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Lowering the driving voltage and improving the luminance of blue
fluorescent organic light-emitting devices by thermal annealing a hole
injection layer of pentacene”
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We chose pentacene as a hole injection layer (HIL) to fabricate the high performance blue fluorescent organic light-
emitting devices (OLEDs). We found that the carrier mobility of the pentacene thin films could be efficiently improved
after a critical annealing at temperature 120 °C. Then we performed the tests of scanning electron microscopy, atomic force
microscopy, and Kelvin probe to explore the effect of annealing on the pentacene films. The pentacene film exhibited a
more crystalline form with better continuities and smoothness after annealing. The optimal device with 120 °C annealed
pentacene film and n-doped electron transport layer (ETL) presents a low turn-on voltage of 2.6 V and a highest luminance
of 134800 cd/m? at 12 V, which are reduced by 26% and improved by 50% compared with those of the control device.
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1. Introduction

The organic light-emitting diodes (OLEDs) have now
been accepted as a dream display owing to their attractive fea-
tures such as high display quality, slim body, flexibility, low
power consumption, and so on.l'*! Improving their electro-
luminescent (EL) performance is a primary goal in the devel-
opment of technological applications. Since OLEDs can po-
tentially be used in portable and wearable electronic devices,
the researchers are also interested in the low driving voltage
devices based on the point of view of energy saving. Hence,
lots of studies have focused on thin films treatments and the
exploitation of organic materials for low driving voltage and
high luminance.>~71 Currently, several methods for reducing
the driving voltage of OLEDs have been reported. Introduc-
ing a p-type or n-type doping structure in the charge transport
layer is the most commonly used method.!®-'%1 However, the
co-evaporation process is complicated, and the minor doping
ratio is inaccurate to control. It is worth mentioning that insert-
ing an injection layer between the electrode and the organic
layer is easy and effective.!! =13

It is well known that an effective injection layer re-
quires appropriate energy level matching and high carrier
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mobility.["*] As a p-type material, pentacene is one of the
most promising organic semiconductors due to its high mobil-
ity and stability, which has been widely used in organic field
effect transistors (OFETs).[1%-16] Furthermore, some works on
OLEDs comprising pentacene thin films have also been re-
ported previously. Shi et al.l'”l reduced the hole injection by
introducing pentacene thin films to balance the recombination
of electrons and holes, which improved the efficiency of the
OLEDs. We hope that a pentacene thin film can function as an
effective hole injection layer (HIL) in OLED with high carrier
injection ability to improve the performance of the OLED. By
investigation, the carrier mobility of the pentacene thin film
can be improved through thermal annealing in OFETs. 15181

In this work, we introduce this method to the OLEDs and
reveal that relatively high annealing temperature could induce
pentacene to develop into high crystallinity films with highly-
ordered, large-sized, and smooth shape. As an HIL in OLEDs,
the annealed pentacene film will be used to improve the hole
injection ability at a low driving voltage. Simultaneously, the
n-doped electron transport layer (ETL) will also be adopted to
balance the hole—electron pairs in the emission layer (EML),
which results in high luminance and low driving voltage for
OLEDs.
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2. Experiment
2.1. Device fabrication

The cleaning of the ITO glass substrate with a sheet resis-
tance of 20 €/sq is subsequently performed with detergent,
deionized water, acetone, and isopropanol in an ultra-sonic
bath for 10 min each. After drying, the surface of ITO is
treated under UV/O3 for 15 min. All organic films are de-
posited on a pre-cleaned ITO glass substrate using a ther-
mal evaporation of BOC Edwards Auto 500 thermal evap-
oration system in an M. Braun 20 G glove box with a de-
position rate of 2 nm/min, and an in-situ quartz crystal is
used to monitor the thickness of the vacuum depositions.
Figure 1 shows the principle scheme of the OLED. Fluo-
rescent blue dye N6, N6, N12, N12-tetrap-tolylchichrysene-
6,12-diamine (DNCA) doped into a host material 9, 10-
Di(2-naphthyl)anthracene (ADN) serves as the emission layer
(EML), which is sandwiched between the hole transport layer
(HTL) of N,N’-Bis-(1-naphthalenyl)-N,N’-bis-phenyl-(1,1’-
biphenyl)-4,4’-diamine (NPB) and the electron transport layer
(ETL) of 4, 7-diphnenyl-1, 10-phenanthroline (Bphen). A
pentacene film is introduced as an HIL.

LiF /Al
Bphen(20 nm)
IADN: 6%DNCA (30 nm)
NPB(40 nm)

pentacene(5 nm)

DNCA (guest)

COCCC

pentacene

glass substrate

Fig. 1. (color online) Principle scheme of an OLED.

2.2. Annealing conditions and test instruments

The thermal annealing tests were carried out in a vacuum
oven (VC 20, M. BRAUN). The samples were kept for 1 h at
different temperatures (such as 100 °C, 120 °C, and 150 °C).
The OLED performance measurements were carried out us-
ing a Keithley 2400 source and a PR650 scan spectrometer in
a glove box. We characterized the surface morphology and
crystallinity of the deposited pentacene films by using atomic
force microscopy (AFM, Bruker Innova), scanning electron
microscopy (SEM, Rigaku D/max 2500), and x-ray diffraction
(XRD, Hitachi SU8010). The energy levels were measured by
a Kelvin probe (KP020).

3. Results and discussion

The EL characteristics of the pentacene-based OLEDs
with different annealing temperatures were investigated. The
structures of different devices are listed as follows:

A: ITO/NPB (40 nm)/ADN:DNCA (30 nm,
6 wt.%)/Bphen (20 nm)/LiF (0.8 nm)/Al (120 nm);

B: ITO/pentacene (5 nm)/NPB (40 nm)/ADN:DNCA
(30 nm, 6 wt.%)/Bphen (20 nm)/LiF (0.8 nm)/Al (120 nm);
the structures of devices C, D, and E are the same as that of de-
vice B (pentacene without annealing), except for the pentacene
films annealed at different temperatures at 100 °C, 120 °C, and
150 °C.
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Fig. 2. (color online) Current density—luminance—voltage characteris-
tics of devices A-E.

From Fig. 2, it can be found that the current density of de-
vice B is lower than that of device A at the same bias. That is
to say, the insertion of the pentacene film does not improve
the hole injection ability of the OLEDs, which is probably
because the pentacene film appears as a grain of amorphous
phase. When the thickness of the pentacene film is thin, the
vacancies and defects exist in the film, which results in a re-
duced injection current at a constant voltage.!'8! However, the
current density of devices B-D is improved with the increase
of the annealing temperature, and device D shows the high-
est current density under the same driving voltage. It is worth
mentioning that the current density of device E obviously de-
creases when the annealing temperature reaches 150 °C. By
inspecting the change of J-V curves, we find that appropri-
ate heat treatment of the pentacene thin films (device D) may
improve the hole injection ability in the OLEDs. But we also
find that the brightness of device D is not increased signifi-
cantly. So the effect of annealing on the pentacene films needs
to be further investigated.

Here we explored the morphology, roughness, work func-
tion of the pentacene films through a series of tests. Fig-
ure 3 shows the SEM images of the pentacene thin films ob-
tained under different annealing conditions (without anneal-
ing, 100 °C, 120 °C, and 150 °C annealing). From Figs. 3(a)—
3(c), with the increase of the annealing temperature, the pen-
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tacene films become more ordered, large-sized, and smooth. crease of the current density of device E with 150 °C anneal-
However, voids appearing in Fig. 3(d) apparently break the  ing. Among these images, the pentacene film in Fig. 3(c)
continuity of the thin films, which may account for the de-  presents the best continuities and smoothness.

Fig. 3. SEM images showing the morphology of the pentacene films: (a) without annealing sample, (b) 100 °C annealed sample, (c)
120 °C annealed sample, (d) 150 °C annealed sample.
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Fig. 4. (color online) AFM images (1 umx1 pm) of 5 nm pentacene thin films on ITO/glass: (a) before and (b)-(d) after annealing
(100 °C, 120 °C, and 150 °C).
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Figure 4 shows the AFM topographic images of the pen-
tacene thin films before and after annealing at 100 °C, 120 °C,
and 150 °C. In Fig. 4(a), many small projections are observed,
and the bright parts are probably a grain of the bulk phase
pentacene.!!%2%1 More bright parts disappear as the tempera-
ture increases. When the temperature reaches 120 °C, some
adjacent grains join together, which suggests that local recrys-
tallization has occurred due to the annealing (Fig. 4(c)). How-
ever, from Fig. 4(d), 150 °C annealing causes such a desorp-
tion effect that the thin film has been undermined. Moreover,
from the roughness data labeled on the AFM images, the low-
est roughness (R, = 1.32 nm, Rq = 1.05 nm) of the pentacene
film is obtained under the annealing of 120 °C.

To confirm the formation of the crystallinity for the pen-
tacene film and the improvement of the hole injection ability,
further exploration is provided through the measurements of
XRD and Kelvin probe. Figure 5 shows the XRD patterns
of the pentacene films before and after annealing at 100 °C,
120 °C, and 150 °C.
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Fig. 5. (color online) XRD patterns of the pentacene films on sapphire
substrate before and after annealing (100 °C, 120 °C, and 150 °C). The
thickness of the pentacene film is 50 nm.

The intensity of the (001) diffraction peak from the thin-
film phase of the non-annealed pentacene film is relatively low.
When the annealing temperature reaches 120 °C, the intensity
of the (001) peak becomes markedly stronger, and a series of
(00k) peaks related to the crystalline structure of pentacene
are observed. It can be attributed to the fact that some adjacent
pentacene grains join together via a recrystallization process
under the annealing of 120 °C. Furthermore, 120 °C annealing
also facilitates the pentacene molecules to form the bulk phase
which is corresponding to the (001) peak at 6.18°.['1 The
bulk phase of pentacene indicates that the adhesion between
pentacene and ITO is improved.?!=23! Thus the pentacene film
forms a crystalline shape, which optimizes the interface con-
tact between ITO and pentacene molecules. Meanwhile the
defects in the pentacene grains could be repaired under ap-
propriate thermal annealing. With the temperature increasing
to 150 °C, the intensities of the (00k) peaks are significantly

reduced, which indicates that the crystalline structure of pen-
tacene has been damaged.

Figure 6 shows the work function of the pentacene
films under various conditions (without annealing, 100 °C,
120 °C, and 150 °C annealed). The average values of work
function under the conditions are —5.0280 eV, —5.0175 eV,
—4.9854 eV, and —5.0489 eV, respectively. Among these val-
ues, the highest work function of the pentacene film is ob-
tained when the annealing temperature reaches 120 °C, which
will be beneficial for the hole injection from ITO to HIL.
The energy level diagram of pentacene inserted between ITO
and NPB is shown in Fig. 7, the highest occupied molecu-
lar orbital (HOMO) levels of pentacene and ITO are —5.0 eV
and —4.7 eV, respectively. The hole injection barrier at pen-
tacene (annealing at 120 °C)/ITO interface is 0.2854 eV, which
is 0.0426 eV lower than that of pentacene (without anneal-
ing)/ITO. The results provide solid evidence that the 120 °C
annealed pentacene film can lower the hole injection barrier
and improve the hole transport ability under a certain bias.
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Fig. 6. (color online) The work function of the pentacene films with dif-
ferent annealing conditions measured by a Kelvin probe (film prepared
on the ITO glass substrate with a thickness of 5 nm). Inset shows the
carrier mobility of the OFETs based on the pentacene films annealed at
different temperatures.

pentacene

before thermal annealing

after thermal annealing

Fig. 7. (color online) Energy levels and hole injection diagram of the
device.
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Moreover, the carrier mobility of the pentacene films an-
nealed at different temperature was measured by organic field
effect transistors. The inset of Fig. 6 shows the change in car-
rier mobility as a function of annealing temperature. The car-
rier mobility of the device without thermal annealing is about
1.15x 1072
120 °C, the pentacene film exhibits a more crystalline form

cm?/V-s. When the annealing temperature reaches

with best continuities and smoothness, which is beneficial to
2 ¢cm?/V-s) of the de-
vice. Considering the p-type character of pentacene, the re-

improving the carrier mobility (4.69x 10

sults indicate that the hole transport ability of the pentacene
film will also be improved with an optimal annealing temper-
ature.

The current density of device D has been improved
markedly based on the enhancement of the hole injection abil-
ity. However, the brightness of device D is not improved ob-
viously as expected. As is known, the total current density of
OLED:s is equal to the current density of the injected electrons
from the cathode plus the part of the hole current density flow-
ing to the anode without recombination.?*2%1 The injected
electrons from the cathode into the EML can be considered as
the same due to the equal electrons injection barrier for these
devices. However, the current density of device D is higher
than that of device B, which results from excessive holes dis-
rupting the balance of recombination. That is to say, excessive
holes accumulated in the EML induce exciton quenching. The
fraction of hole current density reaching the counter electrode
without recombination in device D is higher than that of de-
vice B. The unbalanced number of electrons and holes injected
into the EML would affect the efficiency and luminance of the
devices. To improve the performance of the OLED, the elec-
tron injection and transport ability should be enhanced. So we
introduced an n-doping ETL in the OLED to enhance the elec-
tron transport ability, and further discussed the effect of charge
balance.

To prove the above theory, we fabricated another group
of OLEDs named devices 1-5. The only difference compared
to the previous devices is that we replaced the Bphen (20 nm)
by Bphen (10 nm)/Bphen:Mg (10 wt.%, 10 nm). As shown in
Fig. 8, there is an obvious increase in luminance and current
density of device 4 compared with those of devices 1 and 2 at

the same driving voltage.
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Fig. 8. (color online) The EL characteristics of devices 1-5: (a) cur-
rent density—luminance—voltage characteristics, (b) current efficiency—
power efficiency—current density characteristics.

Table 1 shows the EL performances of devices 1-5.
Through the annealing of the pentacene film, the turn-on volt-
age and the driving voltage are reduced to 2.6 V and 5.1 V for
device 4, which have been reduced by 35% and 20% compared
with those of device 1. As the voltage increases to 12 V, device
4 presents a very high luminance of 134800 cd/m”, whereas
devices 1 and 2 show the luminance of 92120 cd/m? and
89810 cd/m?. The luminance improvement at a constant cur-
rent density corresponds to the increased current efficiency and
power efficiency. As seen from Fig. 8, combining the 120 °C
annealed pentacene film and the n-doped ETL structure, the
hole and electron injection abilities have been simultaneously
improved. The balanced hole—electron pairs are beneficial for
exciton’s formation under a low driving voltage, which results
in the EL performance improvement of the OLEDs.

Table 1. The EL performances of the OLEDs.

Samples Turn-on Current efficiency at Power efficiency at Luminance at
voltage/V 500 mA/cm?/cd-A~! 500 mA/cm?/Im-W~! 12 V/cd-m~2
Device 1 4 13.65 3.84 92,120
Device 2 35 14.56 4.02 89,810
Device 3 3 15.60 4.68 96,900
Device 4 2.6 16.23 5.06 134,800
Device 5 4 12.27 3.14 23,870
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4. Conclusion

We use a simple approach to effectively improve the EL
performance of the blue fluorescent organic light-emitting de-
vice by introducing the annealed pentacene film as the hole
injection layer. The pentacene film can form a highly-ordered,
large-sized and smooth lamellar shape after a critical anneal-
ing at temperature 120 °C, which could induce the pentacene
molecules to develop into a high crystallinity film and im-
prove the hole transport ability of the devices. Furthermore,
combined with an n-doped ETL, the electron transport abil-
ity has been enhanced so as to improve the charge balance in
the EML, which results in a high luminance and a low driving
voltage of OLEDs. The optimal OLED (device 4) exhibits a
low turn-on voltage of 2.6 V and a driving voltage of 5.1 V
at 1000 cd/m?, which are obviously reduced by 0.9 V and
1.4 V respectively compared with those of the control device.
Meanwhile, this device also presents a very high luminance of
134800 cd/m? at 12 V, which is 1.5 times higher than that of
the control device. These results indicate that this simple and
effective approach may fulfill the requirements of OLED with
low driving voltage and high luminance.
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