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Abstract
Microscopic characterization of radical states in organic light-emitting diodes (OLEDS)
during device operation is useful for elucidating the degradation mechanism because the
radical formation has been considered as non-radiative recombination centers. Electron
spin resonance (ESR) spectroscopy is suitable for such characterization because it can
directly observe radicals in OLEDs. In this work, the detailed ESR investigation into
the radical states in OLEDs during device operation is firstly reported using a typical
light-emitting Algs-based OLEDs. The simultaneous measurements of the ESR signal
and the luminance of the same OLED are performed to study the direct correlation
between the radical states and the performance degradation. These characteristics show
that the luminance monotonically decreases and an ESR signal concomitantly increases
as the duration of the device operation increases after operating the OLED. Using the
analysis of density functional theory (DFT) calculation, the origin of the newly emerged
ESR signal is ascribed to the cationic species due to decomposed Algs molecules. The
elucidation of the radical species formed in OLEDs during device operation has been
demonstrated at a molecular level for the first time. This ESR analysis would provide
useful knowledge for understanding the degradation mechanism in the OLEDs at the

molecular level.
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1. Introduction

Organic light-emitting diodes (OLEDSs) have been attracting much attention as a next-
generation display and illumination instead of liquid-crystal displays because they show high
efficient luminescence and have advantages such as light weight and flexible.l®! The
practical layered-type OLED based on tris(8-hydroxyquinoline) aluminum (Algs) used as a
luminescent layer has been reported in 1987.1"1 Thereafter, the OLEDs based on the
luminescent material Algs and a hole transport material N,N'-diphenyl-N,N'-bis(1-naphthyl)-
1,1'-biphenyl-4,4'-diamine (NPB) have been studied as a typical device.[®*°! For the
performance improvement and the understanding of the degradation mechanism of the
OLED:s, the elucidation of charge and defect states in OLEDs is indispensable. In the study
of the degradation mechanism of the OLEDs based on Algz and NPB, it has been discussed
that the generated cationic Algs species during device operation act as fluorescent quenchers
and cause the device degradations.[® Also, in the study of thermally stimulated current
measurements, the trappings of hole and electron carriers in Algs have been reported.[*°!
Recently, for the degradation mechanism of the OLEDs based on Algs and NPB, it has been
discussed that the two degradation processes take place during device operation with a
constant current.™ For the first stage of the degradation, which is abbreviated as the fast
degradation hereafter, the decomposition of NPB molecules has been suggested, which is
considered to form trapping levels and quenchers in the OLEDs.[*>41 For the second stage of
the degradation, which is abbreviated as the slow degradation hereafter, the generation of the
cationic Algs species by the reactions with moisture and oxygen!*>!®! and the generation of the
quenchers by ultraviolet (UV) light irradiation*”*°! have been suggested. However, the
degradation mechanisms of the OLEDs including the devices based on Algs and NPB have

not yet been completely understood at a molecular level.
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For investigating organic devices such as the OLEDs and the constitution materials at
a molecular level, electron spin resonance (ESR) spectroscopy is one of most suitable
techniques because the ESR method is a highly sensitive and nondestructive technique for
directly observing radicals and charges with spins in organic semiconductors and their devices
at a molecular level.[2%-261 The ESR studies have demonstrated a clear correlation between the
performance deterioration and the charge (and spin) accumulation (or deep trappings) in
photovoltaic devices, and have clarified the degradation mechanism due to the charge (and
spin) formation during device fabrication.?>?! In the ESR study of the OLED based on 4,7-
diphenyl-1,10-phenanthroline (BPhen), the correlation between the radical formation and the
luminance degradation during devices operation has been discussed.l?) However, the radical
species has not yet been identified at a molecular level.[?! Moreover, the ESR study for the
radical species in other OLEDs during device operation has not yet been performed at a

molecular level.

Here, we report the first detailed investigation into the radical states in OLEDs using
the ESR spectroscopy. We simultaneously measured the dependence of the ESR signal and
the luminance of the same OLED based on Algsz and NPB on the duration of the device
operation, with no uncertainty in the reproducibility due to device quality, which showed a
correlation between the ESR signal and the performance degradation. From the analysis
using density functional theory (DFT) calculations, we identified that the origin of the newly
emerged ESR signal is ascribed to the cationic species of decomposed Algs molecules for all
stages of the degradation, not to cationic species of NPB or decomposed (or degraded) NPB
molecules previously discussed. Thus, we strongly suggest that the origin of the fast
degradation of the device is ascribed to the formation of the cationic decomposed Algs
molecules at the molecular level. Also, we ascribe the origin of the slow degradation to the

formation of the cationic decomposed Algs species at the molecular level, which is consistent
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with that of the previous works using macroscopic experimental methods and theoretical

calculations.[15-19]

2. Result and discussion
2.1. Fabrication and Characterization of OLEDs

To attain a high signal-to-noise (SN) ratio of the ESR signal by increasing the active
area of the device, we utilized a rectangular device structure (3 mmx20 mm) in an ESR
sample tube with an inner diameter of 3.5 mm and with a length of 270 mm.[?2271 Figure 1
shows the device structure of indium-tin-oxide (ITO) (150 nm)/NPB (60 nm)/Algs (60
nm)/LiF (0.5 nm)/Al (100 nm) used in this study. It has been reported that the use of LiF/Al
for the cathode largely improves the efficiency of electron injection into Algs compared with
metal electrodes.[?22%1 The ITO substrate (3 mmx20 mm) was cleaned by the ultrasonic
treatment with organic solvents, and by the treatments of oxygen plasma and UV ozone. The
layers of NPB, Alqs, LiF, and Al were vapor-deposited sequentially using a thermal
evaporation method under 8x107° Pa. The active area was 0.2 cm?. The layer of Algs has
been reported to act as the emitting layer in the device, in other words, the recombination
zone of charge carriers, and the layer of NPB has been reported to act as the hole transport
layer in the device.l®! The fabricated device was fixed on a device holder, a
polyethyleneterephthalate (PET) film with a size of 3 mm x 250 mm, because the device
holder is needed to transfer the device into the ESR sample tube. The quartz substrate and the
PET device holder are non-magnetic. After wiring, the device was sealed in the ESR sample
tube in an N2-filled glove box (O2 < 0.5ppm, H20 < 0.5 ppm). We attempted to prevent the
large degradation due to moisture using a desiccant to obtain the standard operation of the
device. Although we performed careful treatment for reducing oxygen and moisture in the
ESR sample tube, slight oxygen and moisture seem to be remained in the inside of the ESR

sample tube because the atmosphere in the glove box contains O2< 0.5ppm and H20 < 0.5
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ppm and the PET film is known to contain moisture inside, which resulted in the observation
of very weak ESR signals, as described below.

The fabricated OLEDs were simultaneously measured using a JEOL RESONANCE
JES-FA200 X-Band ESR spectrometer and a TOPCON BM-9M luminance meter. A standard
Mn?* marker sample was used to calibrate the g factor, the ESR linewidth, and the number of
spins (Nspin). The Nspin Was evaluated by integrating the ESR spectrum twice and by
comparing the standard Mn?* marker sample. The OLEDs was driven using a Keithley
2612A source meter at a constant current density J = 40 mA cm 2. All measurements were

conducted at room temperature.

2.2. Luminance Degradation Characteristics

First, we describe the luminance degradation characteristics of the fabricated OLEDs
during device operation. The blue open circles in Figure 2 show the dependence of the
luminance of the OLED on the duration of the device operation. The initial luminance of the
OLED was 760 cd m2 at a constant current density of 40 mA cm2. After 1 h device
operation, the luminance decreased to approximately 80% of the initial luminance, and
thereafter it slowly decreased to approximately 45% of the initial luminance after 60 h device
operation. We have performed the fitting analysis to evaluate the decay process of the
luminance using the following exponential functions:

L=Aiexp[—iJ+A2exp(—lj+&exp(—ij. (1)

7 7, 73

Here, A1, A2, and Az represent the relative intensity of the luminance and 71, 72, and z3
represent the decay time constant of the luminance for each exponential function, respectively.
Using the fitting analysis, the experimental result can be described by the sum of three
exponential functions as shown by the red solid line in Figure 2. The obtained fitting

parameters of each constant is 71 = 0.2 h (orange dotted line, A1 = 16%), 72 = 6 h (purple
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dotted line, A2 = 14%), and =3 = 140 h (green dotted line, Az = 70%). From this fitting

analysis, we have found that the luminance degradation has three stages of initial, fast, and
slow degradation. The fast and slow degradation may correspond to those of the previous
studies.*2% For the initial degradation, by very carefully looking at the date of the previous
literature, one can find a sudden decrease in the luminance just after device operation.[*Yl This
origin has not yet been discussed previously,™*!] which may correspond to the initial
degradation of the present study. We have simultaneously performed the ESR measurements
of the same OLED to elucidate the degradation mechanism in the device, which shows the
correlation between the luminance degradation and the change in the radical states in the

OLED, as described below.

2.3. ESR Signals of the OLED before and after Device Operation

Direct evidence for the radical formation in devices is demonstrated by the ESR
measurements. In these experiments, a continuous-wave method with a modulation frequency
of 100 kHz for the external magnetic field H was used.!?® Thus, spin-accompanied charge
carriers with a lifetime of <10 us, which contributed to the normal operation of the device,
cannot be observed in this ESR method. Hence, the observed ESR signals are due to stably
formed radicals or accumulated (or deeply trapped) charge (and spin) carriers with a lifetime
of >10 us. The upper data of Figure 3 shows the ESR spectrum before the device operation
as a function of H. We have performed the fitting analysis for this spectrum. Figure 4a
shows the fitting results. The ESR spectrum before the device operation is described by a
Lorentzian function as shown by the green solid line, which is defined as Signal A hereafter.
For the ESR parameters, the g factor and the peak-to-peak ESR linewidth AHpp were
determined as g = 2.0030+0.0003 and AHpp, = 0.85+£0.02 mT, respectively. Here, the g factor
was evaluated from the resonance magnetic field where the ESR spectrum with a first

derivative form has a value of zero, and the AHpp value was evaluated as the difference
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between the two magnetic fields at a peak and a valley in the ESR spectrum. The g factor
obtained by the fitting analysis is consistent with that of the Algs radial anions (g = 2.0028)
obtained from the previous ESR study for Li-doped Algs films!?®! and that obtained from the
DFT calculation.!?®l From this consistency, the origin of the Signal A is ascribed to the Algs
radical anions formed by electron doping due to the reaction at the interfaces of Algs/LiF/Al

layer: 3LiF + Al + 3Algs — AlF3 + 3Li*Algs™.3+%%

To study the radical formation in the OLED after device operation, we simultaneously
measured the ESR signal and the luminance of the same OLED during device operation. A
middle data of Figure 3 shows the ESR spectrum of the OLED after 1 h device operation as a
function of the H. From the comparison with the upper data of Figure 3, the ESR signal was
confirmed to clearly increase after 1 h device operation. Figure 4b shows the result of the
fitting analysis of the ESR spectrum. The ESR spectrum cannot be described by the only
Signal A observed before the device operation. The ESR spectrum can be explained by the
sum of two components (orange solid line) of a Lorentzian function (green dotted line) and a
Gaussian function (red dotted line). The ESR parameters of the Lorentzian component (green
dotted line) were determined as g = 2.0030£0.0003 and AHpp = 0.72+0.02 mT, respectively.
Since this g factor is consistent with that of the Signal A obtained before the device operation,
we identify the origin of the Lorentzian component as the Algs radical anions, and assign the
signal as the Signal A. However, the ESR parameters of the Gaussian function (red dotted
line) were determined as g = 2.0043+0.0003 and AHpp = 1.60£0.02 mT, respectively, which
are clearly different from those of the Signal A. Hereafter, we define the Gaussian component
as the Signal B. We have also experimentally confirmed this newly emerged ESR signal after
the device operation by directly subtracting the ESR signal before the device operation from
that after the device operation. It is found that the newly emerged ESR spectrum obtained by

subtracting ESR spectrum before the device operation (the upper data of Figure 3) from that
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after 1h device operation (the middle data of Figure 3) has the g factor of g = 2.0043, that is,
that of the Signal B. The lower data of Figure 3 shows an ESR spectrum after 60 h device
operation. Since this ESR spectrum is described by the sum of components of the Signal A
and the Signal B, no additional signal component was confirmed, where the only intensity of
the ESR signal decreased in comparison with that of the ESR signal after 1 h device operation.
This decrease is ascribed to the decrease in the intensity of the Signal A, and the intensity of
the Signal B, whose origin is due to the degradation, increases with increasing the duration of

device operation, as discussed later.

2.4. Correlation between the Radical States and the Luminance During Device
Operation

It is interesting to investigate the correlation between the radical states and the
luminance of the same OLED during device operation. Figure 5 shows the dependence of the
number of spins (Nspin) obtained from the ESR signal and the luminance of the OLED on the
duration of the device operation at J = 40 mA cm2. As the luminance decreased, the Nspin Of
the Signal A slowly decreased with the device operation. Therefore, this result indicates that
the number of Algs radical anions in the OLED decreases as the duration of the device
operation increases; the reason will be discussed in 2.6. However, the Nspin Of the Signal B
suddenly increased after 1 h device operation, and thereafter slowly increased as the duration
of the device operation increased. As a result, the sum of the Nspin Of the Signal A and the
Signal B (Total Nspin) suddenly increased after 1 h device operation, and then slowly
decreased. Since it has been reported that the formation of Algs anions does not contributed
to the luminance degradation,’ the Signal B would contribute to the luminance degradation,
especially to the initial degradation. In the previous studies, the origins of the fast and the

slow degradation have been ascribed to decomposed (or degraded) NPB molecules and
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decomposed Algs molecules, respectively.[*2° Thus, in the following subsection, we discuss

the origin of the Signal B.

2.5. Origin of the Radical Formation Related with the Luminance Degradation

In this subsection, the origin of the Signal B is discussed for the luminance
degradation. The previous studies has discussed that the fast degradation is due to the radical
formation of decomposed (or degraded) NPB molecules and that the slow degradation is due
to the quenchers of decomposed Algs molecules.***°1 Thus, there is two possibilities for the
origin of the Signal B. The first possibility is the radical formation due to NPB or
decomposed (or degraded) NPB molecules during device operation.[*?14 The second
possibility is the radical formation due to Algz or decomposed Algs molecules during device

operation.[*>19

First, we discuss the first possibility of the radical formation in NPB or decomposed
(or degraded) NPB molecules as the origin of the Signal B. It has been discussed that the
decomposed (or degraded) NPB molecules due to the device operation of OLEDs create hole
trappings sites and the trapped holes in the sites cause the luminance degradation.[*214" Also,
the neutral radical formation due to decomposed (or degraded) NPB molecules has been
discussed to cause the luminance degradation.™?%4 Thus, to identify whether these proposed
molecules are the origin of the Signal B or not at the molecular level, we have studied the
radical states of these molecules using DFT calculations. We utilized the B3LYP functional
and the 6-31G(d,p) basis set for the DFT calculations. Figure 6 shows the chemical
structures of the NPB and the decomposed NPB molecules which have been tentatively
proposed in the literatures.[*3*4 We define the proposed decomposed NPB products as PN1-
PNG6 in this work. The calculated spin density distributions for the cationic radical states of

NPB and PN1-PN5 and for the neutral radical state of PN6 are shown in Figure 6. Table 1
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shows the calculated principal values of the g tensor (g1, g2, g3) and the average values of the
three principal values (gave). Figure 7 shows the chemical structures of the degraded NPB
molecules which have been tentatively proposed in the literature.'1 We define the proposed
degraded NPB products as DN1-DNG6 in the present study. The calculated spin density
distributions for the neutral radical states of DN1-DNG6 are shown in Figure 7. Table 2 shows
the calculated principal values of the g tensor (g1, g2, 93) and the gave. From Table 1 and 2, all
the gave OF the cationic and the neutral radical states of the NPB or the decomposed (or
degraded) NPB molecules are not consistent with the g factor of the Signal B (g = 2.0043).
Therefore, the radical formation from the NPB or the decomposed (or degraded) NPB
molecules is excluded from the origin of the Signal B which correlates with the luminance
degradation. In the cases of the NPB-related materials, the calculated g factor is almost
similar with each other in cationic radical states (Table 1) or neutral radical states (Table 2),
and the similar spin density distribution has been obtained in cationic radical states (Figure 6)
or neutral radical states (Figure 7), respectively. This consistency reasonably explains the

correlation between the calculated g factor and the spin density distribution.

To further exclude the possibility of the radical formation due to NPB-related
molecules from the origin of the Signal B, we have examined the contribution of halogens
remained in NPB molecules. It has been reported that the g factor of NPB molecules becomes
larger by iodine doping to NPB molecules.*®l In addition, halogens are generally used for the
NPB synthesis and may possibly be remained in NPB molecules. Actually, it has been
reported that the g factor of the ESR signal of a conducting polymer poly(3-hexylthiophene)
(P3HT) becomes larger by bromines remained at polymer-chain ends of P3HT.234 To
examine the possibility of remained halogens, we performed the quantitative analysis of the
content of halogens in the NPB material used in this study. The ion chromatography analysis

of the NPB sample showed that iodine and bromine were not detected and chlorine was
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confirmed to be very small and less than 5 pg for the NPB sample of 0.056 g. Moreover, the
fluorescent X-ray spectroscopy of the NPB sample showed no peak due to iodine, bromine,
and chlorine. Therefore, the possibility of remained halogens in NPB molecules is
experimentally excluded, which further excludes the possibility of the radical formation due

to the NPB-related molecules from the origin of the Signal B.

Next, we discuss the second possibility of the radical formation due to the Algz or the
decomposed Algs molecules as the origin of the Signal B. It has been discussed using
current-voltage and photoluminescence (PL) methods that the accumulation of cationic Algsz
in OLEDs contributes to the device degradation.®! In the recent study, the degradation
mechanism due to the decomposed Algs under UV light irradiation has been discussed using
PL and infrared (IR) spectroscopy methods.[**17-1%1 To investigate the possibility of the
radical formation due to the Algs or the decomposed Algs molecules at the molecular level,
we performed the DFT calculation for radical cationic states of these molecules to compare
with the ESR results. We used the B3LYP functional and the 6-31G(d,p) basis set for the
DFT calculation. Figure 8 shows the chemical structures of Algz and decomposed Algs
molecules which have been tentatively proposed in the literatures.*®! We define the proposed
decomposed Algs products as PA1-PAS5 in this work. The calculated spin density
distributions of the radical cationic states are shown in Figure 8. Table 3 shows the
calculated principal values of the g tensor (g1, g2, 93) and the gave. From Table 3, the cationic
species of Algs and PA2-PA5 show gave = 2.0040-2.0041. These g factors well correspond to
that of the Signal B of g = 2.0043+0.0003. However, the gave 0f the cationic PAL (Qave =
2.0029) does not correspond to the g factor of the Signal B. This disagreement is consistent
with the previous work where the PA1 is unlikely the origin of the photo degradation of Algs
from the IR study.!*®! The calculated g factor of PA1 (gave = 2.0029) is significantly different

from those of other Algs-related materials (gave = 2.0040-41). This difference is attributed to
12
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the difference in spin density distribution shown in Figure 8, where PA1 has a different spin
density distribution compared with those of other Algs-related materials. In addition, the PL
study of hole-only devices has discussed that the cationic species of Algs has little
contribution to the luminance degradation.!* Thus, the cationic species of the PA2-PAS5 are
possibly the origin of the Signal B that relates with the initial, fast, and slow degradation.
Further study for a different set of Algs structures is an interesting issue. However, the
formation of anionic Algs has been reported to have no relation with the luminance
decrease.[®l Also, except for Ref. 19, the study for degraded components of Algs has not yet
been reported. The study of other decomposed cationic Algs seems to have no basis for
justifying the execution of the research because there are no report for other decomposed
cationic Algs. Further ESR study combined with other spectroscopic methods such as PL and

IR is an interesting topic, which is currently in progress and will be reported in a separate

paper.

Our study have discussed the three stages of initial, fast, and slow degradation for the
luminance of the OLEDs. Also, we have proposed that the formation of the cationic
decomposed Algs molecules contributes to the luminance degradation. Although the fast
degradation due to the decomposed (or degraded) NPB molecules have been discussed,*2%]
the fast degradation of the present OLEDs is likely due to the formation of the cationic
decomposed Algz molecules, as discussed above. The PL and IR studies have discussed that
the fast and slow degradations occur at the NPB/AIqz interface and in bulk Algs molecules,
respectively.[**1%1 Thus, we suggest that three degradation stages are ascribed to the
formation of the cationic decomposed Algs molecules where the initial degradation occurs at
the NPB/Alqs interface, the fast degradation occurs in the vicinity of the NPB/AIQs interface,

and the slow degradation occurs in bulk Algs molecules.

13
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Further experiment using hole-only devices (HODs) is useful for further confirming
the origin of the Signal B as the decomposed Algs molecules and for eliminating the
possibility of the interaction between NPB and Algs during the device degradation. We
performed the ESR study for the HOD with the device structure of ITO/Algs (60 nm)/Au
(50nm), which was fabricated using a thermal evaporation method under 8x107° Pa. The
active area was 0.2 cm?. To examine the Algs degradation in the HOD, we measured the ESR
signal of the HOD in the ESR sample tube with the application of the same current density
used for the OLED under ultraviolet (UV) exposure. The experiment atmosphere of the HOD
was the same as that used for the OLED, that is, under an N»-filled glove box (O2 < 0.5ppm,
H2>0 < 0.5 ppm) using a desiccant. Figure 9 shows the dependence of the ESR spectrum of
the HOD on the device operation with 365 nm-light irradiation at J = 40 mA cm2 at RT. The
data were obtained by averaging ESR spectra measured during the device operation for 1 h.

In Figure 9a, the blue dotted and green solid lines show the ESR spectrum of the HOD before
and after the device operation, respectively. Figure 9b shows the device-operation-induced
ESR spectrum of the HOD after the device operation, which is obtained by subtracting the
data before the device operation from that after the device operation. The obtained ESR
parameters g = 2.0040+0.0003 and AHpp = 1.16+0.02 mT are consistent with those of the
Signal B observed for the OLED. Thus, we have demonstrated that the same cationic
decomposed Algs molecules are observed in the HOD under UV exposure and that the
interaction between NPB and Algs can be eliminated. The high SN ratio of the ESR signal of
the HOD indicates larger number of cationic decomposed Algs molecules compared with
those in the OLED, which is caused by large number of hole carriers in the HOD due to non-

recombination with electron carriers.

2.6. Correlation between the Radical States and the Driving Voltage During Device

Operation
14
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Finally, we discuss the correlation between the radical states and the driving voltage of
the same OLED by presenting the decrease in the Signal A during device operation. As
mentioned above, although the formation of anionic Algs has been reported to have no
relation with the luminance decrease,™ the intensity of the Signal A decreased slowly.
However, the driving voltage of the OLED slowly increased as the duration of the device
operation increased. To examine the correlation between the Signal A and the driving voltage,
we compare the dependences of the Ngpin Of the Signal A and the driving voltage of the same
OLED on the duration of the device operation. Figure 10 shows the result, where the Nspin is
plotted inversely for the vertical axis to clearly show the correlation. The driving voltage of
the operating OLED increased gradually from 6.58 to 8.82 V, which demonstrates the
correlation between the increase in the driving voltage and the decrease in the Nspin Of the
Signal A. As discussed above, the interface barriers are decreased due to the formation of
anionic Alqgs before the device operation. Thus, from this correlation, we suggest that the
electron-injection barrier at the Algs/LiF/Al interfaces increased during device operation,
because the use of LiF/Al for the cathode improves the efficiency of electron injection into
Algs?82° and the Algs radical anions are formed by the electron doping due to the reaction at
the Alga/LiF/Al interfaces,®*2 as mentioned above. In other words, the loss of anionic Algs
during device operation caused the increase in the driving voltage, which may be due to the

oxidation of the anionic Algs molecules during device operation.

3. Conclusions

We simultaneously measured the ESR signal and the luminance of the same OLED
during device operation to elucidate the degradation mechanism in the operating OLEDs
using the typical Algs-based OLED device of ITO/NPB/AIlgs/LiF/Al. The ESR spectrum
changed by the device operation, which correlated with the luminance degradation. From the

fitting analysis of the ESR spectrum and the DFT calculation, we found the evidence for the
15
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formation of the radical anionic Algs molecules before the device operation and the formation
of the radical cationic decomposed Algs molecules after the device operation. Thus, we
strongly suggest that the luminance degradation in the OLEDs is due to the formation of the
radical cationic decomposed Algs molecules, not due to the radical formation of the
decomposed NPB molecules. Also, the electron-injection barriers at the Algs/LiF/Al
interfaces are found to increase from the correlation between the decrease in anionic Algs and
the increase in the driving voltage. The above elucidations of the radical states in OLEDs
during device operation have been demonstrated at the molecular level for the first time. The
correlation between the radical states and the performance degradation of the OLEDs at the
molecular level would give deep insight into the mechanisms of the device operation and

degradation, which would be effective for improving the device performance.
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Figure 1. a) A schematic of the cross section of the OLED structure used in this study.
Chemical structures of b) Algs and c) NPB.
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Figure 2. Dependence of the relative luminance (blue open circles) of the OLED on the
duration of the device operation at a constant current density J = 40 mA c¢cm2 at room
temperature (RT). Red solid line shows the fitting analysis obtained from the sum of three
exponential functions: orange, purple, and green doted lines show each exponential function

component.
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Figure 3. Dependence of the ESR spectrum of the OLED on the duration of the device
operation at J = 40 mA cm2 at RT. The upper data shows the spectrum before the device
operation. The middle data shows the spectrum after 1 h device operation. The lower data
shows the spectrum after 60 h device operation. The data were obtained by averaging ESR

spectra measured during device operation for 1 h.
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Figure 4. Fitting analyses of the ESR spectrum of the OLED before the device operation (a)
and after 1 h device operation (b). The vertical axis is plotted using a unit of peak-to-peak
ESR intensity of the ESR signal of a standard Mn?* marker sample, Iun. a) The blue open
circles show the experimental spectrum before the device operation. The green solid line
shows the fitting result using a Lorentzian function. b) The blue open circles show the
experimental spectrum after 1 h device operation. The green and red dotted lines show the
fitting result using Lorentzian and Gaussian functions, respectively. The orange solid line
shows the sum of these functions.
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Figure 5. Dependence of the number of spins (Nspin) from the ESR signal and the luminance
of the OLED on the duration of the device operation at J = 40 mA cm 2 at RT. The blue line
shows the luminance. The green solid circles show the Nspin Of the Signal A. The red solid
circle show the Nspin Of the Signal B. The orange solid circles show the sum of these
components.
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Figure 6. Chemical structures of NPB and tentative decomposed NPB molecules, and the
spin density distribution obtained from the DFT calculation. For NPB and the decomposed
NPB molecules PN1-PN5, the radical cationic states are calculated. For the decomposed NPB
molecule PNG, the neutral radical state is calculated.
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Figure 7. Chemical structures of tentative degraded NPB molecules, and the spin density
distribution of these neutral radical states obtained from the DFT calculation.
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Figure 8. Chemical structures of Algs and tentative decomposed Algs molecules, and the
spin density distribution of these radical cationic states obtained from the DFT calculation.
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Figure 9. Dependence of the ESR spectrum of a hole-only device (HOD) of ITO/Algs/Au on
the device operation with 365 nm-light irradiation at J = 40 mA cm™2 at RT. The data were
obtained by averaging ESR spectra measured during the device operation for 1 h. a) The blue
dotted and green solid lines show the ESR spectrum of the HOD before and after the device
operation, respectively. b) Device-operation-induced ESR spectrum of the HOD after the
device operation, which is obtained by subtracting the data before the device operation from

that after the device operation.
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Figure 10. Dependence of the driving voltage (red solid circles) and the Nspin Of the Signal A
(green solid circles) of the OLED on the duration of the device operation at J = 40 mA cm™2 at

RT. The Nspin is plotted for the inverse vertical axis.
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Table 1. Calculated principal values of the g tensor (g1, g2, g3) for NPB and tentative
decomposed NPB molecules from the DFT calculation. For the NPB and the decomposed
NPB molecules PN1-PN5, a radical cationic state is calculated. For the decomposed NPB

molecule PN6, a neutral radical state is calculated. An average of the principal values Qavg

was calculated as gave:\/gj<lz>+g§<m2>+gf<n2> using | =sin@cos¢, m=sindsing, and

n=cosd, where < > represents spatial average. Here random orientation of molecules was

assumed to calculate the gave.

Calculated molecule 01 02 03 Qave
NPB 2.0025 2.0028 2.0034 2.0029
PN1 2.0023 2.0027 2.0035 2.0028
PN2 2.0025 2.0028 2.0034 2.0029
PN3 2.0024 2.0029 2.0032 2.0028
PN4 2.0024 2.0028 2.0033 2.0028
PN5 2.0024 2.0026 2.0030 2.0027
PN6 2.0021 2.0029 2.0032 2.0027

Table 2. Calculated principal values of the g tensor (g1, g2, 93) and the gavwe for the neutral
radical states of tentative degraded NPB molecules DN1-DN6 from the DFT calculation.

Calculated molecule 01 02 03 Jave
DN1 2.0022 2.0028 2.0029 2.0026
DN2 2.0021 2.0028 2.0029 2.0026
DN3 2.0022 2.0029 2.0029 2.0027
DN4 2.0022 2.0028 2.0030 2.0027
DN5 2.0022 2.0029 2.0030 2.0027
DNG6 2.0022 2.0028 2.0030 2.0026
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Table 3. Calculated principal values of the g tensor (g1, g2, g3) and the gave for the radical
cationic states of Algs and the decomposed Algs molecules PA1-PA5 from the DFT calculation.

Calculated molecule g1 02 03 Jave
Algs 2.0029 2.0038 2.0055 2.0041
PAl 2.0022 2.0032 2.0034 2.0029
PA2 2.0028 2.0041 2.0052 2.0040
PA3 2.0027 2.0041 2.0052 2.0040
PA4 2.0027 2.0041 2.0052 2.0040
PA5 2.0028 2.0040 2.0052 2.0040
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