. The variations in
C. suggest that metal chlorides affect the dielectric properties
and charge storage characteristics of the OLED, though the
impact on capacitance is relatively modest.

In summary, NaCl, RbCl, and CsCl enhance the perform-
ance of an OLED by reducing series resistance and influencing
charge transfer characteristics. The capacitance changes are
relatively minor, reflecting the impact of the interfacial layers
on the OLED’s electrical properties. Additionally, Ry, in our
OLED devices does not show significant variation with
different applied voltages or over time (nearly 20 h of
operation), suggesting that series resistance is stable and not
heavily influenced by factors like ion accumulation, which
complements the earlier discussion of not observing the
Warburg element. If R, increases with applied voltage, it
may indicate ion accumulation at the device’s contacts
affecting resistance. However, the stability in R, in our
devices implies that ion accumulation is not a significant issue,
and thus, ionic current may not significantly impact the
OLEDs.*

Figure 2e illustrates the capacitance as a function of
frequency for different DC voltages. At reverse bias conditions,
e.g., —3 V, no charges are injected, and the capacitance remains
constant across the frequency regime, yielding the geometric
capacitance of the device. The device behavior is like a
dielectric layer at high reverse bias as a nearly independent
relationship from capacitance can be observed.”>"” At higher
DC voltages, this peak shifts to higher frequencies, thus
resulting in first an increase and then a decrease in capacitance
related to the carrier trapping and radiative recombination,
respectively. The exact frequency dependence and position of
the peak can yield information on the relative time scales
between trapping and charge built-up in the devices and
recombination of charges in the emissive layer, two processes
that are in competition when the device is turned on. Equation

3 details these two processes and provides a way to extract
information on the trapping and recombination rates. The
derivation of eq 3 is explained in the Supporting Information,
Section S5

%€ %6
Clw) = C, + 12g2_ Ziz
I+ w071, 1+o7 (3)
with @ = 2af The first term represents the geometric

capacitance C,; the second term represents the time it takes
for carriers injected under forward bias (V¢ > 2 V) to become
trapped, leading to an increase in capacitance in the lower
frequency region of the C—V curve and thus depending on
(Tmp); and the third term represents the decrease of
capacitance at slightly higher frequencies, related to the
recombination rate (z,), which dominates at higher voltages
(Vpe > 3 V). y; and y, are dimensionless constants. A
minimalization process that adjusts the parameters (1, 12, Tiraps
and 7,) was applied to adequately fit the experimental data
points. When fitting the experimental data to eq 3, it should be
noted that the different parameters are correlated due to the
intrinsic nature of the equation, where the second and third
components have opposite signs. Therefore, the trapping and
recombination times can be estimated only within a certain
error margin. Figure SS shows the fits for voltages from 2 to 4
V for all the OLEDs. From these fits, it can be concluded that
the recombination time is between 107> and 107> s and that
the trapping time is between 10™* and 107> s. As shown in
Figure SSe, the reduction in trapping times with an increase in
voltage in the range of the corresponding OLEDs can be
understood through the framework of the Poole—Frenkel
effect. At lower voltages, where the electric field strength is
weaker, the mobility of charge carriers is limited, and they may
become trapped at defects within the OLED material. As the
applied voltage, or electric field strength, rises, the energy
imparted to charge carriers also increases and enables trapped
carriers to overcome potential energy barriers more readily.**
Consequently, the trapping time decreases as the voltage
increases, reflecting the enhanced mobility of carriers under
higher electric field conditions.

In fact, the much slower recombination rate with respect to
the trapping time implies that the recombination of charges is
limited by the injection of electrons in the emissive layer.”>*’

To further investigate the role of added interfacial layers on
charge trapping within an OLED device, a Mott—Schottky plot
from the C—V measurements has been plotted in Figure 2f, i.e.,
plotting (C/A)™? as a function of voltage for a frequency of
130 Hz. In order to calculate the density of filled or electrically
active traps (N,) in the layer, we can employ eq 4, whose
derivation is demonstrated in Supporting Information

2
D
C q€o€, N, (4)

with g being the elementary charge. The slope of the Mott—
Schottky plot in the range where we have charge built-up with
increasing voltage (region two in Figure 2a) then corresponds
to the inverse of the density of filled traps and amounts to
(740 + 1.3) X 10° and (3.00 + 0.7) X 10° V/F for devices
with a 3 nm NaCl layer and the reference without NaCl,
respectively. Table S2 provides the slope and trap density
values for all of the metal chloride-based OLEDs. By extracting
the effective €, of the full active layer (ETL, HTL, EML, and
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Figure 3. (a) Steady-state EPR signals for different systems including ZnO:PEIE and metal chlorides under light illumination (447 nm, P = 350
mW) and normalized on the intensity of the 351 mT EPR peak. (b,c) Trapping kinetics during illumination at different laser powers for ZnO:PEIE
NC and ZnO:PEIE NC NaCl samples (other samples can be found in Figure S10 in the Supporting Information). Experimental data are plotted in
solid lines; fitted data are superimposed in dashed lines, while the colors indicate the used laser powers, as presented in the legend of panel (d). (d)
Recombination/detrapping kinetics for ZnO:PEIE NC with NaCl using the same line coding as in panels (b,c). Additional data can be found in

Figure S11 for the other samples.

Agye,
d
= 1.2.**** The number of trapped charges in the experiment

for this specific frequency can then be determined and
amounts to (1.60 =+ 0.3) X 10> traps/m™ for the OLED with
NaCl and to (4.00 + 0.6) X 10* traps/m® for the reference
OLED. This seems to indicate that addition of metal chlorides
prevents the existing traps in active layers from being filled,
resulting in a better transport of charges across that layer.

To investigate this in more detail, we performed time-
resolved electron paramagnetic resonance (TR-EPR) measure-
ments, focusing in particular on the ETL composed of metal
chloride/ZnO:PEIE NC. First, we present steady-state
continuous-wave EPR of mixtures of different metal chlorides
with ZnO:PEIE NC. The mixtures were prepared by drop-
casting a mixed solution of 0.006 mL of PEIE, 1.5 mL of ZnO,
and 2 mL of IPA on a glass substrate and 0.4 mg of salt in 4
mL of methanol, after which the glass substrate was cut into
small pieces and assembled inside an EPR quartz tube. As such,
an EPR powder spectrum is obtained. ZnO NPs are known to
contain a lot of intrinsic defects where charges can be
trapped,””>" which can be observed at room temperature in
EPR. ZnO EPR signals typically consist of two main EPR
lines,*"** one at g =2.003 (B =351 mT) and one at g = 1.96
(B = 359 mT). Since the peak observed at 351 mT is quasi-
insensitive to light illumination (similar intensity when
measuring in the dark or under strong (P = 350 mW) 447
nm laser excitation, see Figure S9), its peak intensity was
chosen to normalize the different samples with respect to each

NaCl) from the geometric capacitance G = , we obtain €,

other as the quantity of ZnO in each of the EPR sample tubes
could not be taken exactly the same. Moreover, a microwave
power of 20 mW was chosen for all EPR measurements; given
the higher microwave powers, the 351 mT signal was fully
saturated (see Figure S8). Samples were illuminated at a power
of 350 mW, for which each of the samples showed a saturated
EPR intensity (Figure S9).

Figure 3a presents the EPR data under light illumination.
Previously, we found that the addition of PEIE to ZnO
nanoparticles significantly increased the 359 mT peak, even
though PEIE itself has no EPR signal.31 Here, we find that the
addition of salt also alters the relative EPR intensity of the peak
at 359 mT. These changes in the response of the EPR signal
upon light illumination (see Figure S9) could point at changes
in the competing time scales of charge trapping (after creation
of charges by the light illumination) and charge detrapping/
recombination, requiring a more in-depth investigation
through time-resolved EPR. In this case, the EPR signal is
monitored at a fixed magnetic field (peak of the EPR signal
around 359 mT) as a function of time while putting the light
illumination on and off at different laser powers. While the
time scale of charge creation and trapping can be observed
when monitoring the rise of the EPR signal after the light has
been put on, the charge recombination time scales can be
obtained by monitoring the decrease of the EPR signal after
the light has been put off. We moreover perform these
experiments as a function of laser power to provide evidence
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that the specific laser power has no effect on these time scales
(see further).

Figures 3b,c and S10 present the trapping kinetics during
illumination after starting the illumination (with different laser
powers) at time ¢ = 0, while Figures 3d and S11 hold the
information on the recombination kinetics after stopping the
illumination at time ¢t = 0. To understand the kinetics observed,
we base ourselves on ref 53, where similar observations have
been made for TiO, nanoparticles under light illumination.

Note that the bandgap of ZnO:PEIE is approximately 3.37
eV, and thus, the laser energy of 2.77 eV cannot directly excite
across the bandgap, indicating that the optical excitation
excites the electron to defect levels in the band gap. Previous
fluorescence studies of ZnO:PEIE indeed indicated the
emission from different defect states with varying energy in
this particular energy range,”" indicative of a wide range of trap
energies within the bandgap of ZnO;j the exact nature of these
traps is not yet known.

The model in ref 53 bases itself on the following trapping
kinetics. After optical excitation, an electron and hole are
formed, and a fraction of these will directly recombine again,
leaving no effect on the EPR signal. The electrons can become
trapped in either shallow or deep traps at or near the surface of
the nanoparticle. The electrons trapped in the deep defects
remain trapped for a sufficiently long time to be measured by
EPR. The electrons caught in the shallow traps will move from
trap-to-trap through hopping until a carrier of opposite sign is
encountered, resulting in recombination, or until a deep trap is
encountered, resulting in an increase of the EPR signal, yet at a
longer time scale. This moving carrier in the shallow traps is
EPR-silent. In this case, the trapping kinetics can be described
by a biexponential rise of the EPR signal, including a fast rise
component (k;) originating from the direct carrier trapping in
the deep traps and a slower component (k,) related to the
chance of finding an unoccupied deep trap for the moving
electrons, thus resulting in a slower increase at longer times
and eventually a saturation at the highest laser powers (all traps
filled). Such a model results in eq 5>

y(t) = Bt (1 - e_klt) + Cy(1 - e_kzt) (5)

with y, being the offset and C, and C, parameters that depend
on the laser power and starting configuration, while k; and k,
are supposed to be laser power-independent and can thus be
used as global fitting parameters for all power-dependent data.
Thus, k; and k, are fitted simultaneously to all data of the
different laser powers and optimized numerically by a
nonlinear least-squares algorithm, while y, C,, and C, are
each time determined analytically for each of the laser powers
separately. The so-obtained curves fit the data quite well, as
exemplified by superimposing the fit curves on the
experimental data in Figure 3b,c for ZnO:PEIE with NaCl
(while Figure S10 in Supporting Information shows the data
for all samples).

A second set of experiments, presented in Figures 3d and
S11, show the recombination kinetics, resulting in a decrease in
the EPR signal. When the illumination is stopped, electron—
hole recombination or detrapping of the electron can occur, all
resulting in a reduction of the EPR signal at different time
scales. Given that a model with two different time scales can fit
the data very well, we use eq 6 to fit our data>’

—ky —ky
y(t) =y + Cye f+ G (6)

In this case, y, represents the fraction of unrecombined trapped
electrons at a long time. Thus, also in this case, yo, C;, and C,
are fitting parameters for each laser power as each laser power
will result in a different configuration of trapped electrons and
holes, while k; and k, should be the same for all the measured
laser powers.

Table 1 provides the fitted rate constants for the different
salt additions. Interestingly, the addition of metal salt

Table 1. Fitted Parameters for the Different Rate Constants,
Expressed in Units of 107> s™*

ZnO:PEIE NC  ZnO:PEIE NC ZnO:PEIE NC
ZnO:PEIE NC NaCl CsCl RbCl

Trapping Kinetics in ZnO

ky, 2102 +£29 1235 + 1.3 197.8 + 2.4 1422 + 1.6
k, 714 £ 2.0 41.40 £ 0.77 33.7 £ 1.0 33.1 £ 12.0
Recombination/Detrapping Kinetics in ZnO
ky 1331 + 1.7 1039 £ 1.9 1619 + 14 116.6 + 1.2
ky 1775 £ 0.20 14.36 + 0.25 2045 £ 0.17 18.51 = 0.11

significantly reduces k; and k,, meaning that the trapping of
charges is significantly slowed when adding the metal salts.
Such reduction in trapping rate reflects itself in a smaller
chance of trapping the electron in the ETL in a working device
and thus a more efficient charge transport into the emissive
layer. This agrees with the Mott—Schottky analysis in the
previous section, where it was found that the density of filled
traps was reduced by a factor of 2 for NaCl with respect to the
reference sample without metal salt. Figure S12 in the
Supporting Information shows for each of the samples and
laser powers the ratio of the fast trapping component with
respect to the slower trapping component (C,/C,). For low
excitation powers, the fast trapping dominates, which is logical
due to the availability of a large number of empty deep traps;
however, at higher excitation powers, the deep traps become
fully occupied, making the slow hopping-dependent trapping
more important.

Finally, the detrapping/recombination kinetics is also
slightly reduced upon salt addition.

3.4. Energy Dynamics. As mentioned in the Introduction
section, the addition of an interfacial dipole layer between the
electrode and ETL lowers the potential barrier. To investigate
this in more detail, the modification of the work function
caused by CsCl, RbCl, NaCl, and KCI has been investigated by
UPS/XPS measurements and verified by complementary DFT
calculations.

To gain insight into the underlying mechanisms of the NaCl
behavior as an interface dipolar layer, an accurate prediction of
band level alignment at the junction of metal/metal chloride
can be obtained by DFT calculation.”*

To study the influence of NaCl on the energy levels of Al
(Figure S13c), DFT calculations have been done on the
Al(100) surface with a 3 X 3 supercell. The bond distances
between Na and Cl and Cl (Na)—Al were taken as 2.87 and
2.2 A, respectively, as obtained from ref 5SS (other details can
be found in Table S3 in the Supporting Information). From an
experimental point of view, the work function of a material is a
measure of the energy required to remove an electron from the
surface of the material. It plays an important role in
determining the efficiency of charge injection and extraction
in OLED:s since the work function of the electrode affects the
alignment of the energy levels of the different layers in the
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Figure 4. (a) Illustration of interface dipole influence on the energy levels; the upper yellow line shows the lowest unoccupied molecular orbital
(LUMO) and the below line demonstrates the highest occupied molecular orbital (HOMO); EI indicates the electron injection barrier and HI
shows the hole injection barrier; plus and minus signs refer to the positive and negative sides of the dipole, respectively; (b) electrostatic potential
profile between the Al(100) plane and NaCl in vacuum. A band bending originating from the interface dipole behavior of NaCl is shown; (c) UPS
spectra of Al and Al/NaCl interface. Eqyofr (a1) = 12.61 €V < E ot (a1 Nac) 12.93 eV. The inset picture shows the UPS spectra of ZnO:PEIE NC and
ZnO:PEIE NC/NaCl interfaces; (d) XPS survey for chemical quantification of the ZnO:PEIE NC/NaCl system. (e) O 1s high-resolution spectra
for ZnO:PEIE NC and ZnO:PEIE NC/NaCl with fitted curves (additional data can be found in Figure S15).

device. The interface dipole plays a crucial role in modulating
the local electric field at the surface of a material, thereby
influencing its work function.

When the interface dipole has its negative end facing the
metal electrode, it generates an electric field that points from
the metal toward the interface. This situation effectively creates
an additional electric field component that opposes the
movement of electrons into the metal. As a result, the work
function of the metal is reduced. This reduction in the work
function means that electrons in the metal need to overcome a
smaller energy barrier to move into the adjacent layer,
facilitating easier electron injection. This can significantly
enhance the efficiency of charge injection, which is particularly
beneficial in electronic and optoelectronic devices, where
effective charge transfer is crucial.

Conversely, when the positive end of the dipole faces the
metal electrode, it creates an electric field that points from the
interface toward the metal. In this case, the positive end of the
dipole repels positive charges (holes) and attracts negative
charges (electron) into the metal. This orientation increases
the work function of the metal by raising the potential barrier
that electrons need to overcome to enter the metal.
Consequently, the higher work function creates a greater
barrier for electron injection, which can hinder the efficiency of
charge transfer and negatively impact the performance of the
device, Figure 4a. Thus, in the case of the metal chloride
interfacial layer, its presence on the surface of the electrode
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(Al) could lead to the formation of an interface dipole that
affects the work function of the electrode.""

According to the DFT calculations, the electrostatic
potential, which is presented in Figure 4b for Al and NaCl/
Al and which explains the distribution of charges perpendicular
to the plane as calculated by Kohn—Sham via CASTEP,*
shows that indeed NaCl molecules significantly change the
work function of the Al layer. When using a perfect
perpendicular orientation where Cl is closest to Al and Na is
pointing upward (as in Figure S13c), the work function of Al is
modified from 4.43 to 4 eV for NaCl, 3.02 eV for CsCl, 2.93
eV for RbCl, and 3.15 eV for KC, respectively (see Table S3).

The DFT calculations also show that the adsorption energy,
calculated as the total energy of the hybrid minus the energy of
the individual components, is indeed negative and amounts to
E gsorption = —1.35 eV, evidencing that this specific config-
uration is energetically favorable; refer to Table S3 for more
details. The E,gorption Value, when calculated for the Na (down)
Cl up structure, indicates a negative value of —0.85. This
signifies less favorable behavior compared to the Cl (down)
and Na (up) structure. In this arrangement, the face of sodium
is oriented toward the aluminum plane. This observation
supports the dipole layer working principle outlined in Figure
4a.

By performing UPS and XPS measurements, the work
functions of the Al, NaCl/Al, ZnO:PEIE NC, and ZnO:PEIE
NC/NaCl samples have been measured experimentally. Figure

https://doi.org/10.1021/acsami.4c16558
ACS Appl. Mater. Interfaces 2024, 16, 65687—65701


https://pubs.acs.org/doi/suppl/10.1021/acsami.4c16558/suppl_file/am4c16558_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c16558/suppl_file/am4c16558_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c16558/suppl_file/am4c16558_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c16558?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c16558?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c16558?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c16558/suppl_file/am4c16558_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c16558?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c16558?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

4c presents the UPS experiments. By determining and
comparing the kinetic energies of the electrons emitted from
the valence band of the Al electrodes without and with NaCl
present, a reduction of the WF of the Al with the NaCl
electrode compared to the bare Al electrode is observed. The
aforementioned reduction amounts to 0.324 eV (see Table 2),

Table 2. Detailed Information from UPS and XPS$
Measurements (E; = Fermi Level, Ec,x = Electron Cutoff
Energy, and Eygy = Valence Band Maximum)

material Ecuot (€V) Eygym (eV) Ex (eV)
ZnO:PEIE NC 14.50 9.36 1.65
ZnO:PEIE NC/NaCl 14.50 9.31 1.26

which is in remarkable good agreement with the DFT
calculations, even though the DFT calculations assume a
perfectly stacked arrangement of NaCl molecules, which
experimentally is of course not feasible. The reduction of the
WEF when NaCl is present at the surface of the Al electrode can
thus be explained by the formation of an interface dipole layer
on the Al electrode surface.

Figure 4d depicts the XPS results obtained for ZnO:PEIE
NC/NaCl (detailed images in Figure S14 and data in Tables
S4 and SS). In Figure S14, we present the corresponding

ZnO:PEIE NC survey. The N 1s spectrum of PEIE from
neutral anime nitrogen is located at 400 eV, as also observed
by others.’* The N 1s peak at 400 eV is ascribed to the N—
CH,—CH,OH tertiary amine caused by the attached electron-
rich alcohol hydroxyl end groups. Deconvolution of O 1s and
C 1s is presented in Figures 4e and S15, respectively.
Regarding the O 1s peak, the 528.7 eV peak originates from
oxygen atoms within a fully oxidized environment (M—O).
The peak observed at a binding energy of 529.8 eV (O1) is
assigned to the presence of the O>” ions within a
stoichiometric wurtzite ZnO lattice. Oxygen vacancies (O,)
have been attributed to the peak at 531 eV. The peak at 532 eV
(0,) originates from the presence of loosely bound oxygen on
the surface, attributed to H,O and OH groups integrated into
the materials such as hydroxyl groups (M—OH).”” The
observed subtle shifts in the position and intensity of the O,
peak after introduction of NaCl to the ZnO:PEIE NC system
can complement the EPR measurements as the changes in
energies of these oxygen-related defects may cause the changes
in the trapping and detrapping times observed in EPR. Figure
4d also shows Zn 2p,,, as well as Zn 2p;,, around a binding
energy of 1044 and 1022 eV, respectively.”® Na and Cl were
also detected in the ZnO:PEIE NC/NaCl sample, confirming
the correct incorporation of the chloride atoms at the
ZnO:PEIE NC surface. The peak fitting of Zn LMM and C

a) b) c)
10000 35
—a— KCL —*— CSCL—<— NaCl £ . —a— ZnO:PEIE/KCI 30000 4 [—*—ZnO:PEIE/KCI
1000 y—<—RbCl —s—REF _——LIF s S 304 2—ZnO:PEIE/NaCl +—ZnO:PEIE/NaCl
€ 1004 % —*— ZnO:PEIE/CsCI 25000 4 [+ ZNO:PEIE/CSCI
S 40 g —>—ZnO:PEIE/RbCI | = —»—ZnO:PEIE/RbCI
E 1 . § 254 —=—ZnO:PEIE (Ref) | 3 —=—ZnO:PEIE (Ref)
£ > 10° 7 $=049 a =.20000 -
g 0.1 ] % e . g 20 g
n . & T
£ 1 5 ¢ ls=0.87 3 S 15000
a 0.014 Qg E £
P £ < 15 5
g 0.001 s E 4 = 10000 -
= = o —
3 1E4 3 ZnO:PEIENaCI||| £
o Cqo LA £ 10 5000 -
1E-5 012345867 3
1E-6 4 . Voltage (V) 5 . . T T
0 2 4 6 8 3 4 5 6 3 4 5 6 7
Voltage (V) Voltage (V) Voltage (V)
d) e)
1.2
—=— ZnO:PEIE/KCI 6 b Roll-off efficiency
o—ZnO:PEIE/NaCl P 999
1.0+ —*—ZnO:PEIE/CsCI o ZET e 2
- . |—»—ZnO:PEIE/RbCI 1 47 €70 n”’»‘».,»
3 0.8 -~ ZnO:PEIE (Ref) H ces ; o
s > 3 2 5 6.0 4 >
B o < 554 o
2 0. w =50 (]
[ <] 03 & [ =
E w B s 4.5 w
0.4 540
w > 0 10002000 3000 4000
-2+ Operational Time (minutes]
0.2 q —<— ZnO:PEIE + LiIF —o— ZnO:PEIE + NaCl
.4 J—>—2ZnO:PEIE +RbCl—=—ZnO:PEIE (Ref)
0.0 i . . . [y —*— ZnO:PEIE +CsCl
400 450 500 550 600 650 700 750 2 3 4 5 6 7
Wavelengths (nm) Voltage (V)

Figure S. (a) Current density versus voltage of OLEDs based on CsCl, RbCl, NaCl, and KCI metal chloride and LiF interfacial layers. Devices
based on RbCl and CsCl demonstrate higher current densities with respect to their other counterparts; (b) luminous efficacy versus voltage for
OLED devices based on interfacial layers as compared to a reference sample without the metal chloride layer. Note that error bars represent
statistical errors for a set of S devices; (c) illuminance versus voltage for OLED devices based on interfacial layers as compared to a reference
sample without the metal chloride layer. Note that error bars represent statistical errors for a set of S devices; (d) electroluminescence versus
wavelength for OLED devices at 7 V, for which a significant improvement can be observed in metal chloride-based OLEDs; (e) external quantum
efficiency as a function of voltage for OLED devices. NaCl-based OLED demonstrates the highest EQE at 3 V. The inset of (e) demonstrates the
lifetime measurements on fabricated OLEDs; (f) energy level diagram of the OLED devices with metal chloride interface layer.
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Is is reported in Figure S15. There are no significant changes
observed for the systems with or without metal salt addition,
indicating no effect on the Zn vacancies in ZnO upon
incorporation of the metal salts.

Prior studies have indicated that the predominant
contributors to surface defect sites in ZnO are oxygen
vacancies™ and that these also give rise to the EPR spectra
observed in Figure 3.°” Both Na* and CI~ have been observed
to interact with these vacancies on the ZnO surface, forming
distinct chemical bonds.”"> The UPS analysis of ZnO and
ZnO—NaCl samples reveals an upward shift of the Fermi level
(Eg), moving it away from the valence band maximum (VBM),
which could be ascribed by this interaction between Na* and
CI” ions and ZnO. This adjustment of E; has the potential to
enhance the efficiency of the electron transport process by
mitigating energy losses.

In summary, this detailed investigation has revealed that the
addition of metal chloride interfacial layers, specifically CsCl,
RbCl, NaCl, and KCl, induces changes in the work function of
the Al electrode primarily through the formation of an
interface dipole. This alteration of the work function has
been validated through both DFT calculations and exper-
imental measurements using UPS and XPS. Moreover, TREPR
measurements, focusing exactly on these oxygen-related
defects, have provided insights into the trapping and
detrapping dynamics of electrons at the interface of ZnO:PEIE
NC and metal chlorides, thereby enhancing transport of charge
through this layer. This observation, coupled with Mott—
Schottky plots demonstrating a lower number of filled traps in
NaCl-based OLED devices, suggests improved charge transfer
through a faster electron current from the electrode to the
emissive layer. These findings, particularly in the context of
ZnO:PEIE NC systems, highlight the significance of interface
engineering in influencing the charge carrier behavior. Moving
forward, these insights will be crucial in understanding the
potential impact on optoelectronic device performance. The
interface dipole-induced changes in the work function and the
observed dynamics of charge carriers contribute to under-
standing how these changes can enhance the overall perform-
ance of the OLED devices such as illuminance, luminous
efficacy, and external quantum efficiency.

3.5. Device Properties. The advantages of metal chloride
interfacial layers in optoelectronic devices over conventional
devices (without addition of these layers) have been
investigated by comparison of electrical and optical properties
of OLED devices. The general device configuration of the
OLEDs is ITO/PEDOT:PSS (40 nm)/Super Yellow (80 nm)/
ZnO:PEIE NC (16 nm)/metal chlorides (3 nm)/Al (80 nm).
Detailed information about all fabricated devices and
optimized thicknesses has been summarized in Table S6. A
statistical set of 5 samples was measured to obtain an error bar
on the device properties. The semilogarithmic graph of the
current density—voltage (J—V) is presented in Figure Sa. All
fabricated OLED:s follow the ohmic behavior at lower voltages,
trap-filled limited current at medium voltages, and space
charge-limited current behavior at higher voltages (Mott—
Gurney), indicated by the different colored regions in Figure
Sa. The slope of the J—V curve in the ohmic region represents
the series resistance of the device, and it can be calculated as
the inverse of the slope of the curve.”" A slight reduction in the
turn-on voltage of RbCl-, CsCl-, and NaCl-based OLEDs with
respect to the reference sample can be observed, which is in
agreement with the results discussed in the previous sections

and caused by lowering the barrier height between the
electrode and electron injection layer (EIL). The current
density of LiF-based OLEDs has been provided as a common
reference, highlighting the enhancement achieved by using
metal chlorides instead of LiF. This improvement reinforces
the benefits and potential of the present work. The illuminance
and luminous efficacy of the OLEDs are presented in Figure
Sb,c, with a remarkable increment in metal chloride-based
OLEDs compared to reference OLED without an interfacial
layer. The highest illuminance at 7 V is observed for RbCI- and
CsCl-based devices, being around 28,736 and 27,720 Lux,
respectively, followed by NaCl- and KCl-based devices (27,397
and 26,435 Lux, respectively) and significantly stronger than
the reference devices without an interfacial layer (25,930 Lux).
Table S6 demonstrates an almost 11% increment in
illuminance and a 35% increment in irradiance by the addition
of RbCl to the reference device without an interfacial layer.
Irradiance is defined as the radiant flux received by a detector
area, measured in W/m?, and illuminance is defined as the
luminous flux received per unit area of the detector, measured
in lux (Im/m?). The relation between irradiance and
illuminance is shown in Supporting Information. Figure Sd
presents the electroluminescence spectrum of the devices,
while Figure Se presents the EQE of the devices as a function
of applied voltage. The main mechanism behind the enhanced
electroluminescent performance of the OLEDs by the insertion
of metal chloride layers can be explained by the deactivation of
charge traps, therefore aiding in the availability of electrons and
holes to recombine in the active layer. The origin of this
deactivation can be from multiple factors. First of all, the metal
chloride can modify the interface between ZnO and the
emissive layer, e.g., by reducing the interfacial resistance or
enhancing the charge transfer between these layers, thereby
leading to an improved charge injection, which in turn
enhances the overall electroluminescent efficiency. As
evidenced by EPR spectroscopy and CV experiments, the
reported salts change the dynamics of the charge trapping and
detrapping mechanisms and passivate the electrically active
trap states at the ZnO/emissive layer interface. Traps can be
sources of nonradiative recombination, which reduces electro-
luminescence. By passivation of these defects, metal chloride
can help in improving the radiative recombination efficiency.
Finally, as evidenced by XPS/UPS and DFT calculations, the
metal salts help in optimizing the energy barrier for electron
injection from Al into ZnO. Metal chlorides, being an
insulating material, could introduce surface dipoles at the
interface. These dipoles affect the local electronic environment
and reduce the injection barrier for electrons from the Al
electrode into the ZnO layer. This results in better alignment
and a more efficient electron injection.

The lower electroluminescence intensity of NaCl-based
devices compared with other metal chlorides can be attributed
to the combined effect of active trap density and interface
energy. While NaCl has the lowest active trap density,
indicating fewer trapping centers that could quench light
emission, the performance could be limited by the work
function difference between the NaCl layer and the cathode.
NaCl, as indicated by the DFT calculations in Table S3, has a
relatively moderate work function, and the adsorption energy
at the Al(100)/NaCl interface is lower than that of CsCl or
RbCI, possibly resulting in a less efficient charge injection.

In contrast, while RbCl has a higher active trap density, the
work function at the Al(100)/RbCl interface (2.93 eV) and its
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favorable adsorption energy (—0.57 eV) may improve electron
injection, thus partially offsetting the effect of more active traps
and maintaining a better EL spectrum intensity. CsCl presents
an intermediate case with moderate active trap density and
reasonable interface properties, leading to balanced EL
performance. Therefore, the differences in EL intensity for
these metal chloride-based devices are a function of both the
active trap density in the ETL and the binding energy at the
EIL/cathode interface. The EQE of the devices improved after
the addition of metal chloride layers, showing an increase of
approximately 20% in the NaCl device compared to the
reference devices. Among the tested materials, the devices
modified with NaCl exhibited the highest peak efficiency,
reaching 6.11% at 3.9 V (Table S7). At 7 V, the efficiency
decreased to 3.98%, leading to a roll-off efficiency (decrease in
the efficiency of the OLED device as the current density or
brightness increases) of 65.13%. This relatively moderate drop
indicates that NaCl maintains better performance stability at
higher voltages compared to those of other surface modifiers.
In contrast, devices modified with RbCl, CsCl, and LiF showed
significantly higher roll-off efficiencies, with efficiencies
dropping by around 44—47%. Specifically, RbCl-modified
devices saw their efficiency drop from 5.65% at 3.5 V to 3.25%
at 7 V, resulting in a roll-off efficiency of 57.52%. CsCl showed
similar behavior, with its efficiency declining from 5.34% at 3.1
V to 2.88% at 7 V, corresponding to a roll-off efficiency of
55.06%. LiF-modified devices also experienced a substantial
drop, with a peak efficiency of 5.23% at 3.2 V and a roll-off
efficiency of 52.77% at 7 V.

The reference OLED, without any surface modification,
displayed lower peak efficiency, 4.92% at 3.6 V, but
demonstrated the highest roll-off efficiency of 79.26% at 7 V,
retaining much of its initial performance under higher
operating voltages. Despite its lower peak efficiency, this
reference OLED had the best stability across voltage increases,
making it more resilient in high-voltage conditions compared
with the salt-modified versions.

The inset of Figure Se shows the lifetime measurements on
metal chloride, LiF-based, and reference OLEDs. This lifetime
measurement of an OLED involves evaluating how its
performance changes over time under specific operating
conditions. To this end, the OLEDs have operated under a
constant current stress of 10 mA and were monitored overtime
(72 h). The stability of the OLED is assessed by how
consistently it maintains its performance metrics (like voltage)
over time. LiF-based OLED demonstrates the smallest
variations in voltage (29% increment in voltage after 72 h),
indicating that it is more stable compared to metal chlorides.
However, OLEDs based on CsCl, NaCl, and RbCI have
demonstrated better stability compared to the reference device
without any interfacial layer, with an increase in voltage of
around 36%, which is less than the 50% increase observed in
the reference sample. In addition, higher current densities for
CsCl- and RbCl-based devices are observed, caused by a more
balanced carrier injection and transfer to the active layer in the
OLED stack. A detailed summary is given in Table S6. The
luminous efficacy illustrates relatively high values for OLEDs
with an interfacial layer at lower voltages, which is desirable
because it indicates that the OLED is efficient in converting
electricity into light at lower voltages.

Figure S17a demonstrates the EL peak intensity for different
reference devices. All metal chlorides as well as LiF have been
added to the OLED structure as an electron injection layer by

removing the ZnO:PEIE NC to study their influence further
on electron injection. First of all, from EL measurements, it is
proven that metal chloride cannot be used as an individual
electron injector as it will negatively affect the performance of
the OLEDs. Second, all metal chloride electron injection layers
show better performance than LiF. Changing the electron
injection layer from Ca to ZnO:PEIE NC reported
previously’’ and shown in Figure S17b leads to a better
performing OLED. The addition of interfacial layers to the
OLED stack with ZnO:PEIE NC improves the overall
performance of the OLED:s.

4. CONCLUSIONS

In conclusion, our comprehensive investigation of the
influence of metal chlorides, specifically sodium chloride
(NaCl), cesium chloride (CsCl), rubidium chloride (RbCl),
and potassium chloride (KCl), as alternative interfacial layers
in optoelectronic devices has yielded significant scientific
insights and promising practical applications, primarily in the
context of organic light-emitting diodes (OLEDs).

From a scientific standpoint, our study reveals the pivotal
role of interface engineering in optimizing optoelectronic
device performance. By incorporating metal chloride interfacial
layers, we have addressed critical challenges, including the
reduction of potential energy barriers, the mitigation of
interface traps, and the control of charge recombination
processes. Through a range of experimental techniques,
including electron paramagnetic resonance (EPR), X-ray and
ultraviolet photoelectron spectroscopy (XPS/UPS), density
functional theory (DFT) calculations, capacitance—voltage
(C—V) measurements, and electrochemical impedance spec-
troscopy (EIS), we have unraveled the underlying mechanisms
responsible for the improved performance of the OLEDs.

Our findings indicate that the integration of metal chloride
layers combined with the ZnO:PEIE nanocomposite enhances
charge transport through the layer because the efficiency (or
dynamics) of the trapping of charges in the ZnO nano-
composite is reduced. This correlates with a close to 50%
reduction of trapped charges in ZnO, as extracted from C-V
measurements, and thus a more efficient charge transport to
the emissive layer. Additionally, from XPS/UPS experiments,
the shifts in work function induced by metal chlorides acting as
interface dipoles contribute to a lower energy barrier for
electron injection, further enhancing the overall performance
of the NaCl-based OLED. EIS and Nyquist plots provided
further insights into the charge dynamics and ionic behavior
within the OLED stack.

From an application perspective, the practical implications of
our study are particularly evident in the field of OLEDs. The
integration of RbCl, CsCl, NaCl, and KCl as interfacial layers
in OLED architectures has led to a substantial reduction in the
potential energy barrier between the electron injection layer
(EIL) and the aluminum (Al) electrode, accompanied by
significant enhancements in irradiance. These enhancements in
the performance of the OLEDs include a lower turn-on voltage
(almost 50% reduction by addition of the RbCl layer), a higher
electroluminescence intensity (25% higher than the reference
device for the RbCl-based OLED), improved current density,
enhanced operational stability compared to the reference
devices, and enhanced external quantum efficiency (EQE)
(20% higher for NaCl-based OLED). NaCl-based OLEDs
demonstrated the best stability, with a roll-off efficiency of
65.13% compared to other metal chloride-based OLEDs. The
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reference OLED, while having a lower peak efficiency,
exhibited the highest roll-oft efficiency of 79.26%, showing
better performance stability under high voltage conditions and
holding great promise for the development of more efficient
and cost-effective optoelectronic devices.
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