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ABSTRACT: The photoluminescence and electroluminescence of violet-blue (I) and green (I1) emitting
polymers and their blend were studied. This included the effects of excitation wavelength, concentration,
and film thickness on the photoluminescence; also, double-layer LEDs (ITO/PEDOT/polymer/Ca/Al) were
fabricated and compared with single-layer LEDs. For the first time a strong dependence of the PL spectra
on excitation wavelength for a violet-blue polymer in solution was observed. When the applied voltage
was increased, the EL spectra showed a blue shift, and the emission intensity for the observed higher
energy transition increased at the expense of the lower energy transition. Forster energy transfer in the
photoluminescence and electroluminescence of the polymer blend was also studied. The results indicate
that the energy transfer was independent of excitation wavelength and applied voltage. The LED using
the blend was found to be more efficient than either of the devices using polymers 1 or 11, because polymer
I provides excitons which migrate to the chain of polymer Il and contribute to the total emission.
Furthermore, polymer | acts as a diluent to reduce exciton quenching. The chromophore blend also aids
the separation of PL output from absorption, thereby alleviating self-absorption and improving the device
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efficiency.

Introduction

Light-emitting diodes based on conjugated polymers?
have been studied for more than 1 decade.? Research
has been carried out with the objective of chemically
tuning the emission color of conjugated polymers3—5 and
improving the quantum efficiency, stability, and life-
times.5~8 Currently, conjugated polymers also find other
applications in light-emitting electrochemical cells
(LECs),? photodiodes,° transistors,!! and lasers.?2 The
class of materials has the advantage of a facile color
tunability, of good film-forming property, and of ad-
equate mechanical properties in comparison to inorganic
semiconductors.

Tuning the chemical structure and band gap of
conjugated polymers and designing LEDs emitting
selected colors remains a challenging issue. Up to now
five strategies have been reported for tuning the emis-
sion color of polymer LEDs: changing the main-chain
molecular structure,’®1* changing the side-chain mo-
lecular structure,!® blending a light-emitting polymer
with another polymer617 or with small organic® or
inorganic molecules,’® doping,?® and using multilayer
architectures.?! Polymer blending provides a simple,
low-cost, and often very effective way to obtain new
chromophores for use in LEDs. By carefully selecting
different luminescent polymers for blending and by
controlling the content of the target chromophore in the
blend, one may obtain different emission colors with
reasonable quantum efficiency.?223 In all the PL and EL
studies of conjugated polymer blends, singlet exciton
transfer (Forster energy transfer)?* has been of great
interest. By controlling or using Forster energy trans-
fer,2526 one can control the emission color of LEDs,

* Corresponding author: e-mail fekarasz@polysci.umass.edu.
T University of Massachusetts.
* Clark Atlanta University.

P /\O/Yn
OCgHi3

Polymer I
6H13
Dalaek
HisCe
Polymer II

Figure 1. Structures for polymers | and I1.

obtain white LEDs,?’~20 or reduce the optical losses in
polymer laser engineering.3! Many other investigations
focusing on energy transfer have been reported, includ-
ing energy transfer between polymers and organic metal
complexes,32:33 between oligomers,34 controlling energy
transfer by embedding MEH—PPV chains in the chan-
nels of an ordered mesoporous silica glass,3® and depo-
larizing energy transfer.3¢

In this paper, we present studies of photolumines-
cence (PL) and electroluminescence (EL) for two conju-
gated polymers (Figure 1) and their blend. The effect of
excitation wavelength, concentration and film thickness
on the PL was investigated. Forster energy transfer in
PL and EL of the polymer blend is discussed.

Experimental Section

The violet-blue emitting polymer (I) and green emitting
polymer (1) were synthesized according to the procedures
described previously.®”38 PL spectra were recorded on a Perkin-
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Figure 2. PL spectra of 1 x 107 mg/mL polymer/chloroform
solution under different excitation wavelengths: (a) polymer
I solution; (b) polymer 11 solution. Inserts show the excitation
wavelength.

Elmer LS 50B luminescence spectrometer using a xenon
discharge lamp for excitation. PEDOT/PSS (Bayer Co.) was
spin-cast onto ITO glass (OFC Co.) used as the anode. The
polymer solutions (20 mg/mL in chloroform) were filtered
through 0.2 um Millex-FGS Filters (Millipore Co.), and were
spin-cast onto dried PEDOT/ITO substrates under a nitrogen
atmosphere. The polymer films were typically 75 nm thick.
Calcium electrodes of 400 nm thickness were evaporated onto
the polymer films at about 10~7 Torr, followed by a protective
coating of aluminum. The devices were characterized using a
system constructed in our laboratory described elsewhere.?
AFM was performed with a NanoScope Illa (Digital Instru-
ments) in the tapping mode. UV—vis spectra were recorded
on a HITACHI U-3010 UV/vis spectrophotometer.

Results and Discussion

Effect of Excitation Wavelength on Photolumi-
nescence. The photoluminescence spectra for 1 x 10~
mg/mL chloroform solution of polymers I and Il under
different excitation wavelengths are shown in Figure
2, parts a and b, respectively. The peak wavelengths
are listed in Tables 1 and 2. With an increase of
excitation wavelength the PL spectra show a red shift
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Table 1. Photoluminescence of 1 x 10~* mg/mL Polymer
I/Chloroform Solution under Different Excitation

Wavelength
lmaXPL(nm)
excitation
wavelength (nm) 0-0 0-1 0-2 0—32

220 384 412¢
250 385 414
280 414
3090 412
340 414
370 415 435
4120 435 451
500 no emission

aVibronic transitions. ® 309 and 412 nm are the absorption peak
wavelengths of polymers | and 11 respectively. ¢ Bold data indicate
the main peak.

Table 2. Photoluminescence of 1 x 10~* mg/mL Polymer
I1/Chloroform Solution under Different Excitation
Wavelengths

Amax”=(nm)
excitation
wavelength (nm) 0-0 0-1 0-2
309 450 473 517
350 450 473 517
380 450 475 518
412 450 477 518
500 emission very weak

¢ Bold data indicate the main peak.

which can be attributed to a strong correspondence
between excitation energy and the vibronic structure
of the emission spectra. In the emission spectra using
excitation at 220 and 250 nm, the peaks at 384 and 385
nm reflect the 0—0 transition; the 412 and 414 nm
peaks, the 0—1 transition. The absorption maximum
wavelength for polymer I/chloroform solution is 309 nm.
When 280, 309, and 340 nm were used as the excitation
wavelengths, the emission from the 0—1 transition was
dominant and the spectra overlap the contribution from
the 0—0 transition. When 370 nm was used as the
excitation wavelength, the emission spectrum was
resolved into two peaks, 415 and 435 nm, which can be
attributed to the 0—1 and 0—2 transitions, respectively.
When the solution was excited with 412 nm light, the
emission spectrum shows a quite different shape with
451 nm as the main peak and a shoulder at 435 nm.
The former can be attributed to the 0—3 transition. This
indicates that under higher excitation wavelength the
lower energy transition will dominate the emission at
the expense of the emissions from the higher energy
transitions. The red shift in the PL at longer excitation
wavelength is also affected by the band gap distribution
in the polymer; at longer excitation wavelengths, the
lower band gap segments will contribute more to the
emission.

With an increase of excitation wavelength, the emis-
sion spectra of polymer Il solution similarly show a
small red shift. The 450, 473—477, and 517—518 nm
peaks can be attributed to the 0—0, 0—1, and 0-2
vibronic transitions, respectively. Compared with poly-
mer |, the emission spectra of polymer 1l are less
sensitive to the excitation wavelength. From 309 to 412
nm, the emission intensity ratio between the 0—0 and
the 0—1 transitions is constant at 1.6. This indicates
that the vibronic structures of the emission spectra for
the lower band-gap polymer (I1) are more stable than
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Figure 3. PL spectra for polymer blend(1:1)/chloroform

solution with different concentration. Excitation wavelength:
(a) 309 nm; (b) 412 nm.

that for the high band-gap polymer (1) under photoex-
citation.

Effect of Concentration on Photoluminescence.
Photoluminescence spectra for a polymer blend (I:11 =
1:1, weight ratio) in chloroform solution with different
concentrations are shown in Figure 3; the PL peak
wavelengths are listed in Table 3. With the increase of
polymer concentration, the PL spectra show a red shift.
This is due to intermolecular excimer formation.3%4° As
indicated by Chandross et al.,*142 the excimer, a sand-
wich dimer, is formed by the interaction of a ground-
state molecule with an excited molecule. The absorption
peak wavelengths for polymers I and Il (309 and 412
nm, respectively) were used as the excitation wave-
lengths. In Figure 3a, peaks at 417—421 nm reflecting
the 0—1 transition of polymer I, and at 444—447 nm
the 0—0 transition of polymer Il are seen. In Figure 3b,
445—-450 nm and 468—475 nm peaks are associated
with the 0—0 and 0—1 transition of polymer I1. Figure
3 indicates that the PL spectra of the polymer blend
solution were highly dependent on the excitation wave-
length. At 309 nm excitation, the PL spectra of the
polymer blend solutions show a combination of emis-
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Figure 4. PL spectra of polymer 11 films spin-coated from 20
mg/mL chloroform solution. The PL spectrum of a directly cast
film is shown for comparison. Excitation wavelength 412 nm.

Table 3. Photoluminescence of Polymer Blend (1:1)/
Chloroform Solution with Different Concentration under
Different Excitation Wavelength

concentration (mg/mL) Amax”t (nm)

(a) 309 nm Excitation

2 x 1077 417, 444

2 x 1076 417, 444

2 x 1075 421, 447

2 x 10 421, 447
(b) 412 nm Excitation

2 x 1077 445, 468

2 x 1078 449, 470

2 x 1075 450, 473

2 x 10 450, 475

¢ Bold data indicate the main peak.

Table 4. Photoluminescence of Polymer Il Films with
Different Thicknesses under 412 nm Excitation

Wavelength
thickness (nm) Amax”t (Nm)
552 514
752 517
1802 519
17 000QP 551

a Spin-coating films. b Cast film.

Table 5. Photoluminescence of a Polymer Blend (1:1)
Film. Comparison with Polymer | and Il Films

polymer Amax”- (NM)°
12 439, 459
b 514
blend? 507
blend® 507

a306 nm excitation wavelength. P 412 nm excitation wave-
length. ¢ Bold data indicate the main peak.

sions from the two polymers. However, when 412 nm
excitation was used, the polymer blend solution only
shows emission from polymer 11, because the 451 nm
emission (i.e., the 0—3 transition) from polymer I is too
weak and is overlapped by the stronger emission from
polymer Il. These results indicate that Forster energy
transfer from the high band gap polymer | to the lower
band gap polymer Il does not occur in very dilute
solution, since | and Il molecules are too distant from
each other.
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Figure 5. PL spectra of solid films of polymer I, Il and blend

(1:1). The blend film was excited with different wavelengths
(306 or 412 nm) for comparison.

Table 6. Electroluminescence of LEDs Using Polymer
Blend (1:1). Comparison with LEDs Using Polymers | and
12

imaxEL (nm)

polymer single-layer double-layer
| 438, 454 448, 464
11 512, 529 514, 522
blend 510, 529 513, 531

a2 Bold data indicate the main peak.

Table 7. EL Peak Wavelengths at Different Voltages®
voltage (V) AmaxEE (nm)

(a) ITO/PEDOT/I/Ca
8 448, 464
10 444, 461

(b) ITO/NI/Ca

518, 537
516, 530
0 512, 529

(c) ITO/PEDOT/IN/Ca
517, 531
514, 522

(d) ITO/PEDOT/blend/Ca
517,531
514, 531
513, 530
506, 521

~N ol = ©

w0 ~NO O

a Bold data indicate the main peak.

Effect of Film Thickness on Photoluminescence.
Solid-state PL spectra were acquired from polymer films
on glass plates. Comparison between Figure 4 and
Figure 2b showed that the emission spectra of polymer
Il films were red-shifted by 64—101 nm from that of
the polymer |1 solution, indicating clearly that a stron-
ger intermolecular interaction occurred in the solid
state. In addition, the vibronic fine structures observed
in solution PL spectra disappeared in the film spectra.
To probe the impact of film thickness on luminescent
properties, a polymer Il chloroform solution was spin-
coated onto glass substrates at different speeds. As
shown in Figure 4, PL spectra of the films showed a
small red shift (~ 5 nm) as the film thickness was
increased from 55 to 180 nm. To obtain a very thick film,
the polymer Il solution was directly cast on a glass
substrate and the chloroform solvent was allowed to

Macromolecules, Vol. 36, No. 19, 2003

= [ 11
- blend
3. -
)
b -
‘0
c
9 -
£
— R
w

1 " 1 " 1 . 1 " 1 " 1 " 1
400 450 500 550 600 650 700
Wavelength (nm)
(a)
L I
II

=] blend
s -
2
= L
c
2
£ L
-l
] L

i 1 L 1 " 1 L 1 L 1 2 1

" 1
400 450 500 550 600 650 700
Wavelength (nm)

(b)
Figure 6. Electroluminescence spectra: (a) single-layer ITO/

Polymer/Ca devices; (b) double-layer ITO/PEDOT/Polymer/Ca
devices.

| II (Absorption)

o I (Emission)

Intensity (a.u.)
T

1 . 1 . ] . ] A ] ) ] ) 1
300 350 400 450 500 550 600

Wavelength (nm)

Figure 7. Spectral overlap between emission of polymer | and
absorption of polymer I1.

evaporate slowly at room temperature in a nitrogen
atmosphere. The PL spectrum of the resulting 17 um
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Figure 9. Electroluminescence spectra for LEDs at different voltages: (a) ITO/PEDOT/1/Ca; (b) ITO/11/Ca; (c) ITO/PEDOT/II/

Ca; (d) ITO/PEDOT/blend/Ca.

thick film shows a 37 nm red shift compared to that of
a 55 nm spin-coated film (see Table 4). The large red
shift is explained by considering molecular packing. In
the process of making thick films, the solvent evaporates
slowly, and the chains are able to achieve an equilibrium

morphology, adopting energetically more favorable con-
formations. Thus, under photoexcitation excitons can
freely migrate and be transformed into lower energy
states and finally yield a red-shifted emission. Consid-
eration of molecular packing also explains the slight
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bathochromic shift observed for the thicker spin-cast
films. For a given polymer solution, a thicker spin-
coated film requires a slower spinning speed, which
results in a lower centrifugal force and permits the
achievement of molecular packing closer to equilibrium.

Photoluminescence and Electroluminescence of
Polymer Blend Film: Forster Energy Transfer
Phenomena. Compared to the PL spectra of the
polymer blend solution (I:11 = 1:1, weight ratio) which
emit violet-blue light, the polymer blend film displays
a green emission at 507 nm, resembling the PL spec-
trum of polymer I1 film in shape as shown in Figure 5.
This observation indicates that a complete Forster
energy transfer from polymer I to polymer Il occurred
in the film. Under different wavelength photoexcitation,
the blend emits the same green light (see Table 5),
demonstrating that the energy transfer is independent
of excitation wavelength. The PL spectra of the blend
shows a small blue shift (7 nm) compared to polymer
11, suggesting that the excitons born on polymer I chains
will migrate to polymer Il chains and possess a higher
energy than those born on polymer Il chains, thus
yielding a higher energy emission.

The EL spectra of polymer I, polymer Il, and the
blend (I:11 = 1:1, weight ratio) are shown in Figure 6.
The EL peak wavelengths are listed in Table 6. The EL
spectra of double-layer LEDs exhibited small red shifts,
which results from interfacial effects. For both single-
layer and double-layer devices, the polymer blend
displays green emission and the EL spectra of the blend
are quite similar to that of polymer 11, indicating again
a complete Forster energy transfer between the two
polymers.

Two conditions are necessary for realizing efficient
Forster energy transfer between two polymers: suf-
ficient spectral overlap between the emission of the
higher band-gap polymer and the absorption of the
lower band-gap polymer, and uniform mixing on a few
nanometer scale of the two polymers.*® In this study,
the emission spectrum of polymer I and the absorption
spectrum of polymer Il do overlap significantly in the
range of 400—500 nm (Figure 7). The m-phenylenevi-
nylene units in both molecular structures (Figure 1) and
the hexyloxy side chains facilitate the near miscibility
of the two polymers. The AFM image (Figure 8) for the
polymer blend film shows no obvious phase separation.
These observations are consistent with the complete
Forster energy transfer phenomenon in the PL and EL
seen in the polymer blend film.

Effect of Applied Voltage on Electrolumines-
cence Spectra. The EL spectra as a function of applied
voltage for ITO/PEDOT/1/Ca, ITO/11/Ca, ITO/PEDOT/
I1/Ca, and ITO/PEDOT/blend/Ca devices are shown in
Figure 9 with the EL peak wavelengths listed in Table
7. In Figure 9a, 448 and 444 nm peaks can be attributed
to the vibronic 0—0 transition; 464 and 461 nm peaks
to the 0—1 transition. In Figure 9b, the 518, 516, and
512 nm peaks are associated with the 0—1 transition,
and the 537, 530, and 529 nm peaks with the 0—2
transition. Similarly in Figure 9c, the 517 and 514 nm
peaks derive from the 0—1 transition, 531 and 522 nm
from the 0—2 transition. With an increase of applied
voltage, all the EL spectra show a blue shift, and the
emission intensity of the higher energy transition
increases at the expense of the lower energy transition.
This phenomenon is related to Joule heating in the LED,
which results in a thermochromic effect.#* Additionally,
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Figure 10. Current density and luminance vs applied voltage
for ITO/PEDOT/I/Ca (W), ITO/PEDOT/blend/Ca (®), and ITO/
PEDOT/I1/Ca (a) devices.

band-gap distributions in the polymer can contribute
to the effect;*> at higher applied voltage, emission from
the higher band-gap segments contributes more to the
total emission. For the ITO/PEDOT/blend/Ca device, all
the EL spectra resemble that of the ITO/I11/Caand ITO/
PEDOT/I1/Ca devices in shape (Figure 9d). The 506—
517 nm peaks derive from the 0—1 transition and the
521-531 nm peaks from the 0—2 transition. The ITO/
PEDOT/blend/Ca LED only emits green light under
different voltages, showing that Forster energy transfer
process in LEDs is independent of applied voltage.
Current—Voltage-Luminance Characteristics. The
turn-on voltage at which the LED reaches the “flat-
band” condition depends only upon the band gap of the
polymer and the work function of the electrodes.*® For
given electrodes, we can compare the band gap differ-
ence for different emissive polymer layers in the LEDs
from these values. The turn-on voltages of ITO/PEDOT/
1/Ca, ITO/PEDOT/11/Ca, and ITO/PEDOT/blend/Ca de-
vices are 4.5, 3.5, and 4.5 V respectively (Figure 10).
The polymer blend shows the same turn-on voltage as
polymer I, suggesting that the high band gap polymer
in the blend will determine the effective band gap and
affect the turn-on voltage of the device. The external
guantum efficiencies of the LEDs are 0.083%, 0.91% and
1.33% respectively. Thus, the polymer blend provides
more efficient electroluminescence indicating that poly-
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mer | also acts as a medium to reduce exciton quench-
ing. The chromophore blend aids the separation of PL
output from absorption, thereby alleviating self-absorp-
tion and improving the EL efficiency.

Conclusion

With increase of excitation wavelength, chromophore
concentration of the polymer solution and the thickness
of conjugated polymer film, the PL spectra show a red
shift. Forster energy transfer between higher band-gap
polymer | and lower band-gap polymer Il is complete
and is independent of the excitation wavelength and the
applied voltage. With increase of applied voltage, EL
spectra show a blue shift, and the emission intensity
for higher energy transition increases at the expense
of lower energy transition. The polymer blend LEDs
show improved efficiency as polymer | reduces exciton
quenching.
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