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ABSTRACT

A spectral shift and new emission bands in the green and red regions have been observed in deep
blue exciplex-based OLEDs using carbazole-based materials, namely Tris(4-carbazoyl-9-
ylphenyl)amine (TCTA). To deeply understand the origin of these new bands, single-layer and
bilayer TCTA-based OLEDs subjected to electrical and optical (UV) stresses were investigated

using various optical, electrical, morphological, and chemical measurements. The results showed
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that the stress-induced emission bands primarily originate from morphological changes rather
than chemical changes. The accumulation of excitons in the TCTA layer induces molecular
aggregation, leading to the formation of electrically-active electronic states, namely electroplexes
and electromers, which lead to the appearance of additional emission bands in green and red
regions. Impedance spectroscopy measurements on single-layer OLEDs complemented this
study. The results showed that TCTA degradation affects charge injection and transport. It was
concluded that the stress-induced emission bands are caused by aggregate-domain formation and
are closely linked to the formation of electrically-active defects, which act as trap states for

charge carriers in the TCTA bandgap.
1. INTRODUCTION

Because of their high efficiency, organic light emitting diodes (OLEDs) could be ideal
components for future lighting systems'. They are particularly well adapted to panel systems that
combine great flexibility, compactness and high resolution images®*. OLEDs are currently
solidifying their presence in mobile displays and televisions markets’®. The color-stable deep
blue emission of organic devices is still relatively difficult to achieve due to the high energy of
excitons leading to highest energy dissipation, reducing device efficiency and affecting their
color purity. Blue device degradation is the principal issue to overcome in the development of
the next generation organic display technology’. During the two last decades, phosphorescent
and thermally activated delayed fluorescent (TADF) OLEDs have been extensively studied due
to their ability to achieve internal quantum efficiencies (IQE) of up to 100%. This high efficiency
is attributed to the contribution of both singlet and triplet excitons to light emission. By
comparison, conventional fluorescent OLEDs, which are based on the emission from singlet

10-12

excitons, are limited to an IQE of 25% according to spin statistics rule’” °. However,
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phosphorescent and TADF OLEDs consistently face issues with concentration quenching. This
problem is closely linked to the relatively long lifetimes of excited triplet states, which lead to
triplet-triplet annihilation (TTA), singlet-triplet annihilation (STA), and triplet-polaron
quenching (TPQ)'>'*. To limit this quenching effect, a host-guest strategy is typically employed,
that consists in dispersing the emitter into host materials. For efficient energy transfer from host
to guest in these systems, the host material has to possess a triplet energy level higher than that
of the guest. Therefore, host materials with relatively large bandgap are typically required for the
activation of phosphorescent and TADF luminophores'”. Due to their high triplet energy levels
(approximately 2.7-3.3 eV), carbazole-based materials are frequently employed as host materials
in these devices'. Among these, carbazole derivatives such as Tris(4-carbazoyl-9-
ylphenyl)amine (TCTA) are widely used in OLEDs as hole transport layers (HTL) and host
materials. Despite the considerable progress made over the past three decades in developing
high-performance OLEDs, the electroluminescent (EL) stability of OLEDs using large bandgap
materials like TCTA remains substantially lower than those using narrower bandgap

materials' "%,

Carbazole derivatives, chemically related to aromatic amines, are commonly used in OLED
materials. Their degradation behavior has been extensively studied since 2006. Previous research
indicates that carbazole radical cations tend to dimerize, forming 3,3'-biscarbazole in

solution'”*°

. This is further confirmed by cyclic voltammetry measurements, which show
irreversible oxidation at position 3 of the carbazole unit’'. Studies of TCTA-based OLED
structures or films exposed to UV light have identified a dissociative reaction involving the

central amine moiety”. This observation indicates that the initial dissociative step likely occurs

through electronically excited molecules, a phenomenon that might significantly contribute to
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device EL degradation. Wang et al.*> have shown that positive polaron-exciton interactions can
induce aggregation of a carbazole-based molecule (i.e. 4,4'-Bis(N-carbazolyl)-1,1"-biphenyl
labeled CBP), leading to alteration of EL spectra. Indeed, energy transfer between a positive
polaron and an exciton leads to the formation of an energetically unstable excited positive
polaron. To reach a more stable energy state, intermolecular interactions occur, resulting in the
formation of molecular aggregates. Furthermore, these authors observed that the mechanism of
aggregation induced by polaron-exciton interactions is more pronounced above a bandgap
threshold E, of approximately 3.1 eV. Below this value, the aggregation of materials is a long-
time process, whereas above E,, aggregation occurs rapidly and significantly. In aggregate form,
the molecules exhibit a smaller bandgap. Thus, the spectral red-shift and the appearance of new
emission bands upon aging are likely the result of molecular aggregation processes. Furthermore,
these aggregates can act as traps for charge carriers and promote non-radiative pathway via
Aggregation Caused Quenching (ACQ), leading to a decrease in the efficiency of OLEDs. Yu et
al.** showed that the long-wavelength bands observed in the emission spectra of CBP are caused
by molecular aggregation, induced by excitons. They also demonstrated that a complexation
between the aggregates and the ETL material takes place, which affects the position of this band

and consequently influences the spectral shifts observed.

The origin of these new bands and the associated decrease in OLED efficiency remains
uncertain. Notably, the spectral shift and appearance of new bands can potentially originate from
various intermolecular species (complex states), including exciplexes, excimers, electroplexes

and electromers® >

. Exciplexes and electroplexes emission is due to the relaxation of excited
states of bimolecular complexes formed by different types of molecules. In contrast, emission

from excimers and electromers results from the relaxation of excited states of bimolecular
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complexes composed of identical molecules. Typically, emission from exciplex and excimer is
observable in both photoluminescence (PL) and electroluminescence (EL) spectra while
electroplex and electromer emission is observable only in EL, as it involves charged species that

form exclusively under electrical bias.

The aim of this study is to discuss and identify the physical and chemical mechanisms
responsible for spectral shifts and the emergence of new emission bands in TCTA-based OLEDs.
To this purpose, bilayer and monolayer TCTA-based OLEDs were fabricated and investigated.
OLED characteristics were analyzed under electrical and optical (UV light) stresses. Optical and
electrical characteristics were measured and compared before and after degradation. The results
show that the formation of excitons in the TCTA layer induces the formation of molecular
aggregates, which can cause the creation of electronically active levels (electroplex and/or
electromer) responsible for the degradation of TCTA-based OLEDs. The paper is organized as
follows: we first describe the experimental frameworks used to characterize and to evaluate the
optical, electrical and morphological properties of TCTA based devices. Then, we investigate
TCTA based OLED characteristics upon optical and electrical stresses. The study is completed
by morphology surface measurement and chemical analysis, which are carried out on TCTA thin
film in order to correlate the origin of stress-induced emission band with a likely chemical
degradation and/or aggregate—domain formation. Then, a solution is proposed to stabilize TCTA
properties and the influence of electron transport layer on stress-induced emission is studied.
Afterward, electrical features of TCTA thin film are investigated by impedance spectroscopy.
Finally, the origin of stress-induced emission bands is discussed in relation within aggregate-

induced emission and electrically activated defects.
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2. EXPERIMENTAL SECTION

All devices were fabricated on 100 nm of Indium tin oxide (ITO) coated glass substrates from
Kintec with a sheet resistivity 15(/square used as the anode. The ITO glass substrates were
cleaned sequentially with deionized water, acetone, ethanol, isopropanol and treated with UV
ozone right before organic deposition. In this work we use Tris(4-carbazoyl-9-ylphenyl)amine
(TCTA) as hole transporting layer (HTL), 2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline
(BCP), 2,2',2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) and 4,7-Diphenyl-
1,10-phenanthroline (BPhen) as electron transport layers (ETL) and calcium Ca (99.99% from
Sigma Aldrich) (80 nm) as cathode. The organic materials and the cathode were deposited by
thermal evaporation in a multiple-source chamber under high vacuum (<10” mbar). All the
thickness were monitored by an in sifu quartz crystal microbalance (QCM). Characterizations of
the OLEDs were obtained under inert atmosphere. Electrical characterization (I-V) of devices
was performed using a Current-Voltage source (Keithley). The electroluminescence and the
photoluminescence spectra were measured by using a spectroradiometer (JETI SpecBos 1201).
For ultraviolet (UV) irradiation, a lamp illuminating at 365 nm with a power density of 2.1
mW/cm® was used. Fourier Transform InfraRed (FTIR) spectroscopy was performed by a Bruker
Vertex 70 spectrometer. The surface morphology was probed by Atomic Force Microscopy
(AFM Bruker Multimode 8) in tapping mode. Impedance spectroscopy measurements were

performed with a Solartron impedance analyzer.
3. RESULTS AND DISCUSSION

A- Evolution of OLED characteristics upon optical and electrical stresses
Figure 1 shows the EL spectra of OLED devices (ITO/TCTA (95 nm) /BCP (35 nm) /Ca (80

nm)) for various bias currents (ranging from 1 mA to 60 mA). For low driving current (below 15
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mA), OLED displayed deep blue emission centered at 425 nm. TCTA and BCP displayed
emission band at 390 nm® and 396 nm’' respectively. This emission is attributed to the
formation of emissive complexes such as exciplexes at TCTA/BCP interface, and it can be
observed under both electrical (electroluminescence) and optical (photoluminescence) excitation
(see Supplementary Figure S2)**. For bias currents exceeding 15 mA, an enlargement of the EL
spectrum and the appearance of new emission bands in the green (~516 nm) and red (~640 nm)
were clearly observed. Following the series of measurements conducted at different bias
currents, a new EL measurement was performed for a bias current below 15 mA. The EL
spectrum still showed the presence of both green and red emission bands. Therefore, the
modification of EL spectra under the influence of the bias current is related to irreversible
mechanisms. According to Kondakov er al*’, the photodegradation of carbazole-based
molecules such as TCTA results in bond breakages, leading to a change in emission wavelengths
and a progressive decrease in efficiency. According to Wang ef al., the appearance of these

new emission bands is likely due to the molecular aggregation of carbazole-based materials.
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150 Figure 1. Normalized electroluminescence spectra of TCTA/BCP OLEDs for different driving

151 currents measured between 1 mA and 60 mA
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154 Figure 2. Comparison of normalized electroluminescence (EL) spectra of fresh-OLEDs (black
155 curves) with stressed-OLEDs: (a) after electrical driving at 15 mA for 30 min, (b) after UV
156 irradiation for 72 h

157  Excitons and polarons are the electronic species created during electrical stress. To determine
158  which of these species is responsible for the appearance of new bands, we measured the EL
159  spectrum of a sample irradiated by a UV lamp (Aem = 365 nm) for 72 hours. Upon optical stress,
160  only excitons are present within active layers. One of the samples was polarized at a constant
161  current of 15 mA for a period of 30 min without UV irradiation (in dark condition). Figure
162  2a&b show the normalized electroluminescence (EL) spectra of the devices before and after
163  electrical and UV stresses. The initial spectrum measured on fresh devices exhibited an emission
164  at 423 nm, which was attributed to exciplexes formed between TCTA and BCP’’>. The EL

165  spectrum of the same device was measured after electrical stress. As shown in Figure 2a, a red
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shift occurred. Furthermore, it was observed that the blue emission peak vanished and two new
bands at 526 and 621 nm clearly appeared. The EL spectrum measured after optical stress
displayed a red shift with a peak centered at 449 nm. These results suggest that accumulation of

exciton within active layers might be responsible for this spectral change.
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Figure 3. Normalized photoluminescence (PL) spectra of fresh-OLEDs (black curve) and
stressed-OLEDs: after electrical driving at 15 mA for 30 min (red curve) and after UV

irradiation for 72 h (green curve).

Figure 3 shows the PL spectra of the OLEDs after electrical and UV stresses. An emission band
centered at 428 nm was observed. Neither UV stress nor electrical stress altered the PL spectra,
which exhibited blue emission from exciplexes. A comparison of the electroluminescence (EL)
and photoluminescence (PL) spectra of TCTA/BCP OLEDs after 72 hours of UV irradiation and
electrical stress is provided in Supplementary Figure S3. Emission bands at 526 nm and 621 nm
were observed only under electrical excitation (electroluminescence). Therefore, it can be
concluded that these states are electrically activated and can thus be identified as electroplexes

and/or electromers.
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Figure 4. J-V characteristics in double logarithmic scale of TCTA/BCP OLEDs before and after

electrical and UV stresses

Figure 4 displays the J-V characteristics measured before and after stresses (electrical and
optical). The threshold voltages (Vinreshold) Were evaluated at 5.6 V and 5 V after electrical and
UV stresses, respectively (Vinreshold = 2.5 V before stress). Upon the stress (electrical or optical),

we can note the following observations:

1) An increase in leakage current (for V< Viresnola) after electrical stress.
i) An increase in the threshold voltage.

ii1) A decrease in current density for V> Viureshold-

The increase in leakage current after electrical stress indicates the formation of a conduction path
between the electrodes, which could be due to the diffusion of chemical species from the
electrodes into the organic layers and/or the formation of defects likely associated with a

modification of the morphology of the organic layers (i.e. formation of aggregates)’* .

10
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The increase in threshold voltage and the decrease in current after stresses (electrical or UV)
suggest a modification of the conduction properties of the organic layers. The change in the
characteristic shape under the influence of the electric field has been previously observed by Arif

38,39

et al. in polyfluorene-based diodes™". They attributed this change in J-V characteristics to the

formation of new trap states within bandgap of active layers.

The decrease in current density for voltages above Vinresnold after degradation could be explained
by the decrease in the mobility of injected charges and/or by an increase in electrically-active
defects (traps). This decrease also confirms that the organic layers become more resistive after

degradation*""!

. The formation of domains, which can act as trap for charge carriers, reduces the
efficiency of OLEDs. This could be linked to a modification of the morphology of the organic

layers (such as aggregate domain formations). These might lead to a decrease in current density

and a shift in the EL spectrum.

Moreover, the turn-on voltages Von (evaluated for a luminance of 1 cd/m?), was increased from
9.3 V for the fresh device to 12.5 V and 13 V after electrical and UV stresses, respectively.
Additionally, a decrease in luminance was observed after both electrical and optical stresses (see

Supplementary Table S1).

B- Chemical analysis and morphology surface investigation of TCTA thin film

B1- Fourier Transform InfraRed Spectroscopy

Carbazole derivatives are chemically related to aromatic amines. It has been demonstrated that
the degradation of aromatic amines is caused by their relatively weak carbon-nitrogen C-N bond,
which is close to the energy of the first excited singlet state S; for blue emitters, a phenomenon
that may significantly contribute to the device EL degradation®”. Excitation can occur either

through the recombination of holes and electrons (formation of excitons by electrical excitation)

11
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or even by UV light absorption. Since the S; energy of the blue emitter is greater than or
comparable to the bond dissociation energy (BDE), bond cleavage is likely to occur. TCTA has a
triangular molecular structure, with a triphenylamine core linked to three carbazole units forming
this molecule (Figure 5). This results in two types of C-N bonds: three C (sp®)-N (sp>) bonds in
the triphenylamine subunit and three C (sp®)-N (sp®) bonds between the phenyl groups and the
carbazole groups. The neutral bond dissociation energies (BDE) of C (sp”)-N (sp’) and C (sp*)-N
(sp”) calculated by Song and Lee™ are 3.2 ¢V and 3.6 eV, respectively. The anionic BDE values
for the same C (sp”)-N (sp’) and C (sp”)-N (sp®) bonds are 0.8 eV and 1 eV, respectively®. No
voltages were applied to the TCTA film during this experiment, and hence the density of anionic
states is very weak. Therefore, the BDE in neutral form was considered to explain the
degradation under UV exposure. The energy of the first excited singlet state S; of TCTA, as
reported in the literature, is 3.4 eV**. The bond dissociation energy of the C (sp”)-N (sp’) bond is
lower than the energy of the first excited singlet state. The study of OLEDs containing TCTA
exposed to UV light revealed homolytic cleavage of C (sp”)-N (sp’) bonds rather than C (sp”)-N
(sp®) bonds**™*. This leads to non-radiative recombination and quenching processes, resulting in
a loss of luminance efficiency. Thus, it is possible that the spectral shift observed in TCTA-based

OLED:s is caused by species formed during the chemical decomposition of TCTA.

To determine the nature of the chemical bonds present and to check for any bond breakage due
to UV light, FTIR (Fourier Transform InfraRed Spectroscopy) measurements were performed.
Figure 6 shows the FTIR spectra for 500 nm TCTA films (deposited on a silicon substrate)
before and after UV irradiation for 92 hours. The peak at 3047 cm™ is attributed to the C-H bond
(aromatic C-H stretching vibration), those at 1599 em™, 1508 cm™, and 1452 cm’! correspond to

the C=C bond (aromatic C=C stretching vibration), the bands at 1311 em™, 1280 cm™, and 1230

12
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cm’ are attributed to the C-N bond (amine C-N stretching vibration), and finally, those between
675 and 900 cm™ correspond to the C-H bond (out of plane bending vibrations of aromatic
rings). The results obtained have shown no change in the infrared (IR) spectra recorded before
and after UV degradation, particularly between 1230 c¢cm™ and 1311 cm’, the range
corresponding to the C-N bond, which is susceptible to break. Thus, the FTIR results suggest that
no chemical decomposition of TCTA occurred following UV irradiation. Additionally, mass
spectrometry and proton nuclear magnetic resonance (lH NMR) spectroscopy measurements
were conducted on TCTA microcrystals before and after 72 hours of UV irradiation (see
Supporting Information). These measurements enable the detection of any products formed after
degradation, provide information on the chemical structure of unknown organic materials, and
allow to quantify their amounts. According to the results obtained, no difference was observed

between the initial and irradiated products, confirming the chemical stability of the compound.

@53”

Triphénylamine Carbazole
C18H15N C12H9N
AT e
@ CasHaoN;

Figure 5. Molecular structures of Triphénylamine, Carbazole and TCTA
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Figure 6. FTIR spectra of TCTA film collected (a) before and (b) after irradiation with UV light

for 92 h

B2- Surface analysis by AFM

AFM measurements were performed to visualize the surface topography and to measure the
roughness of the TCTA layers before and after degradation. This technique is commonly used to
evaluate changes in morphology and roughness of organic materials during degradation. A 100
nm thin layer of TCTA deposited on a glass substrate was subjected to UV first for 48 hours and
then for 72 hours (under nitrogen). Figure 7 shows the AFM images and the Root Mean Square

(Rms) roughness of the irradiated and non-irradiated samples.

The Ry, roughness was 3.5 nm for the non-irradiated TCTA sample (Figure 7a). However, we
observed a slight increase in roughness to 4 nm when the TCTA layer was exposed to UV light
for 48 hours (Figure 7b). The same sample was then placed under UV light for an additional 24
hours. A second measurement was performed on the substrate, which has been irradiated for a
cumulative duration of 72 hours. Ry, underwent a significant increase, reaching 14.8 nm (Figure

7c¢).
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This confirms that exposure of the samples to UV light induces morphological changes on the
surface of TCTA, affecting the roughness of the TCTA layer. Indeed, studies conducted by Liu

1.* and Li et al.*® suggest that the increase in roughness is due to the formation of molecular

eta
aggregates following degradation. Additionally, the phase image (see Supplementary Figure S7)
of pristine TCTA thin film did not show any significant change in contrast, indicating that the

surface is uniform. After UV-stress (for 72h), a slight change in contrast was noticed. The

roughness variation could be attributed to the formation of a new phase.

Figure 7. AFM surface scan and root mean square (Rp,s) roughness of TCTA films: (a) non-

irradiated, (b) UV-irradiated for 48 h and (¢) UV-irradiated for 72 h

15
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C- Stabilization of optical properties of TCTA thin film by using material mixing

To further verify that the spectral shift is due to intermolecular interactions of TCTA
(aggregation of TCTA), the TCTA layer was mixed with BCP molecules. The doping ratio was
set at 70 wt%. This percentage is sufficient for the BCP molecules to act as molecular "spacers"

between the TCTA molecules, thereby limiting their aggregation.

a) b)
1.0 - TCTA: 70 wt% BCP/ BCP 1.0 4 TCTA: 70 wt% BCP/ BCP
8 Before electrical stress 8 Before UV stress
5 After electrical stress for 30 minutes 5 After UV stress for 72 hours
@ 0.8 @ 0.8
) [0}
£ £
: £
° 064 S 06
© ©
K o
() [0}
® 0.4 B 044
2 8
g g
S 024 S 024
=z 4
0.0 — 0.0 — — .
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 8. Normalized electroluminescence (EL) spectra of TCTA:70 wt% BCP OLEDs without

stress and (a) after electrical driving at 15 mA for 30 min, (b) after UV-irradiation for 72 h

Figure 8a shows the electroluminescence spectra of the ITO/TCTA:70 wt% BCP (95 nm) /BCP
(35 nm)/ Ca (80 nm) structure collected before and after electrical driving at 15 mA for a period
of 30 min, and Figure 8b shows the spectra before and after UV irradiation for 72 h OLEDs
exhibited similar spectra before and after the stress tests (electrical or UV); no spectral shift or
appearance of new bands were noted. In this case, an emission band between 427 and 444 nm

was observed, corresponding to exciplexes formed between TCTA and BCP. These results
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indicate that the introduction of BCP into the TCTA layer tends to reduce the aggregation or
dimerization of TCTA molecules. This observation further supports the conclusion that the
spectral shift and the appearance of new emission bands in OLEDs after degradation are
associated with intermolecular interactions between TCTA molecules (molecular aggregation of

TCTA induced by excitons).

To better understand the nature of the species inducing this spectral shift and the potential role of
ETL materials, we investigated the effect of ETL layer on emission wavelengths of
electroluminescence spectra during electrical bias. For this purpose, the structure ITO/ TCTA (95
nm) /ETL (35 nm) /Ca (80 nm) was fabricated to study structures with the same HTL material

but three different ETL materials.

D- Influence of ETL on stability of TCTA-based OLEDs

BCP, TPBi, and Bphen are the three ETL materials used in this study. The devices were
electrically biased at 15 mA for a period of 30 minutes. Their electroluminescence (EL) spectra
were measured periodically, every minute for 30 min. The normalized EL spectra of the three

structures are depicted in Figure 9.
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Figure 9. Normalized electroluminescence (EL) spectra of TCTA/ETL OLEDs with (a). BCP,
(b). TPBi, and (c). Bphen used as the ETL materials, collected after electrical driving at 15 mA,

measured every minute for 30 min

The initial spectra of the devices with BCP, TPBi, and Bphen materials exhibited emissions at
423, 418, and 444 nm, respectively, corresponding to exciplexes formed between TCTA and
ETL 1ayer32, 47 % For the structure with BCP, we observed the emergence of two new bands
with peaks at 526 and 621 nm that evolved over time, while the blue peak at 423 nm tended to
disappear. For the device with TPBAi, a red-shift of the spectrum, the appearance of a broad band
peaking at 482 nm and a weak emission at 645 nm were noted. For the structure with Bphen, a

new band with a maximum at 452 nm and a weak emission at 661 nm were observed. Based on
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these results, it was concluded that the wavelengths of the new bands depend on the nature of the
ETL layer. This suggests that the appearance of these new bands may originate from specific
species involving both TCTA and ETL. Indeed, studies have shown that aggregates of carbazole-
based molecules, formed after degradation, interact with molecules in the ETL layer to generate
complex species responsible for these new bands®. The geometry of the ETL material molecules
and the intermolecular separation between TCTA and ETL play an important role in this shift**.
Over time, the intensity of these new peaks increases, attributed to a rise in the density of these
complexes™. Indeed, the molecular reorientation and reorganization necessary for aggregate

formation exhibit relatively slow formation times (on the order of a few seconds)’".

A similar study was performed on an OLED by replacing the TCTA layer with an NPD layer.
The OLEDs have the following structure: ITO/ NPD (95 nm)/ TPBi (35 nm)/ Ca (80 nm). The
OLEDs are electrically driven at 15 mA for a period of 30 minutes. As in the previous study, the

EL spectra were collected every minute.
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Figure 10. Normalized electroluminescence (EL) spectra of NPD/TPBi collected after electrical

driving at 15 mA, measured every minute for 30 min
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As shown in Figure 10, there were no significant changes in the EL spectra over time. The
spectra exhibited one peak centered at 435 nm, corresponding to the emission of NPD, and no
new bands were detected after electrical stress. Therefore, the modification of the EL spectrum

after degradation is specific to TCTA-based OLEDs.

E- Investigation of TCTA monolayer based devices

In order to deeply understand the origin of these new bands, measurements of
electroluminescence spectra (EL), J-V characteristics and impedance spectroscopy (IS) were
performed on single-layer OLEDs without ETL, with the structure ITO/TCTA (100 nm)/Ca (80
nm). These measurements were performed on unstressed devices immediately after fabrication
and on devices exposed to a UV source (Aem = 365 nm) for 72 h UV irradiation induces the Sp —
S; transition, leading to the formation of singlet excitons similar to those produced during

electrical bias.

E1- Optical and electrical characteristics

1.2
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Figure 11. Normalized electroluminescence spectra of TCTA monolayer based fresh device

(blue curve) and after irradiation with a UV source for 72 h (green curve)

Figure 11 shows the normalized electroluminescence spectra of a single-layer OLED based on
TCTA immediately after fabrication (blue curve) and after UV irradiation for 72 h (green curve).
The fresh device showed an emission at 390 nm, which corresponds to the emission of TCTA in
a thin film. After optical stress, the EL spectrum exhibited a red-shift. The OLED displayed an
emission in the green region centered around 510 nm. A peak at 400 nm also seemed to be
present, which corresponds to the emission band of the TCTA monomer. Measurements of the
EL spectra after degradation at various current density values did not show UV emission (at 390
nm), but only green emission. It is noteworthy that this spectral shift was observed exclusively in
electroluminescence. The samples exhibited a similar PL spectrum before and after optical stress,
indicating that the green emission band is electrically activated and arises from electromers. The
formation of excitons under optical stress appears to induce the creation of electromers in the
TCTA layer, which display a green emission band. It is consistent with the formation of the
green emission bands observed in multilayer TCTA/BCP OLEDs. These bands originate from
electromers that form in the TCTA layer after electrical or optical stress. The presence of
excitons seems to play a key role in the formation of electromers within the TCTA layer. Unlike
multilayer structures, the red emission band (at 621 nm) was not observed in single-layer
OLEDs. This suggests that this emission band is strongly associated with the formation of an
electronic state at the TCTA/BCP interface. Furthermore, since this emission band has been
identified as electrically activated, we can conclude that it is related to the formation of an

electroplex state at the TCTA/BCP interface.

21



377

378

379

380

381

382

383

384

385

386

387

388

389

390

500 - ITO/ TCTA (100nm)/ Ca
Before UV stress
After UV stress for 72 hours
400
£
<
2
£ 300 -
c
[
©
g 200
=
S
(@]
100
0 e

0 2 4 6 8 10 12 14 16 18 20
Voltage (V)
Figure 12. J-V characteristics of TCTA organic layer based fresh device (black curve) and after

UV-irradiation for 72 h (red curve)

We measured the current density versus voltage (J-V characteristics) for the OLEDs before and
after UV degradation. As shown in Figure 12, the J-V curve shifted towards higher voltages
after degradation. After UV stress, the current density of the OLED decreased, indicating a

reduction in the conductivity of the TCTA layer***' **,

E2- Impedance spectroscopy (IS)

To study the electrical properties, charge trapping and transport within the organic layers,
impedance spectroscopy (IS) measurements were performed. These measurements involve
applying a small sinusoidal signal Vac (f) = Vi sin (2nf.f), where V,,, is the amplitude and f'is the
frequency, superimposed on a DC voltage Vpc. The total applied voltage is V= Vpc + Vy, sin
(2nfr). Using this technique, we can measure the impedance |Z| as a function of frequency f, the

capacitance C as a function of voltage, and the equivalent circuit parameters of the OLED. These
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parameters provide information about the accumulated charges (traps) in the organic layer and

the injection behavior at various interfaces.
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Figure 13. C-V characteristics of single TCTA based fresh OLEDs (black curve) and after UV-

irradiation for 72 h (red curve) measured at 1000 Hz

C-V Measurements were performed on single-layer OLEDs based on TCTA, both non-degraded

and UV-stressed. The C-V curves obtained at a frequency of 1 kHz are shown in Figure 13. For

voltages below 6 V for TCTA (unstressed) and 7.5 V for TCTA (UV-stressed), the capacitance

remained constant, indicating that no charges are injected into the TCTA layer. Charges

accumulate at the electrode levels. This capacitance is the geometric capacitance (Cye,) 0f the

OLED. It is independent of frequency and voltage and is given by the following relation:

€€y S
Cgeo = dT

(1)
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where €, is the permittivity of free space, €, is the relative permittivity of the organic material, S

is the surface area of the organic substrate, and d is the thickness of the organic layer.

From 6 V for unstressed TCTA and 7.5 V after UV-stress, the external field compensates for the
internal field of the OLED. Consequently, charges begin to be injected and accumulate in the
organic layer. The distance between the two charged regions is thus reduced, and a diffusion
capacitance Cgy is added to the geometric capacitance, resulting in an increase in capacitance
with increasing voltage. The total capacitance of the diode is then given by: Crowie = Cgeot Caip
After degradation, we observed a decrease in the total capacitance. Cg., remained unchanged
after degradation. Indeed, the surface area and thickness of the active layer did not change after
UV stress. The variation in total capacitance is attributed to the decrease in diffusion capacitance.
The transition voltage V., where the capacitance begins to increase, depends on the built in
voltage of the OLED (theoretically given by the difference between the work functions of the
electrodes: Vi = Wiro - We,) and the presence of a local electric field at the interfaces between

the organic layer and the electrodes. ¥, is given by > :

Vir =

d + Vy;
4V @)

Q is the charge density present at the interface between two materials (for example, the organic
layer and one of the two electrodes).

AV, voltage greater than V},; indicates a positive charge. The V- voltage is 6 V for fresh OLED
and 7.5 V for degraded OLED. Both OLEDs have the same structure, thus they have the same
Vi and geometry (thickness and surface area). Therefore, an increase in the V. voltage suggests
that UV stress leads to an increase in the density of fixed positive charges present at one of the

two interfaces, either ITO/TCTA or TCTA/Ca. The interfacial charge density was increased by
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0.4 mC.m™ due to the degradation of the TCTA layer. Several studies have reported an increase
in the transition voltage V5 due to the degradation of Alqs; based OLEDs caused by the formation

of unstable Alqs™ cations™*>*

. Kondakov et al. also demonstrated that degradation under
irradiation of certain hole transport layers leads to the formation of fixed positive charges acting
as hole traps™.

Impedance spectroscopy measurements also allow us to plot the impedance |Z| as a function of
frequency f before and after degradation. To deeply understand and interpret the changes in the

electrical behavior of OLEDs after degradation, we present the equivalent circuit of a single-

layer OLED as described from the literature™.

C
|
[}
RS
— [ 1 — o

R,

—i

L

Figure 14. Equivalent circuit of a single-layer OLED

The equivalent circuit of a single-layer OLED (Figure 14) can be represented by a combination
of ohmic resistances and a capacitor. This circuit includes the following elements:

R;: The contact resistance, representing the resistance at the interface between the electrodes and
the organic layer.

C: The bulk capacitance of the organic layer.

R,: The bulk resistance, representing the resistance to charge transport within the organic layer.

The impedance of the equivalent circuit is given by:
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1

Z=Rs+———"—
1. A3)
R_v +]a)C
Ry . WTRy _ gl _ sl —
Z= [RS + 1+(a)‘r)2] J [1+(a)‘r)2] Z'—jz" avec T=R,(C
r_ Ry no_ _WIRy
Z'=Rs + 1+(wT)? et 27 = 1+(wT)?
The impedance amplitude of the equivalent circuit is: |Z| = /(Z")? + (Z"")?
* For=0Hz: Z'=R;+R,;Z"=0;|Z| =R, +R,
e Forf=w: Z'=R;;Z" =0;|Z| =R,
From equation 3, the relaxation frequency is defined as:
fr= 2nR,C “)

The relaxation frequency can be related to the conduction properties of the organic layer. A

decrease in the conductivity of the organic layer leads to a shift towards lower frequencies. The

conductivity ( g, = % ) in organic semiconductors is thermally activated and follows the
%

Arrhenius law, given by the following relation:

)

a
0y = 0o eXp(— 57—

where gy is the conductivity at 0 K, E, is the activation energy, 7 is the temperature and K is the

Boltzmann constant.

The impedance |Z| as a function of frequency f (|Z| -f) in a range from 1 Hz a 10° Hz were

measured on TCTA OLEDs (fresh device) and TCTA OLEDs (UV-stressed) at a voltage of 9 V.
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The results are shown in Figure 15. It can be clearly observed that the impedance increases after
degradation and that the (|Z| -f) curve of the degraded OLED shows fluctuations. These
fluctuations may be caused by a trapping/detrapping phenomena within the organic layer. The
relaxation frequency was evaluated at 5275 Hz for the non-degraded OLED and 862 Hz for the
degraded OLED. The decrease in relaxation frequency suggests that UV stress leads to an
increase in the resistance of the TCTA layer (according to equation 4) and consequently a
decrease in the conductivity of the TCTA layer. Charge transport becomes more dispersive upon
ageing. According to equation 5, a decrease in conductivity is associated with an increase in
activation energy. UV stress leads to the formation of electrically-active defects, which act as
trap levels in the bandgap and thus reduce charge conduction in the TCTA layer. Nowy et al.
have studied the degradation of OLEDs under electrical stress™. They have observed that after
the degradation of the OLED, the relaxation frequency shifted to lower frequencies, indicating a
decrease in charge mobility due to traps present within the volume of the organic layers. TCTA
is a hole-transporting material, with holes being the majority carriers in the TCTA layer. The
conduction observed through impedance spectroscopy can be attributed to holes. The

electrically-active defects induced by UV stress are probably hole-like traps.
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Figure 15. |Z|-f curve measured on single TCTA fresh OLEDs (black curve) and after UV

degradation measured at 9 V (red curve)

Table 1. The values of resistances Ry and R, of the equivalent circuit of fresh and UV-stressed

TCTA-based OLEDs

Sample R (Ohm) Ry (Ohm)
TCTA (Unstressed) 68.295 6749.4
TCTA (UV-stressed) 334.28 39823

Based on the equivalent circuit of the single-layer OLED (Figure 14) and after modeling the |Z|-
f curve, the contact resistance R, and the bulk resistance R, can be evaluated with a precision of
+/- 3 Ohms (Table 1). A significant increase in the circuit resistances after degradation was
observed. The increase in R; is consistent with a limitation in charge injection into the organic
layer, while the increase in R, suggests a decrease in charge mobility within the TCTA layer.

F- Formation of defect-related emission band in TCTA-based OLEDs

Cho et al. observed the formation of electromers in carbazole-based organic layers associated
with the development of morphological defects®. Kwon et al. demonstrated that the injection of
electrons into a triphenylamine-based HTL (TAPC) layer induces the formation of electrically-
active defects, leading to the formation of electromers®'. These defects are associated with local
morphological changes in the HTL layer, which lead to the formation of trap levels within the
HTL layer's gap, thereby altering the layer's conduction properties. Thus, it can be hypothesized
that the formation of electromers in the TCTA layer (after electrical and/or optical stress) is

related to the creation of a trap level in the TCTA bandgap. Consequently, we attempt to estimate
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the activation (E,) energy of the trap level E;.

: f ol 62—-66
The maximum emission energy of photon can be expressed as follows :

hvexc = IP(D) - EA(A) - EC (6)

where I, (D) is the ionization potential of the donor, E4(A) is the electron affinity of the acceptor

and E is the coulombic attraction energy that can be written:

eZ

Ec (7

ATEGE T D+ 4-

where e is the elementary charge (1.6x1071° C), €, is the dielectric permittivity (8.85x
10712 F.m™1), €, is the relative dielectric constant of organic material (~3 for organic materials

used) and rp+4- is the electron-hole separation.

Assuming that the electromer responsible for the green emission is due to the presence of a trap
level located in the gap of TCTA, this must be considered in relation (6). The maximum photon

emission energy hv,,. becomes:
hvexc = IP(D) - EA(A) - EC - Ea (8)
Where Eis the activation energy of the hole trap.

According to the literature, the minimum radius associated with an electromer is 0.7 nm®’. Using
the ionization potential (/p) and electron affinity (£,) values of TCTA (Table 2), the minimum
activation energy of the hole trap E, is estimated at approximately 1.1 eV for an emission at 510

nm (from electromer).
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Table 2. The ionization potential of TCTA (donor), the electron affinity of BCP (acceptor), the
maximum photon emission energy hv,,. of TCTA/BCP and single TCTA organic layer devices,

Ec the Coulombic attraction energy and the activation energy of the hole trap

Electromer: Ip(TCTA) (eV) | EA(TCTA) (eV) | hve (eV) Ec (eV) E. (eV)

emission
5.80* 1.60%** 2.42%** 0.68 ~ 1.1
at 510 nm

Electroplex: Ip(TCTA) (eV) | EaA(BCP) (eV) hvexe (€V) Ec (eV) E. (eV)

emission

5.80* 1.89%* 2.00%** 0.81 ~1.1
at 621 nm

* The ionization potential (Ip) determined by photoemission yield spectroscopy (PYS) and **the electron
affinity E, by low energy inverse photoemission spectroscopy (LEIPS)® ***The energy hvey. evaluated

from the emission peak of the EL spectrum

The red emission observed in OLEDs based on TCTA/BCP originates from electroplexes present
at the TCTA/BCP interface. A calculation can be performed by considering that this hole trap E;
contributes to the electroplex emission. Using relation (8), we calculated the Coulombic
attraction energy Ec, and from relation (7), we estimated the radius 7+ ,-, which could provide
an indication of the nature of the emission. According to the literature, the e-h separation
distance of the electroplex is about 0.4-0.7 nm. In our case, we obtained a Coulomb capture
radius of 0.59 nm, which is favorable for the formation of an electroplex. It can be assumed that
the same trap level E; (with E,= 1.1 eV), attributed to hole-like traps, would contribute to the

formation of an electroplex |E;”A™) (red emission) and an electromer |E;/ D~) (green emission).
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Figure 16. Formation mechanism of the electroplex |E; A~) and the electromer |E; D ™)

The formation process of electroplexes and electromers can be illustrated by Figure 16.
Thermally Stimulated Current (TSC) measurements and Deep-Level Transient Spectroscopy
(DLTS) characterizations, would allow to validate the activation energy of the traps and the

nature of these levels associated with the emission of the electromer and the electroplex®*®’.

4. CONCLUSION

Complete studies conducted on single-layer and multilayer OLEDs based on TCTA have shown
a degradation of the EL spectrum after electrical and optical (UV) stress. After aging, a spectral
shift and the emergence of new emission bands in the green and red regions were observed.
These two emission bands are electrically activated. The green emission band is identified as an
electromer originating from the TCTA layer, while the red emission band is attributed to the
formation of an electroplex between the TCTA and the BCP layer. FTIR and chemical
measurements confirmed that the TCTA molecule does not undergo any bond cleavage after

degradation. AFM studies on irradiated TCTA films showed that UV stress leads to
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morphological changes, resulting in increased roughness. Consequently, we can conclude that
the degradation is morphological in nature. The spectral shift and the appearance of new bands in
the EL spectra are due to TCTA aggregation caused by excitons formed after continuous
electrical driving or UV irradiation. Impedance spectroscopy studies on single-layer OLEDs
showed that the formation of aggregates after UV irradiation affects charge injection and
transport in the TCTA layer. UV stress led to the formation of electrically-active defects. The
electrically-active behavior of the green (electromer) and red (electroplex) emission bands is
consistent with the formation of electrically-active defects upon ageing. Thus, the molecular
aggregation of TCTA induced by excitons leads to the formation of trap levels within the TCTA

gap, which contribute to the emission of electromer and electroplex.

Contents of Supporting Information

Optical degradation protocol using a UV source; Schematic illustration of the multilayer
structure subjected to UV illumination (Figure S1); Electroluminescence (EL) and
photoluminescence (PL) spectra of multilayer OLED devices (Figure S2); Comparison of
electroluminescence (EL) spectra of fresh-OLEDs with EL and photoluminescence (PL) spectra
of stressed-OLEDs (Figure S3); Turn-on voltages and luminances for fresh-OLEDs and stressed-
OLEDs (Table S1); Mass spectrum of microcrystalline TCTA powder before and after UV
irradiation (Figure S4); 'H NMR spectrum of microcrystalline TCTA powder before UV
irradiation (Figure S5); 'H NMR spectrum of microcrystalline TCTA powder after UV
irradiation (Figure S6); AFM phase image of TCTA films before and after UV irradiation

(Figure S7)
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