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Research on the influence of ultraviolet radiation
on OLEDs and the luminance attenuation model
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We investigated the degradation performance of organic light-emitting diodes (OLEDs) under different
ultraviolet (UV) irradiation intensities and demonstrated that the stretched exponential decay (SED)
model, applicable in electrical aging, is also suitable for describing the luminance-time curves in
photoaging. In this way, OLED lifetime acquired at low UV illumination could be fitted with that obtained
at high illumination. We also demonstrated how UV radiation affects the interface at the ITO/hole
transport layer, which led to its degradation. This was elucidated through changes in the mobility of
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findings reveal the external behavior and internal mechanism of OLEDs in light aging, providing a reliable
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1. Introduction

Organic light-emitting diodes (OLEDs), known for their uni-
form illumination, low power consumption, long lifespan, light
weight, and flexible design, are widely used in various fields
such as lighting sources, wearable devices, screen displays,
automotive equipment, and AR/VR devices."® However, the
attenuation mechanism of OLEDs is a noteworthy issue to
promote its commercial application. The aging of OLEDs
commonly stems from the internal factors, such as excitons,
charge carriers, and material changes, and the external factors,
like light, water and oxygen, temperature, and fabrication
parameters (pressure, evaporation rate, impurities, etc.).”
Outdoor OLEDs, especially car taillights, are vulnerable to
harsh environmental conditions, such as prolonged exposure
to high temperature or ultraviolet (UV) radiation, which can
lead to poor performance, shorter life, and even damage
(complete breakdown).®™" In outdoor environments, UV light
(300-400 nm) possesses significantly higher photon energy
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research direction for enhancing the stability of organic electronic devices.

than visible light, enabling direct cleavage of critical chemical
bonds in OLED materials and triggering irreversible degrada-
tion. Not only OLEDs, organic solar cells (OSCs), organic
transistors and other organic electronic devices are prone to
efficiency degradation, functional failure, and shortened ser-
vice life under intense UV radiation due to the structure and
properties of organic materials.'>™* Therefore, it is of distinct
significance to study the change and attenuation model of
OLEDs under UV irradiation.

J. Askola et al. studied commercial OLED panels and found
that for the same panel, UV exposure increased brightness
attenuation by up to 8 times compared to natural aging.'’
R. Seifert et al. have demonstrated that the exponential relation-
ship between the half-life and current density (J) of OLEDs,
which is well-known under electrical aging, is also applicable
under UV aging."® S.-K. Kwon et al. fabricated a Yb:LiF cathode
unit in red phosphorescent top-emitting OLEDs to resist the
adverse effects of ultraviolet light, such as loss of brightness
and lifespan, as well as pixel shrinkage, on the device."”
However, the aforementioned studies lack a systematic demon-
stration of UV-induced damage at the device level, and research
on UV-induced luminance degradation models remains less
prevalent compared to electrical aging models.

Here, we fabricated a high-performance red OLED and
conducted optoelectronic performance testing. After encapsu-
lating the OLED with a glass cover plate, Ty, lifetime (time to
90% of the initial luminance) tests were conducted under UV
irradiation intensities of 60, 90, and 120 mW cm 2. The
changes in electrical and optical properties under a fixed J were
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observed and analyzed. By fitting the luminance (L) decay curve
and constructing a model, it was found that this light aging
model is similar to the electrical aging model, both following
an exponential decay pattern. Additionally, single-carrier devices
were fabricated to illustrate the changes in carrier mobility before
and after irradiation, and XPS testing was employed to charac-
terize the change in the ITO/hole transport layer (HTL) interface.

2. Experimental

The luminescent host material 4,4’-bis(N-carbazolyl)-1,1"-biphenyl
(CBP), luminescent guest material bis[1-(phenyl)isoquinoline]-
iridium(u)(acetylacetonate) (Ir(piq),acac), electronic transport
material 1,3,5-tris(2-N-phenylbenzimidazolyl)benzene (TPBi), electron
injection material Lig, HTL 4,4’,4"'-tris(carbazol-9-yl)triphenyl-
amine (TCTA) and N,N'-bis(naphthalen-1-yl)}-N,N’-bis(phenyl)-
benzidine (NPB) were purchased from Lumtec Company in
Taiwan, and the purity was above 99.5%. MoO; powder was
purchased from Sinopod Group with a purity of over 95%. ITO
(15 Q sq ™%, 150 nm)-coated glass substrates were ultrasonically
cleaned using detergent, de-ionized water, acetone, isopropa-
nol, and treated with UV-ozone for 20 min. Keep the surface of
the glass cover-plate clean before encapsulating. Apply liquid
desiccant to the grooves of the glass cover and UV adhesive
(UVe81, Permabond) to the edges. After coating, place it on the
OLED (top side up) and immediately cure under UV light for
2-3 s to complete the encapsulation. The light aging lifetime
test of the encapsulated OLED is conducted in air, with UV light
irradiated on the anode (bottom) of the OLED. During irradia-
tion, the OLED remains in an open-circuit state. When perform-
ing photoelectric performance tests on the OLED, light is
emitted from the bottom ITO side, thus it is not affected by
the glass cover-plate.

The structure of device D1 is ITO/NPB:10%Mo0O; (40 nm)/
TCTA (10 nm)/CBP:6% Ir(piq),acac (20 nm)/TPBi (40 nm)/Liq
(1 nm)/Al (100 nm). The structure of single-hole device H1 is
ITO/NPB:10% MoO; (40 nm)/Al (100 nm) and irradiated under
120 mW ¢cm > UV for 12 h. The structure of single-hole device
H2 is ITO/NPB:10% MoO; (40 nm) and irradiated under
120 mW cm > UV for 12 h/Al (100 nm). The structure of
single-electron device E1 is ITO/Liq (1 nm)/TPBi (40 nm)/Liq
(1 nm)/Al (100 nm) and irradiated under 120 mW cm > UV for
12 h. The structure of single-electron device E2 is ITO/Liq
(1 nm)/TPBi (40 nm)/Liq (1 nm)/Al (100 nm) and irradiated
under 120 mW c¢m™> UV for 12 h before Al evaporation. For
devices H1 and E1, the evaporation was conducted first and
then UV irradiated. For devices H2 and E2, the UV irradiation
was conducted first and then evaporated.

Fig. 1 shows the device structure diagram, energy level
diagram, and encapsulated OLED diagram of device D1. Both
the films and the devices were prepared in vacuum evaporation
equipment with pressure less than 5 x 10~> mbar. The evapora-
1 and
the evaporation rate of the metal Al electrode was above 5 A s™*.
The J-Voltage-L (J-V-L) characteristics of the device were

tion rate of the single-layer organic film was 0.6-1.2 A s~
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Fig. 1 (a) Device structure. (b) Energy level alignment. (c) Schematic
diagram of glass lid encapsulation of the OLED and UV test.

measured by using a Keithley 2400 source meter and a PR-
650 spectrometer. The current-V (I-V) characteristics of the
single-carrier device were measured by using a Keithley 2400
source meter and XPS/UPS tests were performed on a Nexsa
spectrometer. The luminescence images of the device were
observed under an optical microscope (Leika DM4000M). The
UV light source is a point light source with a wavelength of
365 nm, a power of 10 W and a spot diameter of 10 mm. The UV
irradiation intensities in the experiment were set to 60, 90, and
120 mW cm .

3. Results and discussion
3.1 UV damage to the device

Fig. 2(a) and (b) show the J-V-L and L-current efficiency-power
efficiency (L-CE-PE) characteristics of the red-light OLED.
The device has a turn-on voltage of 3.1 V, a maximum L (Ly,y)
of 23298 cd m~?, and achieves a maximum external quantum
efficiency (EQEqay) of 17.75% at 3.5 V, with a CEa 0f 13.8 cd A~
The overall optoelectronic performance and efficiency are
relatively good, which lays a solid foundation for the subse-
quent photoaging experiments.

Fig. 2(c)-(e) present the study of the luminescence perfor-
mance of device D1 at 120 mw cm ™2 UV irradiation of 5, 20, and
45 h, which are close to Ty, T5y, and Ts, of the device lifetime,
respectively. Fig. 2(c) shows that as the irradiation time
increases, both J and L exhibit a downward trend. Similarly,
the declining trends in CE and PE can also be observed in
Fig. 2(d). In Fig. 2(e), for the electroluminescence (EL) spectra
at different irradiation durations, the position of the main
emission peak remains basically unchanged. However, a small
peak appears at 432/436 nm, showing an increasing trend with
prolonged UV irradiation time. Given the photoluminescence
(PL) peaks of TCTA (HTL) at ~404.5 nm and TPBi (electron
transport layer) at ~379 nm,'® along with the large energy
barrier between them, we attribute this to the formation of the
TCTA/TPBi exciplex'® (PL peak at 437 nm) under high-intensity
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Fig. 2 (a) J-V-L and (b) L—CE—PE of pristine device D1. (c) J-V-L, (d) L-CE-PE, and (e) EL spectra of device D1 at initial state, 5 h, 20 h, and 45 h under

120 mW cm~2 UV irradiance.

UV irradiation. As the irradiation time increased, more exciplex
formed, leading to the enhancement of the emission peak.
In summary, as the UV irradiation time increases, OLEDs
experience progressively more severe damage. However, this
damage is not reflected in the main emission peak of the EL
spectrum but primarily manifests in performance aspects such
as the turn-on voltage and luminescence efficiency.

Next, we investigated the changes in L and V over time (7) for
OLEDs under three UV irradiation intensities (60, 90, and
120 mW cm ™ ?) at a fixed J of 10 mA cm™>. Fig. 3(a) illustrates
the voltage increase compared to the initial voltage over time
(V-T). Here, the impact of 120 mW cm 2 UV irradiance was
particularly significant, with the V changed exceeding 20%

compared to the initial V after just 13 h. In Fig. 3(b), the
corresponding Ty, values of device D1 at the irradiation inten-
sities of 120, 90 and 60 mW cm > were 5, 18 and 78 h,
respectively. And regardless of the intensity of illumination,
at the beginning of ultraviolet irradiation, there was a phenom-
enon of enhancement in brightness. Then the variation trend
of brightness in the irradiation process basically conformed to
the law of exponential functions. Fig. 3(c) reveals that the
variations in EQE closely mirror those in luminance. Despite
the linear rise in the UV irradiation intensity, the deterioration
in device performance became more pronounced at higher
irradiance levels. We also conducted microscopy imaging on
OLEDs irradiated at 90 mW cm ™ > and 120 mW cm > for 50 h.
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Fig. 3 (a) V-T, (b) L-T, and (c) EQE-T characteristics of device D1 at UV irradiances of 60, 90, and 120 mW cm~2 at 10 mA cm 2. Microscopic images of
device D1 after 50 h of UV irradiances at (d) 90 mW cm™ and (e) 120 mW cm™2.
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As shown in Fig. 3(d) and (e), the latter exhibits significantly
more black spots than the former, with a more widespread
distribution.

3.2 Luminance attenuation model

The luminance decay models of OLEDs under UV irradiation
intensities of 60, 90, and 120 mW cm™2 were simulated and
analyzed. The luminance decay of OLEDs is typically caused by
multiple parallel degradation pathways (such as interface
defect formation and exciton quenching), and the stretched
exponential decay (SED) model can more accurately describe
this complex decay behavior with non-single timescale char-
acteristics. The SED model is applicable not only to electrical
aging but also to thermal aging analysis."' In photoaging
experiments, because OLED degradation curves exhibit similar
characteristics, the SED model was also employed for data

fitting, expressed as:*°
L NG
I, P [— ;) } (1)

where L, is the initial brightness and 7 and f are the fitting
parameters. In the electrical aging SED model, the parameter
remains constant at different initial luminance, allowing the
equation to be reduced to a single-parameter form.>° In our
photoaging test, the results of f fitted under different illumi-
nance are surprisingly basically consistent. In the experiment,
device D1 exhibited a T, of 45 h at 120 luminance. Based on
SED model fitting, the extrapolated Ts, values at 90 luminance
and 60 luminance were 210 h and 765 h, respectively. This
strongly facilitates the prediction of lifespan under low UV
irradiance and further demonstrates the extensibility of the
SED model in describing OLED photoaging behavior under UV
irradiation.

Similarly, we investigate the relationship between the half-
lifetime fitted with the SED model and the UV illuminance. The
relationship between the half-lifetime and the initial brightness
in electric aging complies with:

tos X L' =C (2)

where t, 5 is the half-lifetime, n is the acceleration coefficient,
Ly is the initial brightness, and C is the constant. Because I is

-Test Fit
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the primary factor in electrical aging (and it determines the
initial L), while UV irradiance is the primary factor in photoa-
ging, UV irradiance can be analogized to the initial luminance
in the above formula. Thus, it can be extrapolated as:

tos X Iyy" = C (3)

As illustrated in the log-double diagram of Fig. 4(b), there is
a linear relationship between the half-lifetime and UV illumi-
nation. The significance of Fig. 4 lies in two main aspects: first,
the luminance attenuation model under electrical aging is also
applicable to UV aging; second, the accelerated aging tests of
OLEDs can be conducted with high UV illumination, offering
a dependable method to estimate their lifespan under low
irradiance.

3.3 Mechanism of UV damage to the device

To study the UV damage mechanisms and whether organic
materials or interfaces are affected, we fabricated single-carrier
devices and measured carrier mobility changes before and after
UV exposure at 120 mW cm™ > under vacuum for 12 h. Two
groups of single-electron devices were prepared, and the differ-
ence was that one was UV-irradiated after Al deposition (device
E1, Fig. 5(a)), while the other one was UV-irradiated before Al
deposition (device E2, Fig. 5(b)). The control group was taken
from different luminescent spots on the same sample shielded
with black tape to avoid UV effects. It can be observed that for
single-electron devices, the carrier mobility showed little dif-
ference and even slightly increased compared to the control
group. This indicated that the damage caused by UV light was
not located at the interface of the organic material/metal
cathode.

Then we observed the single-hole devices. Fig. 5(c) (device
H1) reveals that UV irradiation significantly enhanced hole
transport. This should be attributed to the increased work
function of the ITO surface,?"** which reduced the hole trans-
port barrier and facilitated hole injection. As shown in Fig. 6(a),
the work function of UV-treated ITO rises from 4.7 eV to
5.3 eV,”? and the hole injection barrier decreases from 0.7 eV
to 0.1 eV, greatly improving hole transport. However, as shown
in Fig. 5(d), the device irradiated before deposition (device H2)

= Half-lifetime
1000 Fit
)
Q
E
g
< 100}
<
=
60 80 100 120
(b) UV Intensity mW/cm?)

Fig. 4 (a) SED model of L-T characteristics under UV irradiances of 60, 90, and 120 mW cm™2. (b) The relationship between UV intensity and half-

lifetime of device D1.
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Fig. 6 Schematics of (a) reduced hole injection barrier in device H1 and
(b) device H2. (c) O 1s electron binding energy spectra of ITO/NPB films
before and after irradiation.

exhibited a significant decrease in hole mobility. We believe
that this phenomenon may be related to the introduction of
oxygen during the photoaging process, as illustrated in Fig. 6(b).
Research indicates that UV irradiation can induce photo-oxidation
reactions of organic semiconductor materials. For instance,
Choi et al. discovered that under short-wavelength, high-
energy (254 nm) UV light exposure, pentacene reacts with the
Si0, substrate, leading to the formation of crystalline defects.*®
Especially under insufficient vacuum conditions, residual oxy-
gen can accelerate this aging process and trigger more complex
subsequent reactions.** For device H2 (Fig. 5(d)), such photo-
oxidative damage was difficult to repair even after subsequent
Al electrode deposition, resulting in a loss of hole transport
performance. This finding is consistent with the results
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reported in the literature that photoaging leads to a decrease
in the carrier mobility of organic semiconductor materials.>*>®

Comparing Fig. 5(a) and (c), it is revealed that UV irradiation
to device H1 enhances carrier mobility, with holes improving
more than electrons. Given that the hole mobility in OLEDs is
much higher than electron mobility,>”*® this further aggravates
the imbalance in carrier recombination, thereby reducing the
luminous efficiency of the OLEDs. In addition, as single-
electron devices showing UV light hardly affect the organic/
cathode interface, the damage of device H2 may originate from
the organic material itself or the ITO/HTL interface. This could
also be inferred from the results that PL characteristics of
the organic compounds remain basically unchanged after UV
irradiation.>®?° In contrast, device H2 (Fig. 5(d)) experienced
unavoidable oxygen exposure during photoaging after ITO/HTL
interface preparation, resulting in UV-induced photo-oxidation
and a significant drop in hole mobility. To conclude, we infer
that the main area impacted by UV light inside the device is the
ITO/HTL interface layer.

After studying the changes in carrier mobility of single-
carrier devices after UV irradiation, we aimed to know whether
the photoaging reaction at the ITO/HTL interface is fundamen-
tally chemical. To this end, we conducted XPS characterization
on ITO/NPB (40 nm) films before and after UV-irradiation.
To avoid additional effects from atmospheric oxygen, the
photo-aging experiment was also carried out under vacuum
conditions. One group was kept in the dark for 72 h, while the
other group was exposed to UV light for 72 h, irradiated from
the ITO side. Fig. 6(c) shows the O 1s electron binding energy
spectrum of the ITO/NPB sample. After irradiation, the peak
shifted from 532.3 nm to 531.3 nm with reduced intensity,
which should correspond to the chemical bond between oxygen
in ITO and the aryl groups of NPB.>*® Meanwhile the intensity
drop suggests that UV light disrupted the hole injection pro-
cess. Therefore, we concluded that the impact of UV irradiation
on the device during the photo-aging test is chemical in nature,
potentially causing a peak shift in the chemical bonds at the
interface. This change is externally manifested as deteriorated
hole injection in single-hole devices and worsened the lumi-
nescence performance of OLEDs.

To investigate the changes in the interfacial work function
after UV irradiation, we conducted UPS tests on ITO/NPB
(40 nm) films (Fig. 7). We prepared two groups, one maintained

—— UV-irradiated

Control

Intensity (a.u.)
Intensity (a.u.)

16.79 eV
A 17.19eV
Lr

n I3 0 s o 2 s m s o
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Fig. 7 UPS spectra of ITO/NPB films (a) before irradiation and (b) after
irradiation.
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under dark conditions and the other under UV irradiation
(365 nm, 120 mW cm 2 for 72 h, with both groups strictly
isolated from air. After UV treatment, the cut-off energy (Ecucofr)
increased from 16.79 to 17.19 eV, while the HOMO level
decreased from 4.43 to 4.03 eV (HOMO = hv — Eyeof)- This
shift may result from UV-induced oxygen vacancy passivation
(as presented in the XPS test), which reduced the free electron
concentration on the ITO surface, causing the Fermi level (Eg)
to shift downward and increasing the work function (¢ = hv —
(Ep — Ecurofr))- In addition, UV exposure may have altered the
orientation of organic molecules on the ITO surface, creating
an interfacial dipole layer pointing toward the ITO, thereby
enhancing the work function.*

From the perspective of carrier injection, the increased work
function decreases the energy barrier between the HOMO levels
of the organic layer, facilitating hole injection while disrupting
the carrier recombination balance. From the perspective of OLED
lifetime, excessive hole injection shifts the exciton recombination
zone toward the electron transport layer and also induces
chemical reactions at the ITO/organic interface, consequently
shortening the device lifetime.

4. Conclusion

In summary, we systematically demonstrated the detrimental
impact of UV radiation on the optoelectronic performance of
OLEDs, with the damage intensifying as the irradiation inten-
sity increases. It has been confirmed that the luminance
degradation behavior during photoaging is similar to that
during electrical aging, both of which can be described by the
SED model, providing a reliable basis for predicting the lifetime
of OLEDs under low UV illumination. The results from single-
carrier devices and XPS characterization demonstrate that the
impact of UV light is observed at the ITO/HTL interface and
is attributed to chemical changes. Future efforts could focus
on incorporating a suitable interlayer to resist UV-induced
damage, enhancing the potential of OLEDs for use in auto-
motive devices, space exploration, and extreme environmental
conditions.
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