
INTRODUCTION

White-light organic light-emitting diodes (OLED) can be
utilized as full-colour panel display owing to their low energy
consumption, light weight and thin thickness. It has acquired
remarkable attention for potential application in solid-state
lighting. For reducing layers of white-light OLED, developing
single-molecule materials as light-emitting layer of while-light
OLED has been recent hot topic. Among them, poly(9,9-
dioctyl)fluorene (PFO) copolymer is representative one1.
During fabrication of OLED, PFO copolymer film is usually
annealed under vacuum for improving device performance.
However, relevant research works are rather scarce, especially
for mechanism of vacuum annealing of PFO copolymer film.
In present paper, a classical type of PFO copolymer, entitled
PFO-DBT5 (Fig. 1) was utilized as light-emitting layer in
white-light OLED and relationship between device perfor-
mance and vacuum annealing of PFO-DBT film was studied.
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Fig. 1. Chemical formula of PFO-DBT5
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EXPERIMENTAL

PFO-DBT5 was synthesized by Suzuki crossing reaction
according to literature method 2. Four PFO-DBT5 films were
prepared by spin-coating using toluene as solvent (10 mg/mL)
and the rotation speeds were 1500 rpm. which were annealed
under vacuum for 0.5 h at 80, 100, 120 and 140 ºC, separately.
These films were observed by SPA-300HV atomic force
microscope (AFM). The X-ray diffraction (XRD) spectra were
measured using Bruker D8 discover analytical X-ray system
with CuKα as radiation (λ = 1.54 Å). Four white-light OLEDs
were fabricated with the configuration of ITO/PEDOT:PSS
(50 nm)/PFO-DBT5 (80 nm)/LiF (1 nm)/Ca (10 nm)/Al (100
nm), in which PFO-DBT5 films were annealed under vacuum
for 0.5 h at 80, 100, 120 and 140 ºC, separately. The buffer
layer of PEDOT:PSS was spin-coated on precleaned ITO
substrate and annealed under vacuum for 0.5 h at 120 ºC.
Typically, triple thin layers of LiF, Ca and Al were deposited
in a vacuum chamber with a base pressure below 5 × 10-4 Pa. The
electroluminescence (EL) performances were characterized
with PR-655 spectrometer and Keithley 2400 sourcemeter. All
measurements were performed in air at room temperature.

RESULTS AND DISCUSSION

During luminescence process of PFO-DBT5, PFO at
ground state are excited and formed PFO* at excited state.
Then, some PFO* deactivate partly by Förster energy transfer
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(FET) to DBT, which induces red-light emission of DBT.
Meanwhile, most PFO* deactivate by radioactive transition and
emit blue-light, which combine with red-light to realize white-
light emission. It can be seen that FET play an important role
in luminescence process of PFO-DBT5 and the rate (KDA) of
FET from PFO* to DBT is given by 3
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where, k2 is orientation factor, τD donor decay time of PFO, R0

Förster radius of PFO and R the distance between PFO and
DBT. From eqn. 1, it can be seen that KDA is inverse proportional
to R6, indicating that R should be smaller than R0 for high KDA

of FET in PFO-DBT5. According to literatures, the R0 in PFO-
DBT5 copolymer is 6 nm approximately4-6, which means that
R should be less than 6 nm. The FET in PFO-DBT5 exhibits
inter-chain and intra-chain models and the former is major7,8.
So, the R between PFO of one chain and DBT of adjacent
chain influence white-light emission of PFO-DBT5 directly,
which can be regarded as inter-chain distance of PFO-DBT5.

Vacuum annealing of PFO-DBT5 films: In PFO-DBT5
film, polymer chains usually twisted and tangled with each
other before annealing. Under annealing at 80 ºC, the tangled
chains got loose and separate, causing generation of big particles
and roughness with RMS of 5.92 nm. Under annealing at 100 ºC,
the PFO-DBT5 chains began to stretch and stack in order,
inducing a reduced RMS of 3.83 nm. When annealing tempe-
ratures above 120 ºC, stretched PFO-DBT5 chains became
straight, stacked each other and formed chain clusters, which
resulted in increasing roughness again, e.g., RMS of 4.47 and
5.38 nm for 120 and 140 ºC (Fig. 2).

Fig. 2. Series of AFM 3D images (5 × 5 µm2) of PFO-DBT5 films

As shown in XRD spectra (Fig. 3), the 80 ºC annealed
PFO-DBT5 film had no defined diffraction peaks, suggesting
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Fig. 3. XRD spectra of PFO-DBT5 films

that PFO-DBT5 chains stacked in disorder. The under annealing
temperatures above 100 ºC, the films expressed two major
diffraction peaks at around 8.3º and 13.3º; with annealing
temperature rising, intensities of these diffraction peaks got
stronger and 2θ of diffraction peaks at around 8.3° also got
smaller slightly meanwhile. Hence, it indicated that heightening
annealing temperature of PFO-DBT5 films can enhance degree
of order and periodicity of PFO-DBT5 chains stacking and
reduce inter-chain distance9. Additional, the diffraction peaks
at around 8.3º of all PFO-BDT5 films, corresponding to average
inter-chain distance of 1.06 nm calculated from Bragg diff-
raction formula, were close to that of the PFO crystalline films
oriented parallel to the substrate10,11. And, the peak at 2θ ≈

13.3º might correspond to other stacking model of PFO-DBT5
chains, which will be studied in future.

Electroluminescence properties: As mentioned above,
the average inter-chain distance of 1.06 nm in PFO-DBT5 films
was much smaller than R0 of PFO, suggesting that high inter-
chain KDA of FET from PFO* to DBT. Furthermore, enhance-
ment of degree of stacking order and reduction of inter-chain
distance in PFO-DBT5 films following increasing annealing
temperatures, which induced higher possibility and bigger KDA

of inter-chain FET from PFO* to DBT. It resulted in raising
ratio of red-light in white-light emission and full width at half
maximum (FWHM) of electroluminescence spectra (Fig. 4a).
When annealing temperature of PFO-DBT5 film reached
140 ºC, the CIE coordinates were (0.38, 0.33), close to that of
pure white light of (0.33, 0.33). In Fig. 4a and Table-1, it can
also be seen that the red-light peaks shift from 580 to 667 nm
when annealing temperatures increased from 80 to 140 ºC. It
was probably due to enhancement of π electron delocali-
zation with increasing degree of stacking order of PFO-DBT5
chains12,13. Hence, it was verified that vacuum annealing of
PFO-DBT5 film can improve white-light emission of white-
light OLED. However, the luminescence of white-light OLED
reduced significantly with heightening of annealing tempe-
ratures, as shown in Fig. 4b. When annealed at 80 ºC, PFO-
DBT5 film was electrically broken down at driving voltage of
13 V due to its high roughness along with big particles. When
annealed at 120 and 140 ºC, interaction between adjacent PFO-
DBT5 chains became strong, resulting in low luminance and
roll-off of current efficiency14. So, it was concluded that 100 ºC
was the optimal annealing temperature of PFO-DBT5 film.
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Fig. 4. Electroluminescence spectra (a), voltage-luminance curves (b) and
voltage-current efficiency curves (c) of white-light organic light-
emitting devices

TABLE-1 
MAIN DATA OF DEVICE PERFORMANCES OF WHITE-LIGHT OLEDS 

Temperature (ºC) λ (nm) FWHM (nm) CIEa Luminanceb (cd/m2) Maximum current efficiency (cd/A) 
80 440, 580 202 (0.39, 0.37) – – 
100 440, 630 221 (0.37, 0.36) 4037 3.34 
120 440, 635 254 (0.48, 0.39) 1604 3.51 
140 440, 667 276 (0.38, 0.33) 178 2.92 

aAt the voltage is 12V. bDriven voltage is 16.5 V. 
 

Conclusion

Vacuum annealing of PFO-DBT5 film were investigated
by AFM and XRD. When PFO-DBT5 was utilized as light-
emitting layer in white-light OLED, vacuum annealing
temperature would influence device performance. With vacuum
annealing temperature rising, the CIE coordinates got closer
to that of pure white-light, the luminescence lowered and roll-
off of current efficiency got more obvious. By contrast test,
the optimized annealing temperature of PFO-DBT5 film was
acquired to be 100 ºC during fabrication of white-light OLED.
Moreover, it was indicated that varying of degree of stacking
order and inter-chain distance in PFO-DBT films by vacuum
annealing was the major reason for modification of device
performance of white-light OLED.
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