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Polyaniline-Based Conducting Polymer Compositions with
a High Work Function for Hole-Injection Layers in Organic

Light-Emitting Diodes: Formation of Ohmic Contacts

Mi-Ri Choi,” Seong-Hoon Woo,” Tae-Hee Han,” Kyung-Geun Lim,” Sung-Yong Min,”
Won Min Yun,® Oh Kwan Kwon,® Chan Eon Park,™ Kwan-Do Kim,"“ Hoon-K%/u Shin,
Myeong-Suk Kim," Taeyong Noh, Jong Hyeok Park,”® Kyoung-Hwan Shin,'

Jyongsik Jang,” and Tae-Woo Lee*™

It is a great challenge to develop solution-processed, polymeric
hole-injection layers (HILs) that perform better than small mo-
lecular layers for realizing high-performance small-molecule or-
ganic light-emitting diodes (SM-OLEDs). We have greatly im-
proved the injection efficiency and the current efficiency of
SM-OLEDs by introducing conducting polymer compositions
composed of polyaniline doped with polystyrene sulfonate
and perfluorinated ionomer (PFl) as the HIL. During single

Introduction

Organic light-emitting diodes (OLEDs) have attracted much at-
tention because they are desirable candidates for solid-state
lighting devices as well as large-area, high-resolution, fast-re-
sponse, full-color flexible displays."? Beyond the other allures
offered by OLEDs, the technology is more environmentally sus-
tainable than that of conventional liquid-crystal displays. Ach-
ieving high efficiency in OLED devices is one of the most cru-
cial issues for commercialization. Tremendous efforts have
been made to overcome the high hole-injection barrier be-
tween the anode and the emitting layer. Optically transparent
indium tin oxide (ITO) has been generally used as the anode
for organic optoelectronic devices. Because ITO possesses a rel-
atively low work function (WF=4.9 eV), new hole-injection
layers (HILs) with a high ionization potential (IP) are required
for efficient hole injection. Small molecules, such as copper
phthalocyanine (CuPc, IP=5.0 eV); 4,4',4"-tris(3-methylphenyl-
N-phenylamino)triphenylamine (m-MTDATA, IP=5.1¢V); and
4,4 4"-tris[N-(2-naphthyl)-N-phenylamino]triphenylamine

(2TNATA, IP=5.1 eV), have been preferentially employed as
HILs in vacuum-deposited, small-molecule organic light-emit-
ting diodes (SM-OLEDs). Although conducting polymers such
as poly(ethylene dioxythiophene) doped with polystyrene sul-
fonate (PEDOT:PSS, WF=5.0-5.2eV) and polyaniline doped
with PSS (PANI:PSS, WF=5.2-5.3 eV) are alternatives to small-
molecule HiLs in SM-OLEDs, only a few reports have described
solution-processed HILs in SM-OLEDs because of the remaining
high injection barrier and low efficiency.** Recently, high-per-
formance, solution-processable HILs have attracted much at-
tention in OLED research for the development of highly effi-
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spin-coating of conducting polymer compositions, the PFI
layer was self-organized at the surface and greatly increased
the film work function. It enhanced hole-injection efficiency
and current efficiency by introducing a nearly ohmic contact
and improving electron blocking. Our results demonstrate that
solution-processed polyaniline HILs with tunable work func-
tions are good candidates for reducing process costs and im-
proving OLED performance.

cient and stable SM-OLED panels fabricated by a solution pro-
cess.”

Current research requires new strategies for developing so-
lution processable and efficient hole-injection buffer layers for
high-performance SM-OLEDs. Both increased hydrophobicity
and high WF values of the films are necessary for stable and
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efficient hole injection in the devices. From this viewpoint, the
introduction of a perfluorinated ionomer (PFl) into the con-
ducting polymer compositions could increase the hydropho-
bicity and WF® From a practical point of view, a great chal-
lenge is to develop solution-processable HILs that perform
better than small-molecule HILs in vacuum-deposited, multilay-
ered SM-OLEDs. In this manner, the production cost and proc-
essing time of state-of-the-art SM-OLEDs for commercial pro-
duction can also be reduced by removing the HIL vacuum-
deposition process.

Herein, we introduce solution-processable polyaniline com-
positions composed of PANI:PSS and PFI (PANI:PSS/PFI) with
high WF values. To the best of our knowledge, this work is the
first report regarding water-dispersed polyaniline-based con-
ducting polymers with tunable WF values. We employed the
polyaniline compositions as HILs to achieve enhanced current
efficiencies in SM-OLEDs. We compared the characteristics of
OLED devices using the PANI:PSS/PFI layers with those of devi-
ces that employ a conventional small-molecule HIL, 2TNATA.
We characterized the surface of the spin-cast films by X-ray
photoelectron spectroscopy (XPS) and ultraviolet photoelec-
tron spectroscopy (UPS). The results confirmed that high con-
centrations of PFl in the composition caused high concentra-
tions of PFI at the film surface, thereby increasing the WF. We
analyzed the hole-injection efficiencies of the hole-only device
formed from the PANI:PSS/PFI composition and investigated
the relationship between WF, injection efficiency, and current
efficiency. We demonstrated that the newly formulated solu-
tion-processable HIL notably enhanced the current efficiency
compared with a small-molecule HIL in vacuum-deposited SM-
OLEDs due to the formation of nearly ohmic hole-injection
contacts.
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Results and Discussion
Surface analysis of the compositions

Water-dispersible PANI:PSS at a 1:6 weight ratio was prepared
by oxidative polymerization of aniline in the presence of
excess hydrochloric acid by adjusting the feed ratio of the ani-
line monomer, PSS, and hydrochloric acid as a protonating
agent/dopant. The PANI:PSS nanoparticles did not precipitate
due to the strong electrostatic interactions between PANI and
PSS, and they were well dispersed in an aqueous solution.”
We newly formulated conducting polymer compositions in a
solvent mixture of water and alcohol. We systematically
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changed the ratio of PFl to PANI:PSS in the conducting poly-
mer compositions that were employed as HILs in OLEDs.
Before measuring the OLED device performance, we analyzed
the surface of films that were spin-cast in conducting polymer
compositions (PANI:PSS/PFI, abbreviated as PNPF). The WF
value as a function of the composition was measured by UPS.
The results are summarized in Table 1; these results show that

Table 1. The work function values of the polyaniline-based conducting
polymer compositions used for the hole-injection layers.

Sample code PANI PSS PFI WF [eV]
PANI:PSS 1 6 - 5.19
PNPF161 1 6 1.68 5.88
PNPF81 1 6 337 5.80
PNPF41 1 6 6.73 5.83
PNPF21 1 6 13.48 5.98

the WF value increased significantly upon addition of PFl. We
obtained a very high WF value for PNPF21 (5.98 eV) relative to
that of a conventional conducting polymer, PEDOT:PSS
(5.18 eV), or the ionization potential of a conventional small
molecule, 2TNATA (5.1 eV). Perfluorinated ionic polymers signif-
icantly increased the surface ionization potential when they
were preferentially located at a film surface, as predicted by
DFT calculations.” Therefore, as the PFl concentration in-
creased in the conducting polymer film, the WF value in-
creased. It should be noted that the addition of small amounts
of PFl to the PANI:PSS (1:6) composition in a weight ratio of
1:6:1.6 (PNPF161 in Table 1) yielded a very high film WF value
(5.88 eV). In contrast, the film prepared from the PEDOT:PSS/
PFI composition with the same ratio (1:6:1.6 by
weight, i.e., AIPF161 in Reference [7]) had a much
lower WF value of 5.55 eV.® The PEDOT:PSS/PFI com-
position with a ratio of 1:2.5:2.92 also yielded a much
lower WF value of 5.26 eV.®! This systematic study in-
dicated that the PFI surface enrichment in the case of
using the PANI:PSS/PFI compositions was larger than
that achieved by using the PEDOT:PSS/PFI composi-
tions.

We used XPS to investigate the molecular distribu-
tion at the surface of the HILs. Figure 1 shows the C
1s core level spectra of the films spin-cast from PAN-
I:PSS and PANI:PSS/PFI (PNPF41). Gaussian-Lorent-
zian fitting permitted deconvolution of the C 1s spectrum into
four peaks, at 284.8 (C—C/C—H), 285.9 (C=N), 286.7 (C—0), and
288.1 eV (C=0). The highest binding energy peak at 288.1 eV
corresponded to the carbonyl carbon atoms (C=0) formed by
the attack of water molecules during the electrochemical reac-
tion." The C 1s spectrum of the film composed of PANI:PSS
and PFI contained two additional peaks (Figure 1b). These two
peaks were attributed to the presence of PFl. The strong peak
at 291.6 eV was assigned to the superposition of signals from
CF,, CF—0, and CF,—O groups in the polymer chains." The
highest binding energy at 293.9 eV was assigned to CF; and
the total CF, (x=1-3) contribution. The lower binding energy
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Figure 1. The C1s core level spectra of a) PANI:PSS and b) PANI:PSS/PF|
(PNPF41) films measured by XPS.

contributions at 289.2, 286.7, and 284.8 eV arose from contami-
nation by PFl and PANI:PSS."™"

The ratio of PFI to PSS at the surface was estimated from
the F 1s and S 2p spectra on the film surfaces. The area be-
neath the F 1s spectrum indicated the quantity of PFI present,
and the S 2p spectrum indicated the quantity of sulfonic acid
in the PFl and PSS. The atomic composition percentage, calcu-
lated from the XPS peaks," determined the ratio of PFI to PSS
at the surface. As summarized in Table 2, the F 1s peak area

Table 2. The ratio of the area under the F 1s core level spectra to the
area under the S2p core level spectra of various polymeric hole-injection
layers measured by XPS.

Sample Surface area Atomic ratio Atomic ratio
code S2p Fis F/Seoma™ F/Seanipss”
PANI:PSS 40.9 - - -
PNPF161 56.3 5496.2 97.6 282.2
PNPF81 55.9 4415.0 78.9 167.6
PNPF41 63.3 5507.6 87.0 208.4
PNPF21 136.1 15441.5 113.5 473.0

[a] The area under the F spectrum is only attributed to the PFI, but the
area under the S spectrum is attributed to PANI:PSS and PFIl. F/S.y, is the
ratio of F from PFl to S from both PANI:PSS and PFI. [b] To investigate the
ratio of PFl to PANI:PSS at the film surface, we calculated the F/Spanpss
ratio, which is the ratio of F from PFI to S from PANI:PSS.

arising from PFI was much larger than the S 2p peak area
formed due to PANI:PSS because PFl was preferentially posi-
tioned at the surface through self-organization during spin-
coating of the PANI:PSS/PFI composition. To compare the rela-
tive composition of F and S atoms at the surface from two dif-
ferent core level spectra of F 1s and S 2p, we used an empiri-
cally derived set of atomic sensitivity factor of S 2p relative to
F 1s obtained from a combination of data from Varian IEE and
Physical Electronics (Perkin-Elmer) 550 spectrometers."?
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Table 2 shows that even a small addition of PFI to PANI:PSS in
the PNPF161 composition greatly increased the richness of PFI
at the surface relative to the other components, which was
consistent with the very high WF value (5.88 eV), as shown in
Table 1. This confirmed that PFl underwent very good self-or-
ganization toward the film surface when it was incorporated
into the PANI:PSS composition. The surface information depth
was estimated by using 34sin 6 to be 57 A, in which the inelas-
tic mean free path, A, of the S 2p electrons was 27 A and the
take-off angle 0 was 45°. Therefore, the surface composition of
the films obtained from XPS measurements reflected the sur-
face information to a depth of nearly 6 nm. The ratio of the F
1s peak area from the PFI to the S 2p peak area from the PAN-
I:PSS at the surface was high, as shown in Table 2. This implies
that PFI self-organizes preferentially at the film surface, owing
to the low surface energy and low compatibility with hydrocar-
bon polymer chains. As a result, the surface was mainly found
to be covered with the PFI component, independent of the
formulation PFI concentration. Overall, the atomic ratio at the
surface tended to increase as the PFI concentration increased
in all compositions (PANI:PSS/PFI) except for PNPF161. The
high PFl surface concentration increased the WF values
(Tables 1 and 2) because the perfluorinated chains provided an
ionization potential that was higher than that of the hydrocar-
bon chains.®

The work function of the PANI:PSS (5.19 eV) layer was slight-
ly higher than or similar to that of the PEDOT:PSS (5.18 eV)
layer. Previously, Jang et al. reported that PANI:PSS films pre-
pared by an identical synthetic route yielded a high WF value
(5.27 eV) attributed to a ratio of PSS to PANI (10:1 w/w) that
was higher than the standard PSS to PEDOT ratio (6:1 w/w) in
the commercial product for the HIL (Baytron P VP Al4083)."% A
systematic study of the surface WF as a function of the ratio of
PSS to PEDOT at the film surface was recently described by our
group.™ The WF value could be systematically tuned by con-
trolling the PSS to PEDOT ratio at the film surface. This can
also apply to the PANI:PSS complex system. The observation of
a WF value for the PANI:PSS (1:6 w/w) system that was lower
than that observed previously for PANI:PSS (1:10 w/w) systems
can be understood similarly by the surface characteristics of
the PEDOT:PSS system.!"™

Injection efficiency of hole-only devices

We fabricated hole-only devices composed of ITO/HIL (50 nm)/
N,N’-bis(naphthalen-1-yl)-N,N'-bis(phenyl)  benzidine  (NPB;
200 nm)/Al with various HILs (Figure 2a). When PFl was added
to the PANI:PSS composition, the hole current improved signif-
icantly, as shown in Figure 3. This demonstrated the good
hole-injection capabilities of the PNPF series of HILs. We com-
pared the threshold voltages (V,,), defined as the voltage at
which the current density increased sharply in the low-voltage
regime using a log-log plot. Figure 3b shows that V,, was
165V for the PANI:PSS device, but V,; was reduced (0.85-
0.98YV) in the devices using the PNPF series of HILs. The Vi,
tended to decrease slightly as the PFI concentration increased
(0.98 V for PNPF161, 0.92 V for PNPF81, 0.86 V for PNPF41, and
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Figure 2. Device structures using PANI:PSS/PFI as the hole-injection layer.
a) Hole-only device structure and b) device structure of the SM-OLEDs.
Bebq, = bis(10-hydroxybenzo[h]quinolinato)beryllium, C545T = 10-(2-benzo-
thiazolyl)-1,1,7,7-tetramethyl-2,3,6,7-tetrahydro-1H,5H,11H-[1]benzopyrano-
[6,7,8-ijlquinolizin-11-one, Liq=8-hydroxyquinoline lithium.
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Figure 3. The current density versus voltage characteristics (a, b) and injec-
tion efficiencies (c) of hole-only devices with the structure ITO/HIL (50 nm)/
NPB (200 nm)/Al, in which the HILs were the PNPF series or PANI:PSS. m:
PANI:PSS, @: PNPF161, a: PNPF81, ¥: PNPF41, ¢: PNPF21, and ----- : calculat-
ed current density. a) Semi-log plot, b) log-log plot, and c) injection efficien-
cy.

0.85V for PNPF21). The devices with the PNPF series of HILs
showed similar hole current densities, which indicated that the
high WF values of the HILs were mainly pinned to the NPB
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HOMO level (—5.4 eV)."™ We observed a lower current density
of PNPF161 below 4 V despite a high WF value. A small addi-
tion of PFl to PANI:PSS caused extensive self-organization of
PFI at the film surface, but could not result in a gradient in-
crease of WF throughout the film due to the low PFI content.
Therefore, the lower current density of the PNPF161 HIL device
at low voltages despite the high surface WF demonstrated the
importance of a gradient film morphology throughout the HIL
layer for good hole injection.”” In the hole-only PNPF series of
HIL devices, the current density versus voltage characteristics
at low voltages below the current density threshold voltages
clearly followed Ohm's law (J V), indicative of a good hole-in-
jection contact.

The current densities of hole-only devices featuring ohmic
contacts can be calculated according to the space-charge-limit-
ed current (SCLC) model. By combining the SCLC and the
Poole-Frenkel equation,™ the field-dependent SCLC can be
described by Equation (1):

2

nggeoETﬂoeXp(ﬁ\/E) (1)

in which ¢ is the relative dielectric constant, &, is the permittivi-
ty of free space, E is the electric field, L is the thickness of the
organic layer, u, is the zero-field mobility, and § is the Poole-
Frenkel factor. Using Equation (1), we calculated the current
densities of hole-only devices with the structure ITO/HIL/NPB
(200 nm)/Al as a function of bias voltage by using the values
for uy and B (,=3x10"° and 3 =0.004) reported in the litera-
ture.™ The calculated current density versus voltage curves
are plotted together with the measured current densities of
the hole-only devices in Figure 3a. The calculated SCLC current
densities were almost identical to the measured PNPF-series
HIL device current densities. This implies that the hole-only
NPB devices that use the PNPF series of HILs are bulk-limited.
We assessed the injection efficiency for various HILs according

to Equation (2):'®

AM

JBULK

()

in which Jy, is the current density supplied by the contact and
Jsuk represents the maximum current density carried by the
organic layer, assuming ideal ohmic contact, which corre-
sponds to the calculated current density of the hole-only
device. The hole-injection efficiencies from each HIL layer (PAN-
I:PSS and the PNPF series) to the NPB layer were determined
as a function of voltage, as shown in Figure 3c. The injection
efficiencies of the PNPF series of HILs ranged from 0.7 to 0.9
(i.e., close to 1), whereas the injection efficiency from the PAN-
I:PSS HIL layer was less than 0.2. This implies that the PNPF
series of HILs produced nearly ohmic hole-injection contacts,
whereas the PANI:PSS HIL did not. In other words, the PNPF
series of HILs produced devices that followed the bulk-limited
conduction mechanism, whereas PANI:PSS produced devices
that followed the injection-limited conduction mechanism. The
injection efficiencies did not show a meaningful dependence
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on the PFl concentration in the PNPF series of compositions.
This was ascribed to the fact that PFl was preferentially posi-
tioned at the surface through self-organization during a single
spin-coating of the composition composed of PANI:PSS and
PFL® The surface-enriched PFI layer greatly increased the WF
value and, therefore, greatly facilitated hole injection by pro-
ducing nearly ohmic contacts.

SM-OLEDs using the PNPF series as HILs

We fabricated SM-OLEDs using the newly formulated conduct-
ing polymer compositions (PANI:PSS/PFI) as the HiLs, and we
compared the /-V-L characteristics with those of a convention-
al small-molecule HIL (2TNATA, the device structure is shown
in Figure 2b). The /-V-L characteristics of the fluorescent green
light-emitting diodes employing each HIL are plotted in
Figure 4. Figure 4a shows the current density versus voltage
characteristics for devices with each HIL. The current densities
of the devices employing polymeric HILs were higher by an
order of magnitude than that of the device that used a small-
molecule HIL. The current densities of devices using the poly-
meric HILs were similar. The luminance versus voltage charac-
teristics shown in Figure 4b followed the same trend as the
current density versus voltage characteristics. When the HILs
containing a higher concentration of the PFI were employed,
the luminance was enhanced. As a result, the current density
and luminance values for the devices increased as the concen-
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b) 15000+
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Figure 4. (a) Current density versus voltage, and (b) luminance versus volt-
age characteristics of OLEDs, recorded using different HILs. m: PANI:PSS, o:
PNPF161, A: PNPF81, v: PNPF41, o: PNPF21, and X : 2TNATA. The device
structure measured was ITO/HIL/NPB/Bebq,+C545T (2%)/Bebq./Lig/Al.
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Figure 5. The current efficiencies of the OLEDs using PANI:PSS/PFl-series and
PANI:PSS HiLs in the structure ITO/HIL/NPB/Bebq, + C545T (2%)/Bebq,/Liq/
Al. m: PANI:PSS, o: PNPF161, A: PNPF81, v: PNPF41, o: PNPF21, and X:
2TNATA.

tration of PFIl increased, which was attributed to the increased
WF value and thus facilitated hole injection.

We compared the current efficiencies of devices fabricated
using a polymeric HIL and devices fabricated using 2TNATA.
The 2TNATA device showed a current efficiency of 12.1 cdA™.
When the PANI:PSS conducting polymer was employed as the
HIL, a higher efficiency of 15.2 cdA™" was obtained. The maxi-
mum current efficiency (17.3 cdA™") was achieved in the poly-
meric HIL device that contained the highest concentration of
PFI (PNPF21). Figure 3 shows that the hole-injection capabili-
ties of the PNPF series of HILs in the hole-only devices does
not depend heavily on the relative composition. However, the
device current efficiencies depended on the PFl concentration
in the PNPF series of HIL devices (Figure 5), suggesting that an-
other mechanism was available for improving the current effi-
ciency.

In our device structure, the overlying layer of our HIL is the
NPB layer with an ionization potential of 5.4 eV If the WF
value of our HIL is higher than that of NPB, the high WF of the
HIL does not dominantly affect hole-injection capability, which
results in similar hole-injection efficiency for our PNPF series of
HILs. In this case, the electron-blocking ability of surface-en-
riched PFI layer is the main factor for improving current effi-
ciency of the devices using PANI:PSS/PFI HiLs. The thicker sur-
face-enriched PFI layers blocked electrons coming from the
emitting layer to be accumulated close to the HIL interface in
the devices. As the accumulated electrons gathered at the in-
terface, they were partly transferred back to the NPB/emitting
layer (EML) interface to engage in radiative electron-hole re-
combination. Therefore, the PFl-enriched surface layer com-
pensated for the poor electron-blocking properties of the NPB
layer. As a result, efficient hole injection and electron blocking
by the PNPF series of HILs improved the electron-hole recom-
bination rate in devices, which resulted in a high current effi-
ciency.

These results clearly demonstrate that improved device per-
formances were achieved by using solution-processed PAN-
[:PSS/PFI HiLs in place of PANI:PSS and small-molecule HiLs
(2TNATA) in SM-OLED:s.
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Conclusion

This work demonstrated the preparation of high-efficiency SM-
OLEDs by employing polyaniline-based conducting polymer
compositions containing PFl as the HIL through a single spin-
coating self-organization process. The PFl was preferentially
positioned at the surface of the hole-injection layer and in-
creased the WF value, as measured by UPS and XPS. The PAN-
I:PSS/PFI layers showed much higher WF values (5.8-6.0 eV)
than the conventional PEDOT/PSS (5.0-5.2 eV) and 2TNATA
(5.1 eV) layers. The higher WF values produced by PFI lowered
the hole-injection barrier from the HIL to the EML. However,
the WF values of the HILs tended to be pinned to the HOMO
level of the hole transporting layer (NPB) so that the hole-injec-
tion efficiencies were comparable (0.7-0.9) and independent of
the PFl concentration in the PANI:PSS/PFI composition. The
high hole-injection efficiencies close to one imply that the
PANI:PSS/PFI HILs produced a nearly ohmic hole-injection con-
tact. We achieved a current efficiency of 17.3 cdA™' using our
HIL, which was much higher than that obtained by using
small-molecule HiLs (12.1 cdA™"). The improved efficiency was
attributed to improved hole-injection and electron-blocking
properties at the PFl-enriched surface. This work clearly dem-
onstrates the utility of polymeric HILs with high WF values and
self-organized chain morphologies for the fabrication of
vacuum-deposited SM-OLEDs. Since the polymeric HILs outper-
formed a small-molecule HIL (2TNATA) in terms of current effi-
ciency, the use of these new polymeric HILs in OLEDs can im-
prove the performance of conventional SM-OLED devices as
well as simplify the vacuum fabrication process by the intro-
duction of a nonvacuum solution process to reduce fabrication
costs.

Experimental Section

Synthesis of the PANI:PSS solution: Water-dispersible PANI:PSS syn-
thesized at a 1:6 weight ratio was used. The aqueous PSS solution
was produced by adding a quantity of PSS to water followed by
stirring. The PANI:PSS solution was synthesized by oxidative poly-
merization of aniline in the presence of HCl and PSS. Aniline mono-
mers (0.53 mmol) were introduced dropwise to a 0.5M aqueous so-
lution of HCI (35 mL) followed by stirring for 2 h. Then, as-prepared
aqueous PSS solution (0.6 g) was added to the mixed solution fol-
lowed by stirring for 1 h. The polymerization of aniline proceeded
in the presence of ammonium persulfate (APS; 0.69 mmol) as the
oxidizing agent over 12 h at 25°C. After polymerization, a dark-
green solution of PANI:PSS was obtained.

Device fabrication: The hole-injection layers (PANI:PSS, PANI:PSS/
PFI) about 50 nm thick were spin-coated on top of a precleaned
ITO/glass substrate. PANI:PSS and PANI:PSS/PFI compositions were
baked sequentially on a hot plate in air at 150°C for 10 min then
in a N, glove box at 150°C for 10 min. Organic layers consisting of
20 nm thick NPB, 30 nm thick Bebq,:C545T, and 20 nm thick Bebq,
were sequentially deposited on the hole-injection layers under
high vacuum (<5x107" torr). Cathode layers of Lig (1 nm)/Al
(130 nm) were deposited under high vacuum (<5x 1077 torr). The
devices were encapsulated with a glass lid by using a UV-curable
epoxy resin.
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Device characterization: The /-V-L characteristics were obtained by
using a Keithley 236 source measurement unit and a Minolta
CS2000 Spectroradiometer. The device lifetimes were recorded by
using a McScience Polaronix OLED Lifetime Test System.
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