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ABSTRACT: A novel hole injecting and transporting polymer, poly[N,N'-diphenyl-N,N’-bis(4-amino-
biphenyl)-(1,1'-biphenyl)-4,4'-diamine pyromellitimide] (PMDA-DBABBD PI), was obtained by thermal
imidization from its poly(amic acid) (PAA) made by the reaction of pyromellitic dianhydride with the
DBABBD that was chemically reduced from N,N'-diphenyl-N,N'-bis(4-nitrobiphenyl)-(1,1'-biphenyl)-4,4'-
diamine synthesized through the palladium-catalyzed amination. The materials were characterized by
using 'H NMR, 3C NMR, FT-IR, HR GC-MS, EA, and DSC. The characteristics of the PAA or PI thin
films were investigated with XPS and an impedance spectroscopy. The hybrid light-emitting devices
(HOLEDSs) with the PAA and PI thin films were fabricated to examine the performance of the polymeric
thin films as a hole injecting and transporting layer. The PI thin film having the glass transition
temperature of 200 °C showed stable characteristics in the application for the HOLED whereas the PAA
thin film seemed to be unstable. The power efficiency of the HOLED with the PI thin film was 0.23 cd/A

at 4000 cd/m?2.

Introduction

Much attention has been paid to an organic light-
emitting device (OLED), an organic electroluminescent
device (OELD) in more detail, because it is considered
as the most prospective candidate for a flat panel
display since a hole transporting organic small molecule
classified as an aromatic tertiary amine derivative has
been successfully applied for decreasing the working
voltage of the OLED below 10 V despite its much lower
hole drift mobility of approximately 1072 ~ 10~7 cm?/(V
s) than the well-known inorganic semiconductor.!?
Because of the breakthrough of the materials and
processes, the passive matrix displays using these
organic small molecules have been commercialized.®
However, a small molecule has a potential weak point
such as low impact strength, interdiffusion between
organic layers, and process limitation in a vacuum only.
This regard motivated to develop several types of hole
transporting polymers such as side-chain polymers,*—12
main-chain polymers,3=1° cross-linked polymers,20—25
and polysilanes?6-2% because a polymer has generally
high toughness compared to a small molecule as well
as it can be processed under a wet condition which is
relatively cheaper than a dry process in a vacuum. The
application of these polymers for the OLED created a
new category of a hybrid OLED (HOLED), which is
named to differentiate it from the conventional OLED
with the small molecules only.

An aromatic polyimide has been regarded as one of
the high-performance polymers for a thin-film applica-
tion in microelectronic devices and liquid crystal dis-
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plays due to its outstanding mechanical, chemical,
thermal, and physical characteristics.39~32 In particular,
the excellent planarizability of an aromatic polyimide
is another reason why it can be applied as an active
organic layer passing charge carriers, i.e., electrons or
holes, because an uniform emission cannot be achieved
if the thickness of the active layer is not same over the
entire area owing to the poor planarization of organic
layers. In this sense, several applications have been
reported for the HOLED using the polyimides such as
insoluble light-emitting polyimides,33—37 soluble light-
emitting polyimide,383° insoluble hole transporting
polyimides,*=44 insoluble light-emitting molecularly
doped polyimides,*>~47 soluble hole transporting mo-
lecularly doped polyimide,*®-51 and insoluble hole trans-
porting molecularly doped polyimides.52-5¢ However, an
aromatic polyimide cannot practically exhibit a high
luminance and efficiency owing to the quenching effect
of an imide group that easily makes charge-transfer
complexes.3® Therefore, it is reasonable for a practical
use as a device or display product that the actual
application of the polyimide is limited to a hole injecting
or transporting layer, not an emission layer (EML).

Recently, we have reported that poly[N,N'-di-
phenyl-N,N’'-bis(4-aminobiphenyl)-(1,1'-biphenyl)-4,4'-
diamine pyromellitimide] (PMDA-DBABBD PI) pre-
pared via a vapor deposition polymerization shows an
excellent thermal stability compared to the hole inject-
ing or transporting small molecules from the examina-
tion by the capacitance—temperature measurement
technique.*® In this study, we report the synthesis and
characteristics of the PMDA-DBABBD PI as well as the
application for the HOLED.
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Experimental Section

Materials. All materials for a monomer synthesis were used
as received in a reagent grade from Aldrich Chemical Co.
However, further purification procedures were carried out for
a poly(amic acid) synthesis because of the moisture-sensitive
characteristics of a dianhydride moiety. Pyromellitic dianhy-
dride (PMDA, 2a) was purified by a vacuum sublimation
method under the base pressure of 1072 Torr. N-Methyl-2-
pyrrolidinone (NMP) was distilled from phosphorus pentoxide
to remove remnant water molecules. Tris(8-hydroxyquinoli-
nato)aluminum (Alg3, not sublimed, TCIl) and lithium—
aluminum (Li:Al, 0.1% Li, RPVD Co.) alloy were used as
received for the HOLED fabrication.

Synthesis of 4-Bromo-4'-nitrobiphenyl (1b). 4-Bromo-
biphenyl (4.66 g, 1a, Aldrich) was added to a mixture contain-
ing sulfuric acid (6 g, Aldrich) and acetic acid (35 g, Aldrich)
in a three-necked flask equipped with a condenser and a
magnetic stirrer. After well-mixing of the mixture, 60% nitric
acid (2.21 g, Aldrich) was dropped slowly thereto at 25 °C for
5 min, followed by continuous heating of the mixture at 75 °C
for 4 h. Then the reaction mixture was cooled to room
temperature, and the precipitates were filtered with a glass
filter. The filtrates were washed with deionized water and
dried at 60 °C for 3 days. The dried product, 4-bromo-4'-
nitrobiphenyl (1b), was a white solid, and the final weight was
4.4 g (yield 80%); mp 177.2 °C. MS m/e Calcd: 276.99 (M™).
Found: 277.06 (M*). 'H NMR (CDClg): ¢ 8.24 (d, 2H-3',5', B),
7.68 (d, 2H-2',6', B), 7.57 (d, 2H-3,5, A), 7.44 (d, 2H-2,6, A).
3C NMR (CDClg): 6 146.3 (1C-4', B), 142.7 (1C-1', B), 137.6
(1C-1, A), 132.3 (2C-3,5, A), 128.9 (2C-2,6, A), 127.6 (2C-2',6',
B), 124.2 (2C-3',5', B), 123.5 (1C-4, A). Elemental Anal. Calcd
for C1oHgBriN;Oz: C, 51.83; H, 2.90; Br, 28.73; N, 5.04; O,
11.51. Found: C, 51.73; H, 2.89; Br, not measured; N, 5.10;
O, not measured.

Synthesis of N,N'-Diphenyl-N,N'-bis(4-nitrobiphenyl)-
(1,1'-biphenyl)-4,4'-diamine (1d). 4-Bromo-4'-nitrobiphenyl
(2.92 g, 1b), N,N'-diphenylbenzidine (1.68 g, 1c), palladium-
(11) acetate (55 mg, Aldrich), and tri-o-tolylphosphine (220 mg,
Aldrich) were added to a refined xylene (10 mL, Aldrich) and
stirred until a well-mixed solution. Sodium tert-butoxide (1.25
g, Aldrich) was added thereto under a nitrogen atmosphere.
Then the mixture was heated at 120 °C for 3 h. After finishing
the reaction, the reacted mixture was cooled to room temper-
ature, and chloroform (50 mL, Aldrich) was added thereto. The
resulting solution was filtered, and the solvent was removed
from the filtrate under a reduced pressure. The residue was
purified by a silica gel column chromatography with the
mixture of chloroform and n-hexane (50:50) as an eluent. The
purified product, N,N’'-diphenyl-N,N’'-bis(4-nitrobiphenyl)-(1,1'-
biphenyl)-4,4'-diamine (DBNBBD, 1d), was 2.63 g (yield 72%);
mp: not detected. MS m/e Calcd: 730.26 (M*). Found: 730.25
(M*). 'H NMR (DMSO-dg): ¢ 8.27—8.24 (d, 4H-2,6, A), 7.93—
7.89 (d, 4H-3,5, A), 7.75—-7.72 (d, 8H-3,5, B, C), 7.63—7.60 (d,
4H-3,5, D), 7.40—7.35 (t, 8H-2,6, B, C), 7.17—7.07 (m, 6H, D).
3C NMR (DMSO-dg): 9 146.0 (2C-1, A), 130.9 (4C-1, B, C),
129.8 (4C-4, B, C), 128.4 (4C-3,5, D), 127.5 (8C-3,5, B, C), 126.9
(4C-3,5, A), 125.1 (2C-4, D), 124.6 (8C-2,6, B, C), 124.1 (4C-
2,6, D), 122.5 (4C-2,6, A). Elemental Anal. Calcd for CsgH34-
N4O.: C, 78.89; H, 4.49; N, 7.67; O, 8.76. Found: C, 78.90; H,
4.93; N, 7.59; O, 8.58.

Synthesis of N,N'-Diphenyl-N,N'-bis(4-aminobiphenyl)-
(1,1'-biphenyl)-4,4'-diamine (1e). The DBNBBD (1.46 g, 1d)
and sodium hydrosulfide (0.64 g, 70% solution, Aldrich) were
added to a three-necked flask filled with a mixture of n-butyl
alcohol (25 mL, Aldrich) and deionized water (2 mL). Then
the mixture was heated at 110 °C for 24 h for the chemical
reduction reaction. After cooling the reaction mixture to room
temperature, the solvent was distilled off under a reduced
pressure. The resulting residue was washed with deionized
water (10 mL) for several times and filtered with a glass filter.
Finally, the filtrates were dried in a vacuum oven at 75 °C for
4 days. The weight of the product, N,N'-diphenyl-N,N'-bis(4-
aminobiphenyl)-(1,1'-biphenyl)-4,4'-diamine (DBABBD, le),
was 1.16 g (yield 91%); mp: not detected. MS m/e Calcd:
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670.31 (M*). Found: 670.31 (M"). 'H NMR (DMSO-dg): 0
7.58—7.48 (d, 12H-3,5, A, B), 7.35—7.30 (d, 4H-3,5, D), 7.09—
7.03 (d, 2H-4, D), 6.64 (d, 12H-2,6, A, B, C), 6.61 (d, 4H-2,6,
D), 5.21 (d, 4H, amino). 3C NMR (DMSO-de): ¢ 148.1 (2C-1,
A), 147.1 (2C-4, A), 146.2 (4C-1, B), 135.8 (4C-4, B), 129.5 (4C-
3,5, A), 127.1 (8C-3,5, B), 126.8 (4C-3,5, A), 123.8 (2C-4, D),
123.3 (4C-2,6, D), 122.9 (8C-2,6, B, C), 114.3 (4C-2,6, A).
Elemental Anal. Calcd for CsgHssN4: C, 85.94; H, 5.71; N, 8.35.
Found: C, 86.63; H, 5.85; N, 8.29.

Synthesis of Poly[N,N'-diphenyl-N,N'-bis(4-aminobi-
phenyl)-(1,1'-biphenyl)-4,4'-diamine pyromellitamic acid]
(2c). PMDA (1.09 g, Aldrich, 2a) was slowly added to a solution
of the DBABBD (3.35 g, 1e) in NMP (82.06 mL) in a glovebox
charged with a dried argon gas. The solution was further
stirred for the polymerization reaction at room temperature
for 48 h. Then the solution was poured into methanol (1500
mL) with vigorous stirring. The precipitate was filtered with
a glass filter. For several times, the filtrate was dissolved in
NMP and subsequently precipitated into methanol in order
to remove some parts of impurities and low molecular weight
residues. The finally purified filtrate was dried at 60 °C for
12 h in a vacuum oven. The dried product, poly[N,N'-diphenyl-
N,N'-bis(4-aminobiphenyl)-(1,1'-biphenyl)-4,4'-diamine pyrom-
ellitamic acid] (PMDA-DBABBD PAA) (2b), was 3.2 g (yield
72.1%). FT-IR (KBr pellet): 3295 (amide N—H stretching),
3030 (aromatic Ar—H), 3400—2400 (carboxylic acid O—H),
1730 (carboxylic acid C=0), 1660 (amide C=0), 1592 (amide
N—H bending), 1316—1277 (amide C—N), 825 (amide N—H
out-of-plane bending), 900—500 cm~* (aromatic C—H out-of-
plane bending).

Thin-Film Fabrication. To measure the optical absorption
and the photoluminescence (PL), the DBABBD thin film was
deposited onto a quartz substrate by a resistive thermal
evaporation process in a vacuum of 10~7 Torr. The thickness
of the DBABBD thin film was 500 A. The 2 wt % solution of
the PAA in NMP was spin-coated onto a quartz substrate and
an indium—tin oxide (ITO) glass for the measurement of the
optical absorption and the surface composition, respectively.
The PAA thin film was soft-baked at 80 °C for 4 h and followed
by thermal imidization at 250 °C for 2 h, leading to the PI
thin film. The thickness of the PAA and PI thin films was 240
and 150 A, respectively.

Device Fabrication. Two kinds of devices were fabri-
cated: one is a hole-only device (HOD) and another a HOLED.
The ITO glass was patterned in a strip size of 2 mm x 30 mm.
The patterned ITO glass was ultrasonically cleaned in deion-
ized water with a non-phosphorus detergent and finally
washed in ethanol before drying. To make the HOD, the same
procedures as used in the Pl thin-film fabrication were applied,
except for the different spinning speed. Next the aluminum
was deposited on top of the PI thin film by the thermal
evaporation in a vacuum chamber. The thickness of the P1 thin
film and the aluminum electrode was 500 and 2500 A,
respectively. For the fabrication of the HOLED, the same PAA
and PI thin films as prepared in the thin film fabrication were
coated as a hole injecting and transporting layer (HITL) onto
the patterned ITO glass. On top of the PAA and PI thin films,
the 600 A thick Alg3 thin film as an EML was deposited and
followed by the evaporation of the Li:Al cathode. As a final
step, the HOLEDs were encapsulated with a stainless can and
a calcium oxide type desiccant.

Measurements. 'H NMR and *C NMR spectra were
acquired by using a Fourier transform nuclear magnetic
resonance system (FT-NMR, Varian Unity Plus 300, 300 MHz,
Varian). An element analysis was conducted with an elemental
analyzer (EA, Vario EL, Elemental Analysen Systeme). The
molecular mass of the synthesized materials was measured
by using a high-resolution gas chromatography—mass (HR GC-
MS) system (Profile HV-3, KRATOS). The infrared transmis-
sion spectrum of the powders was obtained with a Fourier
transform infrared spectrometer (FT-IR, Protégé 460, Nicolet).
An ultraviolet—visible spectrophotometer (UV—vis, Perkin-
Elmer Lambda 9) was used for the measurement of the optical
absorption spectra of the thin films. A melting point and a
glass transition temperature were measured with a differential
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Scheme 1. Synthetic Routes for
4-Bromo-4'-nitrobiphenyl, BDNBBD, and DBABBD
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scanning calorimeter (DSC 2910, TA Instruments Inc.) as a
typical ramp rate of 10 °C/min. The surface composition of the
PAA and PI thin films was analyzed by using an X-ray
photoelectron spectroscopy multitechnique system (XPS, PHI
5700) equipped with a monochromatic Al Ka X-ray source (hv
= 1486.6 eV). A photoluminescent (PL) spectrum was mea-
sured with a spectroscopy system (JOBIN-YVON 270M, SPEX
Instruments Inc.) equipped with a monochromator and a
photomultiplier tube. The capacitance of the thin films was
measured with an impedance analyzer (4192A, Hewlet-Pack-
ard). The luminance—voltage and electroluminescent (EL)
characteristics were obtained with an electrical measurement
system equipped with an electrometer (SMU237, Keithley) and
a candela meter (PR650, Photo Research Inc.). The thickness
of all thin films was measured by using a surface profiler
(P-10, Tencaor).

Results and Discussion

Synthesis of Monomers and Polymer. 4-Bromo-
4'-nitrobiphenyl (1b) was easily obtained with the
average yield of 80% as shown in Scheme 1 by the direct
nitration of 4-bromobiphenyl (1a) in the presence of the
mixed acid solution of concentrated sulfuric acid, nitric
acid, and acetic acid.>” The results are shown in Figure
1. The found mass was almost similar to the calculated
one. The *H NMR and 13C NMR spectra show clearly
the peak split owing to the different environment of
protons and carbons after the nitration reaction.

The DBNBBD (1d) was synthesized with the pal-
ladium-catalyzed amination reaction reported by Yama-
moto et al.5® It was observed through a thin-layer
chromatography tracing technique that a monosubsti-
tuted compound was dominant at the initial stage, but
it gradually disappeared with time whereas the popula-
tion of a disubstituted derivative became rich. The
characterization results are shown in Figure 2. The
found mass almost exactly coincided with the calculated
one. No proton peaks in the chemical shift below 7 ppm
where the secondary amine protons generally appear
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Figure 1. HR GC-MS (a), *H NMR (b), and 33C NMR (c)
spectra of 4-bromo-4'-nitrobiphenyl synthesized in this work.

prove that the tertiary amine was successfully made by
the present amination reaction.

The DBNBBD (1d) was converted into the DBABBD
(1e) by the reduction reaction utilizing sodium hydro-
sulfide as a catalyst. As shown in Figure 3, the found
mass shows the same value as calculated. Both the
proton peak at around 5.51 ppm and the carbon peak
below 120 ppm reveal the formation of amino groups
reduced from the nitro groups in the DBNBBD mol-
ecule.

Scheme 2 shows the schematic drawing for the
polymerization of the PAA (2b) from the DBABBD (1e)
and PMDA (2a). The polymerization reaction was
performed at room temperature, but at the initial stage
of the reaction some heat was monitored corresponding
to the exothermic reaction frequently occurred in the
conventional polymerization of a poly(amic acid). When
the reaction time was 48 h, there was no more increase
in the viscosity of the reaction medium. So at this time
the reaction was terminated, and the solution was
worked up to the solid state. Figure 4 shows the FT-IR
spectrum of the PAA (2b) powder. From the character-
istic transmission peaks such as 3295 cm~1 for an amide
N—H stretching, 1660 cm~! for an amide C=0 stretch-
ing, 1592 cm~1! for an amide N—H bending, 1316—1277
cm™1! for an amide C—N bending, and 825 cm™! for an
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Figure 2. HR GC-MS (a), 'H NMR (b), and 3C NMR (c)
spectra of DBNBBD synthesized in this work.

amide N—H out-of-plane bending, it was disclosed that
the amide group was actually created by the reaction
between the amines in the DBABBD (1e) and the
dianhydrides in PMDA (2a). The color of the poly(amic
acid) was slightly yellowish.

Thermal Property of Monomer and Polymer.
Figure 5 shows the DSC thermogram of the DBABBD
powder obtained from the third run after the first
heating and second quenching runs in order to remove
a previous thermal history induced during the synthesis
procedures. The glass transition started at ca. 125 °C,
and the glassy phase changed into an amorphous state
at ca. 135 °C. No melting was detected by the DSC
experiment even above 330 °C. In Figure 6A, the
thermal imidization condition of the PAA powder was
examined by raising the temperature up to 250 °C and
keeping it isothermal for ca. 130 min. The thermal
dehydration reaction initialized at around 100 °C, and
the most significant change was taken place at ca. 145
°C. The change was continued up to 250 °C. From the
level-off time of the heat flow in the inset figure, the
time for the complete thermal imidization is assumed
to be approximately 70 min. This sample was cooled to
room temperature and run again to measure the glass
transition temperature as shown in Figure 6B. The glass
transition started at ca. 230 °C and finished at ca. 290
°C. This transition over a long temperature range is very
similar to a typical transition behavior of a polymer
rather than a small molecule (monomer).

Optical Properties of Monomeric and Polymeric
Thin Films. The UV—vis absorption and PL spectra of
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Figure 3. HR GC-MS (a), 'H NMR (b), and *C NMR (c)
spectra of DBABBD synthesized in this work.

Scheme 2. Synthetic Routes for PMDA-DBABBD PAA
and PMDA-DBABBD Pl
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the DBABBD (1e) thin film on a quartz substrate are
shown in Figure 7. The optical band gap of the thin film
can be calculated as approximately 2.95 eV from the
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Figure 6. DSC thermogram of the PMDA-DBABBD PAA (A)
and PMDA-DBABBD PI (B) powders.
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onset wavelength of ca. 420 nm in the absorption
spectrum. The wavelength exhibiting a maximum PL
intensity was ca. 440 nm with a medium-intensity
shoulder at ca. 480 nm. It is regarded from the optical
absorption properties that the DBABBD (1e) thin film
itself can be used as a blue EML as well as a HTL even
though the accurate band energy levels such as an
ionization potential and an electron affinity should be
measured. Figure 8 shows the absorption spectrum of
the PAA and PI thin films coated onto a quartz
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Figure 7. Optical absorption (a) and photoluminescence (b)
spectra of the DBABBD thin film on a quartz substrate.
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Figure 8. Optical absorption spectra of the PMDA-DBABBD

PAA (a) and PMDA-DBABBD PI (a) thin films on a quartz
substrate.

substrate. The shape of the absorption spectra re-
sembles that of the DBABBD thin film with a marginal
spectral shift toward a low-energy region. The baselines
shown in the figure were drawn in order to calculate
the optical band gap because the onset point is not
clearly observed for both the PAA and PI thin films. On
the basis of the baselines, the optical band gaps were
calculated as approximately 2.6 and 2.8 eV for the PAA
and PI thin films, respectively. However, it should be
noted from the weak absorption at the longer wave-
length above 450 nm that there is a possible formation
of other gap states. For both the PAA and PI thin films,
the PL was almost undetectable at the excitation of 365
nm. This is why the electrons in the excited state
pumped optically from the ground state or the excitons
generated are trapped and then disappeared by a
nonradiative energy transfer process owing to the
intramolecular or intermolecular charge transfer (CT)
complex formed between the carbonyl group as an
acceptor and the aromatic or amino group as a donor
even though a fluorescent emission has been reported
for some polyimide systems.3° In this regard, it can be
assumed that the weak absorption at the longer wave-
length region is originated from the CT complexes in
the polymeric thin films.

Surface Characteristics of the PAA and Pl Thin
Films. Figure 9 shows the deconvoluted C 1s core level
XPS spectrum for the surface of the PAA and PI thin
films. The PAA thin film surface has several charac-
teristic C 1s peaks at 284. eV for aromatic C—C bonds,
284.8 eV for C—N bonds, 285.8 eV for carboxylic acid
C—0 bonds, 287.9 eV for amide C=0 bonds, and 288.8
eV for carboxylic acid C=0O bonds. It is proved again
that the PAA was really synthesized because its film
surface has two different carbonyl C 1s peaks, meaning
the different electronic environments. However, the Pl
thin film shows the single C 1s carbonyl peak at 288.7
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Figure 9. XPS spectra of the PMDA-DBABBD PAA (A) and
PMDA-DBABBD PI (B) thin films on an ITO glass substrate.

T T
o 104 E \ S
£ E o 3
3 r J__v2.7 . b
> 100 . 5
' F J~V'
8 102 J~Vig 4
15. 101 §J~V1.3 _
(&) E . 3

100 NI BT B

101 100 10"

Applied Voltage (V)

Figure 10. Variation of the current density as a function of
applied voltage for the HOD consisted of glass/ITO/PMDA-
DBABBD PI/Al.

eV, meaning that the carbon atom in the carbonyl group
exists under the same electronic environment. This is
why only imide groups were made by the dehydration
reaction between the carboxylic acid and amide groups
of the poly(amic acid) during the thermal imidization
process. In addition, no C—O peak for a carboxylic acid
is another evidence for the successful imidization. In
particular, more increased binding energy is observed
for the C—C (284.7 eV) and C—N (285.6 eV) bonds in
the PI thin-film surface than the PAA thin film. It is
considered that this binding energy increase is owing
to the increased packing density between the PI chains
during the thermal imidization process.
Characteristics of HODs. The current density—
voltage (J—V) characteristic of the HOD fabricated with
the PI thin film is shown in Figure 10. The J—-V plot
shows the typical regimes such as an ohmic (m = 0.3),
a space charge limited (m = 1), a trap charge limited
(m = 1.7), and a trap-free space charge limited (m = 1)
in the power-law model (J ~ V™*1).51 In addition to the
typical regimes, another regime (m = 0.3) similar to an
ohmic was observed at high electric field. From the
relatively low m value compared to the other reports,!
it is considered that a small trap state exists in the
present HOD even though the device passes hole car-
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Figure 11. Energy band diagram of the HOD consisted of
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Figure 12. Variation of the capacitance and the dissipation
factor (inset) as a function of temperature for the HOD
consisted of glass/ITO/PMDA-DBABBD PI/Al at 1 kHz.

riers only. The ionization potential of the PI thin film
on the ITO substrate was obtained as 5.12 eV by the
ultraviolet photoelectron spectroscopy (UPS) method
described in the previous work.>® The difference in the
UPS measurement is that the present work applied the
spin-coating as the preparation method of the thin film
while a thermal evaporation was used in the previous
work. As shown in Figure 11, the energy band diagram
of the HOD can be built on the basis of the ionization
potential and the work function of the ITO.% From this
energy band diagram, it is clear that the present HOD
mainly passes a hole rather than an electron because
of the higher barrier between the conduction band of
the PI thin film and the Al electrode.

Figure 12 shows the variation of the capacitance as a
function of temperature at the frequency of 1 kHz. The
capacitance was almost not changed below 200 °C,
meaning no further reactions by the other causes, except
the space charges, affecting the capacitance increase
described in Figure 12A. However, the capacitance was
changed at around 200 °C and slightly became higher.
This is owing to the increased electrical resistance in
the film as well as the distorted or degraded interface
between the PI thin film and the electrodes by the PI
main-chain relaxation at around the glass transition
temperature. The relaxation behavior was also observed
from the dissipation factor in the inset figure. The
capacitance—temperature (C—T) result indicates that
the glass transition temperature of the PI thin film is
about 200 °C. Here it is noteworthy that the glass
transition temperature of the PI thin film is almost 30
°C lower than that of the P1 powder as shown in Figure
6.

Characteristics of HOLEDs. Figure 13 shows the
characteristics of the HOLED with the PAA thin film
as a HITL. The turn-on voltage is ca. 8 V while the first
charge injection occurs at ca. 3 V in the presence of a
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Figure 13. Variation of the current density and the lumi-
nance as a function of applied voltage for the HOLED consisted
of glass/ITO/PMDA-DBABBD PAA/AIg3/Li:Al. The inset figure
shows the EL spectra with the applied voltage.
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Figure 14. Variation of the device efficiency as a function of
current density for the HOLED consisted of glass/ITO/PMDA-
DBABBD PAA/AIq3/Li:Al.

current bump at around 3—5 V. Therefore, the balanced
injection of the electrons and holes is not achieved for
the present device. It is thought that the major cause
for the unbalance is mainly ascribed to the charge
accumulation near the PAA-AIq3 interface even though
the space charge effect still exists at the PI thin film—
electrode interface. To emit a light, the hole carriers
have to transport into the Alg3 emission zone, but most
of them are blockaded at the interface owing to the
relatively large difference in the ionization potential
between the PAA and Alg3 layers. However, the ac-
curate investigation should be further carried out with
the whole energy band diagram. Unfortunately, it is not
available at present because the ionization potential of
the PAA thin film could not be obtained with the UPS
method owing to the unstable signal of the photoelec-
trons from the PAA thin film in an ultrahigh-vacuum
(UHV) chamber.® The major cause of the unstable
signal is the inherently unstable characteristic of the
PAA material, which is generally called as a precursor
meaning an intermediate. In addition, the remnant
solvent molecules captured between the PAA chains are
also one of the causes for the unstable UPS signal
because it can play as an outgas under an UHV
condition. The current bump at the low voltage may be
one of the proofs for the unstable status of the PAA thin
film even though one can regard it as a typical pinhole-
like defect. Despite these problems, the maximum
luminance reached ca. 5000 cd/m? at 20 V. The EL
spectrum was not changed with the applied voltage as
shown in the inset figure. Figure 14 shows the efficiency
behavior of the HOLED with the PAA thin film as a
function of current density. The power efficiency shows
a parabolic behavior with the current density whereas
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Figure 15. Variation of the current density and the lumi-
nance as a function of applied voltage for the HOLED consisted
of glass/ITO/PMDA-DBABBD PI/Alg3/Li:Al. The inset figure
shows the EL spectra with the applied voltage.
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Figure 16. Variation of the device efficiency as a function of
applied voltage and the current density for the HOLED
consisted of glass/ITO/PMDA-DBABBD PI/Alq3/Li:Al.

the luminous efficiency decreases monotonically exhibit-
ing a maximum at very low current density. The
maximum power efficiency was ca. 0.7 cd/A.

Unlike the HOLED with the PAA thin film, no
current bump is observed from the J—V plot of the
HOLED with the PI thin film in Figure 15. This is
considered as a result of the stable characteristic of the
PI thin film as well as the repaired pinholes, if any,
during the thermal imidization process. However, the
HOLED with the PI thin film is also regarded as an
unbalanced device because the voltage difference be-
tween the charge injection (ca. 2 V) and the turn-on (ca.
6 V) is still large. The maximum luminance of ca. 4000
cd/m2 was achieved in the presence of the saturated
light emission above 20 V. The EL spectra having the
peak at ca. 520 nm were not significantly shifted with
the applied voltage as shown in the inset figure. The
efficiency behavior is somewhat similar to the HOLED
with the PAA thin film as shown in Figure 16. However,
the HOLED with the PI thin film exhibited almost a
half value in the power efficiency compared to that with
the PAA thin film. This means that the present device
with the PI thin film is relatively less balanced than
that with the PAA thin film. The unbalanced injection
can be expected from the band diagram shown in Figure
17.51 The electron injection from the Li:Al cathode into
the conduction band of the Alg3 layer is easier than the
hole transport from the valence band of the PI thin film
into that of the Alg3 layer. That is, most of the hole
carriers reside at the valence band of the PI thin film
owing to the large energy barrier height of ca. 0.78 eV
while the electrons exist at the conduction band of the
Alqg3 layer. This confinement of both carriers acts as a
space charge leading to the reduction in the internal
voltage across both electrodes. Consequently, it results
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Figure 17. Energy band diagram of the HOLED consisted of
glass/ITO/PMDA-DBABBD PI1/Alg3/Li:Al.

in the degradation of the device performance. From the
viewpoint of this barrier height explanation affecting
the device performance, it is considered that the ioniza-
tion potential of the PAA thin film may be higher than
that of the PI thin film because the HOLED with the
PAA thin film shows higher efficiency than that with
the PI thin film. To overcome the unbalanced recombi-
nation between electrons and holes, a HTL having a
suitable ionization potential of desirably 5.4 eV should
be introduced between the PI thin film and the Alg3
layer.®1 In addition, the application of an insulating
electron injecting layer such as LiF is also helpful to
adjust the electron injection against the minor holes
diffused from the anode side.5?

Conclusions

The hole injecting and transporting polyimide, PMDA-
DBABBD PI, was prepared from its soluble precursor,
PMDA-DBABBD PAA, which was synthesized with
PMDA and the DBABBD obtained from DBNBBD. The
onset temperature of the glass transition for the
DBABBD and PI powders was 125 and 230 °C, respec-
tively. However, the glass transition temperature of the
PI thin film decreased to 200 °C. The band gap energy
of the PAA thin film was 2.6 eV while that of the PI
thin film was 2.8 eV, which are slightly narrower than
that of the DBABBD thin film. The C 1s peak related
to the carbonyl group of the PI thin film was single
whereas two C 1s peaks were observed for the PAA thin
film. It means that the PAA was successfully converted
into the PI by thermal imidization. The HOLED with
the PAA thin film was unstable in the current injection
because of the inherent imperfectness of the PAA itself.
Although both HOLEDs with the PAA and PI thin films
exhibited a high luminance more than 4000 cd/mZ, they
seem to be unbalanced with regard to the low efficiency
as well as the big difference between the charge carrier
injection and the turn-on of light. In conclusion, it is
expected that the HOLED with the PI thin film should
have excellent performance once the ionization potential
of the PI thin film is modified or other guest HTL is
included between the PI thin film and the anode.
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