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Abstract

Light emitting polyimide (PI) thin films are successfully prepared from two kinds of diamines: 2,5-Bis(4-aminophenyl)-
1,3,4-oxadiazole (BAO) and 4,4'-(9-Fluorenylidene)dianiline (BAPF) reacting with 4,4’-(Hexafluoroisopropylidene)diphth-
alic anhydride (6FDA) by vapor deposition polymerization (VDP). We succeed to reduce the thickness of the thin
polyimide film to 150 A, and the threshold voltage of BAO-6FDA and BAPF-6FDA PI light-emitting diodes to 4.5 V
and 6.5 V respectively. The root mean square of the surface roughness of the BAO-6FDA and BAPF-6FDA PI films
are 8.8 A and 4.7 A respectively. But that of the BAO-6FDA film from wet coating process is 37.1 A. Apparently,
VDP process is the better way to produce smooth polyimide film. The BAO-6FDA LED film emits a broader elec-
troluminscence (EL) band, covering the full range of visible light (400 nm to 700 nm), than the BAPF-6FDA LED.
However, the electroluminescence efficiency of BAPF-6FDA LED device is better than BAO-6FDA LED device. It
is due to the better balance on the hole and electron injection in the former and better intermolecular charge trans-

fer.

Introduction

Polyimides have been applied in a variety of fields, such as
the aerospace and automotive industries, alignment layers
for liquid crystal displays, interlayer dielectric insulators and
the microelectronics industry, because of their excellent me-
chanical strength, superior thermal and chemical and photic
stabilities, good film formability, and planarizability [1-
6]. Some research groups have demonstrated significant
improvements in photoluminescence (PL) or electolumines-
cence (EL) by using polyimides as a hole transport material
(HTL) [7-12]. Polyimides may also be used as light emit-
ting materials (LED) [13-27]. The published polyimide
light emitting materials may contain the moieties of an-
thracence, or perylene, or metal complex, or tetraphenyl
or terabiphenyl-p-quinquephenyl, or 2,5-distyrylpyrazine,
dibenzofurane, or furyl-substituted biphenylene. Conven-
tionally, a polyimide thin film has been prepared from
its soluble precursor polymer solution by spin coating or
casting. There are some disadvantages by using these wet
processes. It is difficult to remove impurities in monomers
and solvents and easily generate microvoids or pinholes in
the film [28-33]. These impurities or defects may reduce
or destroy the luminescence of the devices. In addition, the
film thickness and thickness uniformity are hard to control.
The vapor deposition polymerization (VDP) method can
overcome the disadvantages of the wet processes. This dry

process may generate fewer impurities and the film thickness
and surface smoothness can easily be controlled.

There is some research about preparation of polyimide
via VDP used in light-emitting diodes. Jou et al. [28] have
prepared single-layer molecularly doped electroluminescent
polymer by co-evaporating PMDA, ODA, TPD and Alqs.
In this case, polyimide is used as a binder but not an active
light emitting material. Kim’s group [29] has reported the
polyimide as a hole-transporting layer with newly synthe-
sized diamine containing TPD moiety. In this study, we try
to study aromatic polyimide as an active light emitting layer
in the device. The poly(amic acid)s are prepared from 2,5-
Bis(4-aminophenyl)-1,3,4-oxadiazole (BAO) and 4,4’-(9-
fluorenyli-dene)dianiline (BAPF) by vapor deposition poly-
merization with 4,4’-(Hexafluoroisopropylidene)diphthalic
anhydride (6FDA). They are then thermally converted into
polyimides. Our laboratory has successfully prepared active
light emitting polyimides by the wet process. The PIs from
6FDA exhibited lower driving voltage than other common
dianhydrides [34]. Oxadiazole-base conjugated polymers
are very attractive as active components in light-emitting
diodes due to their high electron affinity. Aromatic oxa-
diazole compound BAO provided the electron-transporting
and hole-blocking properties. BAPF is the conjugated ma-
terials composed of fluorene and aromatic rings. Fluorene
derivatives have shown thermal and chemical stability and
high fluoresence quantum yield in the solid state. There-
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fore, we expect the PIs from BAPF or BAO with 6FDA
to exhibit excellent electroluminescence by vapor deposition
polymerization.

Experimental

Materials

The reaction route for the preparation of the poly-
imides is shown in Scheme 1. 2,5-Bis(4-aminophenyl)-
1,3,4-oxadiazole (BAO, 98%) from Lancaster and 4,4’-(9-
fluorenylidene)dianiline (BAPF) from Aldrich were dried in
a vacuum oven at 120°C for 3 hours prior to use. 4,4’-
(hexafluoro-iso-propylidene)diphthalic anhydride (6FDA)
from Aldrich Chemical Co. was purified by recrystallization
from acetic anhydride and then dried in a vacuum oven at
125 °C over night.

Vapor Deposition Polymerization and Preparation of
Light-Emitting Diodes

Poly(amic acid) films were prepared from two kinds of
diamines: 2,5-Bis(4-aminophenyl)-1,3,4-oxadiazole (BAO)
and 4,4'-(9-Fluorenylidene)dianiline (BAPF) reacting with
4,4'-(hexafluoro-iso-propylidene)  diphthalic  anhydride
(6FDA) on the precleaned ITO by vapor deposition poly-
merization. The deposition rate was controlled by the boat
temperature. BAO or BAPF and 6FDA were vapor co-
deposited on the ITO glass from the Ta boats in a vacuum
chamber of 5 x 10° torr at the deposition rate of 1 A/sec.
Thermal imidization was then carried out in a furnace at
100 °C for 1 h and 250 °C for 2 h under vacuum. The VDP
polyimide thickness are 150 A, 300 A, 600 A and 800 A. The
metal Al was then evaporated onto the surface of the poly-
imide films to form ITO/PI/AI light-emitting device under
5% 1070 torr at the deposition rate of 10 A/sec.

Characterization

Infrared (IR) spectra were measured with Nicolet Protégé
460. Photoluminescence (PL) spectra of all films were
measured using HITACHI F-4500 Spectrofluorophotometer
with the excitation source at 355 nm. The UV-Vis spec-
troscopy was taken with HP8453 UV-Vis spectrometer. The
energy level of electronic structure of the polymers was de-
termined from UV-Vis absorption spectra and the data of
cyclic voltammetry were measured using CHI600A Elec-
trochemical Analyzer. The cyclic voltammetry was carried
out using Pt counter electrode and a Ag/Ag™ reference at
the scan rate of 10 mv/s. The electrolyte was 0.1 M of
tert-BuNClOy4 in acetonitrile. The results were compared
with a ferrocene/ferrocenium (FOC) couple measured in
the same solution. The deposition rates and film thickness
were monitored by using Maxtek MDC-360 quartz oscil-
lation thickness monitor in deposition. The real thickness
was measured by Alpha Step Dektak ST surface profiler.
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The calibration curve of real thickness vs quartz oscillation
thickness was then used in the following deposition to get
the correct thickness. The electroluminescence (EL) spec-
tra were measured with a Jasco FR-770 spectrometer. The
current-voltage characteristics of the LEDs were measured
with a Keithley 237 electrometer. The intensity-voltage char-
acteristics were measured with a Keithley 237 electrometer
and a photodiode detector connected with a New Port power
meter (Model 1815-C). Atomic force microscopy (AFM)
images were obtained using Digital NaroscopeE + AFM at
the scan rate of 1 Hz. All measurements were carried out at
room temperature.

Results and Discussion

Structure Characterization

Figure 1 shows the FTIR spectra of the polyimide thin films
before and after imidization. Both as-deposited films show
the absorption peaks at 1850 cm™!, and 1780 cm™! due to
the carboxylic anhydride. This indicates the monomers in as-
deposited films still remain nonreacted even at the deposition
rate ratio of 1:1. After imidization, the peaks of the dian-
hydride at 1850 cm™! and 1780 cm™! disappear, and new
absorption peaks at 1780 cm™!, 1720 cm~! and 1380 cm™!
appear; these peaks are associated with the characteristic ab-
sorption of the imide group. The former two peaks are due to
the asymmetric and symmetric C=0 stretching and the last
peak is associated with the C-N stretching. Judging from the
IR spectra, no dianhydride groups are left after imidization.

AFM Images

Figure 2 shows the surface morphology of polyimide films
obtained from two different processes, i.e., vapor deposition
polymerization and wet coating. For the samples prepared
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Figure 1. FT-IR spectra of polyimides: (a) BAO-6FDA and (b)

BAPF-6FDA before and after imidization.
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Figure 2. Surface morphology of the polyimides (800 A): (a) BAO-6FDA
and (b) BAPF-6FDA by vapor deposition; (c) BAO-6FDA by wet coating.
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Figure 3. UV-vis absorption spectra of polyimides BAO-6FDA (OJ) and
BAPF-6FDA (A).

by vapor deposition, the root mean-squared (RMS) rough-
nesses on the BAO-6FDA and BAPE-6FDA PI films (800 A)
are 8.8 A and 4.7 A, respectively. For those prepared by
wet coating, the RMS roughness on the BAO-6FDA thin
film (800 A) is about 37.1 A [34]. The VDP PI film has
a smaller RMS value of the surface roughness. Apparently
VDP process is the better way to produce smooth polyimide
thin film than the wet coating process.

UV-Vis Absorption Spectra

Figure 3 shows the UV-Vis absorption spectra of the poly-
imide films. Absorption of BAO-6FDA ranges from 280 nm
to 400 nm with the absorption peak at 306 nm. Absorption
of BAPF-6FDA ranges from 280 nm to 450 nm with the
absorption peak at 302 nm. The onset of UV-Vis absorp-
tion are located at 370 nm and 429 nm for BAO-6FDA and
BAPF-6FDA, respectively. The oneset of UV-Vis absorption
is used to calculate the energy gap between the highest oc-
cupied molecular orbital (HOMO) and the lowest occupied
molecular orbital (LUMO). The corresponding energy gaps
are 3.35 eV and 2.89 eV, respectively.
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Figure 4. Electroluminescence spectra of polyimide LED devices:
ITO/BAO-6FDA()/Al, ITO/BAPF-6FDA(o)/Al

Electroluminescence Spectra

Figure 4 shows the EL spectra of the PI LED ITO/PI/Al for
the BAO-6FDA and BAPF-6FDA PI films. Both PI films
show broad EL spectra. The emissive peaks are located
at 550 nm and 530 nm with the full-width half maximum
(FWHM) of 196 nm and 135 nm for BAO-6FDA and BAPF-
6FDA PI films, respectively. The emission of BAO-6FDA PI
film is broader and shifts towards longer wavelength com-
pared with that of BAPF-6FDA PI film. Both LED devices
give uniform light emission when a DC positive voltage is
applied to the ITO electrode.

Current Density-Voltage-Brightness (I-V-B) Characteristics

Figures 5 and 6 present the current density-voltage (I-V)
and brightness-voltage (B-V) characteristics for single-layer
ITO/PI/Al light-emitting diodes with three different PI film
thickness. In Figure 5(a), the I-V curves show the character-
istics of typical Schottky-type diode. The threshold voltage
of ITO/BAO-6FDA/ALI single-layer device are about 4.5V,
6 V and 17 V for thickness of 150 A, 300 A, and 600 A,
respectively. ITO/BAPF-6FDA/ALI single-layer devices in
Figure 6 show the threshold voltage 6.5 V, 8 V and 18 V
for thickness of 150 A, 300 A and 600 A respectively. The
current density of the second type of the single-layer devices
is much lower. The EL efficiency of single-layer devices
can be evaluated from the slope of the brightness versus
current density in Figure 7. It is found that thicker PI films
exhibit higher efficiencies for both types of single-layer de-
vices, and BAPF-6FDA LED has a higher EL efficiency than
BAO-6FDA LED although the former has a higher threshold
voltage.

Many papers have revealed that wholly aromatic poly-
imides show a broad fluorescence originating from in-
termolecular charge transfer (CT) complex [35-39]. The
charge at HOMO and LUMO is localized at the electron-
donating aminophenyl fragment and the electron-accepting
imide fragment. This means charge transfer can occur via
the electron HOMO to LUMO transition, and CT can be im-
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Figure 5. (a) Current density-voltage and (b) brightness-voltage charac-
teristics of polyimide LED devices ITO/BAO-6FDA/AI with different PI
thickness: 150 A (0J), 300 A (o) and 600 A (A).

proved by higher electron-acceptability of dianhydrides and
higher electron-donatability of diamines as monomers [38].
The electron-drawing oxadiazole in diamine decreases the
electron-donatability of BAO, and also reduces the CT ef-
fect. It results in the lower efficiency of BAO-6FDA LED
than that of BAPF-6FDA LED. Besides, CT is also affected
by the concentration. Increase in concentration leads to in-
crease in the amount of intermolecular CT sites [39]. That
could be the reason that thicker PI films show higher EL
efficiency. The detailed effects of the CT in PI-LED devices
are currently under investigation.

Cyclic Voltammetry Characteristics

Cyclic Voltammetry is a useful tool to study the electro-
chemical properties and energy level of charge transport
materials. Figure 8 shows the cyclic voltammograms of
polyimide thin films. For BAPF-6FDA and BAO-6FDA PI,
the onset of oxidation (Eyx) occurred at 1.04 V and 1.71 V
respectively, and the onset of reduction (Ey.) occurred at
—1.64 V and —1.48 V respectively. The energy levels of the
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Figure 6. (a) Current density-voltage and (b) brightness-voltage charac-
teristics of polyimide LED devices ITO/BAPF-6FDA/Al with different PI
thickness: 150 A (), 300 A (o) and 600 A (A).
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Figure 8. Cyclic voltammograms of polyimides: (a) oxidation curves; (b)
reduction curves.
polyimides can be estimated from the following equation:

HOMO =
LUMO =

(—4.8 - Eox) eV,
(—4.8 — Er)eV,

where the constant —4.8 is the energy level of ferrocence
related to the vacuum level [40]. The energy levels of two PI
LED are displayed in Figure 9 and summarized in Table 1.
The energy levels of the highest occupied molecular or-
bital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) are —6.51 eV and —3.32 eV referred to the vac-
uum level for BAO-6FDA PI; —5.84 eV and —3.16 eV for
BAPF-6FDA PI. It indicates that BAO-6FDA PI has a lower
electron injection barrier than BAPF-6FDA PI due to the
electron transporting oxadiazole unit. On contrast, BAPF-
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Figure 9. Band diagrams of: (a) ITO/BAO-6FDA/Al and (b)

ITO/BAPF-6FDA/AL

6FDA PI has a lower hole injection barrier than BAO-6FDA
PI. It is due to more hole transporting arylene structure in
BAPF-6FDA polyimide. Compared the energy barrier to
each electrode for both LED devices, ITO/BAPF-6FDA/Al
LED exhibits the more balanced charge injection from the
two electrodes (1.14 eV and 1.04 eV) than ITO/BAO-
6FDA/AI LED. The energy barriers of the ITO/BAO-6FDA
interface and the BAO-6FDA/ALI interface are 1.71 eV and
0.98 eV respectively. Hole injection is more difficult than
electron injection in this device. The electron injection and
the hole injection become imbalanced. Thus, the EL effi-
ciency of BAO-6FDA is lower than that of BAPF-6FDA
LED.

Conclusions

Light emitting thin aromatic polyimide films have been
successfully prepared by vapor deposition polymerization
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Table 1. Electrochemical potentials and energy levels of the polyimides.

Polymer EX i Vs Eroc E(r)fgel vs Epoc HOMO LUMO  Egyp

V) V) (eV) (eV) (eV)
BAO-6FDA 1.71 —1.48 —6.51 —-3.32 —3.19 (—3.35%)
BAPF-6FDA  1.04 —1.64 —5.84 -3.16 —2.68 (—2.89%)

4 Egap stand for the band gap energy estimated from the onset wavelength of the optical absorption.

(VDP) from diamine BAO and BAPF with dianhydride
6FDA. Using VDP process, more smooth surface morphol-
ogy of the LED devices can be obtained than using wet
coating process. Effective active PI LED can be performed
as low as 150 A of PI thickness. The threshold voltage of
the LED decreases with decreasing thickness, which can be
as low as 4.5 V. Both BAO-6FDA and BAPF-6FDA single-
layer LED devices show broad EL spectra. Thicker PI film
exhibit higher efficiencies in both types of LEDs. It could be
resulted from the more CT sites in the thicker PI film then
increasing the intermolecular CT. BAPF-6FDA LED has a
higher EL efficiency than BAO-6FDA LED because of the
more balanced charge injection from both electrodes of the
former device and the stronger intermolecular CT.
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