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Effects of Charge Balance on the Carrier Trapping
Mechanisms of Organic Light-Emitting Devices
with a 5,6,11,12-Tetraphenylnaphthacene
Emission Layer
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The efficiency of the organic light-emitting devices (OLEDs) was enhanced with increas-
ing thickness of a 5,6,11,12-tetraphenylnaphthacene (rubrene) emission layer (EML).
The charge trapping and the luminance mechanisms were affected by the thickness of
the rubrene layer, regardless of the existence of the barrier layers. The variation in the
electroluminescence spectra of devices originated from a variation in the position of
the recombination region with increasing thickness of the EML. The enhancement of the
luminescence efficiency for devices was attributed to the better charge balance and the
optimized recombination region.

Keywords Carrier trapping mechanisms; charge balance; electrical property; OLEDs;
optical property; rubrene EML

PACS numbers 85. 60 Jb; 68. 37. Hk; 78. 60. Fi

Introduction

Organic light-emitting devices (OLEDs) have emerged as potential candidates for appli-
cations in promising next-generation full-color display systems and light sources due to
their excellent advantages of high contrast, fast response, thin thickness, light weight, and
low power consumption [1-5]. The prospect of potential applications of OLEDs in display
systems has led to substantial research and development efforts to enhance their luminance
efficiency [6—10]. However, the device performances of OLEDs still have inherent prob-
lems for potential applications in commercial products due to their low efficiency, short
lifetime, and poor stability [11-13]. Doping with various dopant materials in the host mate-
rials of the OLEDs have been suggested to improve their luminance efficiency [14,15], and
OLEDs with a 5,6,11,12-tetraphenylnaphthacene (rubrene)-doped emission layer (EML)
have drawn a great deal of interest because of their high efficiency [16]. Because the carrier
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trapping behaviors in the rurbrene layer reduce the efficiency of the rubrene-doped EML,
studies on the carrier trapping mechanisms of OLEDs with a rubrene EML are necessary
to enhance their luminance efficiency [17]. Even though some studies on the electrical and
the optical properties of OLEDs with a rubrene-doped EML have been performed, very
few investigations on the effects of carrier balance on the carrier trapping mechanisms in
OLEDs with a rubrene EML have been clarified. Furthermore, systematic studies on the
effects of carrier balance on the carrier trapping mechanisms in OLEDs are necessary to
enhance device efficiency.

This paper reports data for the charge balance effects on the carrier trapping mecha-
nisms in OLEDs with a rubrene EML. Current density-voltage, luminance-voltage, elec-
troluminescence (EL) spectra measurements for the OLEDs with a rubrene EML were
performed to investigate their charge trapping and luminance mechanisms. The carrier
trapping mechanisms of the OLEDs with a rubrene EML were described on the basis of
their experimental results.

Experimental Details

The sheet resistance and the thickness of the indium-tin-oxide (ITO) substrates used in
this study were 15 Q/square and 150 nm, respectively. The ITO substrates were cleaned
in trichloroethylene, acetone, and methanol sequentially at 60°C for 15 min by using an
ultrasonic cleaner and were rinsed thoroughly in de-ionized water. After the chemical
cleaning, the ITO substrates were dried by using N, gas with a purity of 99.9999%, and the
surfaces of the ITO substrates were treated with an ultraviolet-ozone cleaner for 10 min at
room temperature at a system pressure of 1 atm. After the cleaned ITO substrates had been
loaded into the evaporation chamber to fabricate the devices, the organic layers and the metal
cathode layer were deposited on the ITO substrates at a system pressure of 6 x 10~/ Torr.
The OLEDs utilizing various kinds of EMLs were fabricated with the following structures
from the top: an Al cathode/a lithium quinolate (Liq) electron injection layer (EIL)/a tris
(8-hydroxyquinoline) aluminum (Alqs) electron transport layer (ETL)/a 2,9-dimethyl-4,7-
diphenyl-1,10-phenanthroline (BCP) hole blocking layer (HBL)/various kinds of EMLs/an
N,N-bis-(1-naphthyl)-N,N-diphenyl-1,1-biphenyl-4,4-diamine (NPB) hole transport layer
(HTL)/an ITO-coated glass substrate. Schematic diagrams of devices I, II, III, IV, and V
are shown in Fig. 1.

The undoped rubrene EML and the BCP layer were typically deposited with a thickness
of 10 nm to investigate the changes in the electrical and the optical properties due to
variations in the charge balances in devices I and II. While the thicknesses of the NPB and
the Alqs layers were changed, the total thickness of the NPB and the Alqs layers was fixed
at 80 nm. The thickness of the Algs layer for devices I and III was 40 nm, and that for
devices II, IV, and V was 30 nm. The thickness of the rubrene EML for devices I and II was
10 nm, and that for devices III, IV, and V was 30 nm. An Al cathode with a thickness of
100 nm was deposited on the active layer by using thermal evaporation. The growth rates
of the organic layers and the metal layers were approximately 0.5 and 1 A/s, respectively,
which were controlled by using a quartz-crystal deposition rate/thickness monitor (Sigma,
SQM-160). The emitting pixel area of the rubrene devices was 2 x 2 mm?>.

The current-voltage characteristics were measured on a programmable electrometer
with a built-in current and voltage measurement system (M6100, McScience). The bright-
ness was measured by using a brightness meter, and the EL spectrum was measured by
using a luminescence spectrometer (CS-1000, Minolta) with a voltage step appliance.



Downloaded by [Chongging University] at 04:49 15 February 2014

Carrier Trapping Mechanisms of OLEDs with Rubrene Layer

(a) Device l and II

x= 40 for device
x=30for d_t_a '

Liq/Al
(100nm)

Alq; (x nm)
BCP (10 nm)

Rubrene

(10 nm)
100nm

NPB (80-x nm)

ITO
(100nm)

Liq /Al
(100nm)

x= 30 for devi . Alq; (xnm)
: BCP (10 nm)
Rubrene

(30 nm)
120nm

NPB (80- x nm)

ITO
(100nm)

(c) Device V Liq/Al
(100nm)

Alq; (30 nm)
BCP (10 nm)

Rubrene
(30 nm)

NPB (30 nm)

ITO
(100nm)

Figure 1. Schematic diagrams of devices L, II, III, IV, and V.
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Results and Discussion

The energy band diagrams of devices I, II, III, IV, and V are shown in Fig. 2. Because
the highest occupied molecular orbital (HOMO) level of the rubrene is higher than that
of the NPB hole transport layer (HTL) and the HOMO level of the BCP hole blocking
layer (HBL) is much lower than that of the rubrene, the holes existing in the NPB HTL
are efficiently injected from the NPB layer to the rubrene layer. The holes are effectively
blocked at the rubrene/BCP heterointerface due to the high barrier height of the HOMO
energy level. The lowest unoccupied molecular orbital (LUMO) level of the rubrene layer
is slightly larger than that of the BCP layer and much lower than that of the NPB HTL
layer. While the electrons are effectively injected from the Alq; electron transport layer
(ETL) into the BCP layer [18], they are blocked by the high energy barrier height at
the rubrene/NPB heterointerface. Therefore, the electrons and the holes injected into the
rubrene EML are negligible due to the high energy barrier, and the charge balance in the
rubrene is dominantly affected by the hole mobility of the NPB layer and the electron
mobility of the Alqgs layer. Thus, the carrier-balance variation in the EML can be achieved
by controlling the thicknesses of the NPB HTL and the Alq; ETL in OLEDs while keeping
the thicknesses of the rubrene EML and the BCP HBL constant. The thickness of the
rubrene EML for devices I and II was 10 nm, and that for devices III, IV, and V was 30 nm.
While the thickness of the Alqs layer for devices I and III was 40 nm and that for devices
IL, IV, and V was 30 nm, the total thickness of the Alqs; and the NPB layers was fixed at
80 nm. The performance characteristics of devices are compared by changing thickness of
the rubrene EML and total thickness of devices.

Figure 3 shows the (a) current density-voltage (J-V), the (b) luminance-voltage, and the
(c) luminance efficiency-current density characteristics of devices I, II, III, IV, and V. While
the turn-on voltage of device Il is the lowest among the devices, its brightness and luminance
efficiency are the highest. The enhancement of the brightness and the luminance efficiency
of device Il is attributed to the optimum thicknesses of the NPB HTL and the Alq; ETL.
Because the barrier height for carrier injection is negligible due to the small thickness of
the rubrene EML, the charge balance of the electrons and the holes in the rubrene EML is
dominantly affected by the carrier transport properties of the NPB and the Alqs layers. The
turn-on voltage of device II is smaller than that of device I due to an increase in the electron
current density resulting from the thinner Alqs; layer. In addition, the recombination zone
for excitons becomes closer to the Al electrode with decreasing thickness of the Alq; EML,
the luminance of device II decreases.

Figure 3(c) shows the luminance efficiency-current density characteristics of devices I,
IL, III, TV, and V. The luminance efficiencies of devices II and IV with a optimum thickness
of the Alqs layer at the same current density are higher than those of devices I, III, and V.
The luminance efficiency of device II with an EML containing excess holes is similar to
that of device I with an EML containing excess electrons. While the luminance efficiencies
of devices I, I, and IV decrease with increasing current density, those of devices III and
V remain constant, regardless of the current density. Because the thicknesses (10 nm) of
the EMLs of devices I and II are smaller than the widths of their recombination region,
resulting in the appearance of luminescence in the entire EML region, the recombination
region does not shift, regardless of the current density. However, the thickness (30 nm) of
the EMLs for devices III, IV, and V is larger than the width of their recombination regions,
the position of the recombination region in the EML shifts with varying current density.

Figure 4 shows a log-log plot of the J-V characteristics of devices II and V. Figure 4
shows the fitted data for two current transport mechanisms in different voltage regions.
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Figure 2. Schematic band diagrams of devices I, II, III, IV, and V.
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Figure 4. Log-log plot of the current density-voltage characteristics of devices II and V.

Because the measured currents with very small magnitudes did not show a reasonable
dependence on the applied voltage [18], the fitted data for the J-V curves were not available
over the entire applied voltage ranges. The J-V curves exhibit two regions with different
slopes. The slope of the J-V curves below the transition voltage is 1, indicative of an Ohmic
region. The data at lower voltages up to the transition voltage can be well fitted with an
Ohmic current mechanism, where In(J) is plotted against V, indicating that the electrical
conduction is governed by Ohm’s law in this range. The J-V characteristics above the
transition voltage show a large linear slope of 9, which is the typical value of a trap-charge
limited conduction mechanism. Therefore, even though the thickness of the rubrene EML
for devices Il an IV changes, while the turn-on voltage of the devices varies, the trap energy
remains constant. The experimental J-V curves for devices II and V are in reasonable
agreement with the simulation curves, as shown in Fig. 4.

Figure 5 shows the EL spectra of devices I, II, III, IV, and V at (a)100 mA/cm? and
(b) 100 cd/m?. A dominant main peak around 560 nm, together with a shoulder peak near
600 nm, appears to all devices with a rubrene EML. The variation in the EL spectra of
the devices at the same current density is attributed to the magnitude of generated excitons
being differed from that of injected carriers. The number of photons emitted in the EML is
proportional to the magnitude of generated excitons, and the intensity of the shoulder peak
for device with a high luminescence efficiency increases due to the enhancement of excitons
at the same carrier injection, as shown in Fig. 5(a). The EL spectra related to the rubrene
EML of devices at the same luminance do not change, regardless of the carrier balance.
Because the thicknesses (10 nm) of the EMLs for devices I and II are very small, the
positions of the recombination regions in the EMLs are the same, regardless of variations
in the thicknesses of the NPB and the Alqs layers. The EL peaks related to the Algs and
the NPB layers of devices III and IV do not appear due to the perfect recombination of
electron-hole pairs in the EML resulting from the large thickness of the EML. The intensity
of the shoulder peak around 600 nm corresponding to the rubrene layer of devices III and
IV varies with changing charge balance. The difference in the EL spectra of devices III and
IV with a rubrene EML at the same current density is attributed to the different positions of
the recombination regions and the different numbers of excitons generated in the EML. The
variation in the EL spectra of devices IIl and IV is related to a variation in the position of the
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Figure 5. Electroluminescence spectra of devices I, II, III, IV, and V at (a) 100 mA/cm? and
(b) 100 cd/m?>.

recombination region with increasing thickness of the EML. The improved luminescence
efficiency for device IV in comparison with device I1I is attributed to a better charge balance
and a larger recombination region.

Figure 6 shows multiple Gaussian spectral analyses of the EL spectra of devices (a) 11,
(b) IV, and (c) V at 100 cd/m>. The positions of the analyzed Gaussian functions of the EL
spectra for devices II, IV, and V are around 560, 600, and 630 nm, respectively. While the
intensity and the full width at half maximum (FWHM) of the peak at 560 nm for device
IT are almost same as those of devices IV and V, the intensities of the peaks at 600 and
630 nm for device II are different from those values for the corresponding peaks for devices
IV and V. Because the energy levels of the HOMO and the LUMO of the rubrene layer are
—5.36 and —3.15 eV, respectively, the energy gap of the rubrene is 2.21 eV. The average
wavelength of the main peak for device V with the strongest shoulder-peak intensity is
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561.39 nm (2.21 eV), which corresponds to the energy gap of the rubrene. The EL peaks
at 597.56 (2.08 eV) and 638. 44 nm (1.94 eV) are related to shallow and deep traps in the
rubrene.

The relative intensity of the shoulder peak in the EL spectrum increases due to trap
states existing in the shallow traps of the rubrene EML. Thus, the device V with a rubrene
EML is attributed to increases in the width of the recombination region and in the probability
of trapping charge, and the variation in the shoulder peak for the normalized EL spectrum
with a rubrene EML is related to the position of the recombination region to the number of
generated excitons.

Conclusions

The electrical and the optical properties of OLEDs fabricated utilizing a rubrene EML were
investigated to clarify the effects of their charge balance on the carrier trapping mechanisms.
The device performance of the OLEDs with a rubrene EML was optimized by changing the
thicknesses of the NPB HTL and the Alqs ETL. The efficiency of the OLEDs was enhanced
with increasing thickness of the rubrene EML. The charge trapping and the luminance
mechanisms were affected by the thickness of the rubrene layer, regardless of the existence
of the barrier layers. The effects of charge balance on the carrier trapping mechanisms of
OLEDs with a rubrene EML were described on the basis of the current density-voltage,
luminance-voltage, and EL spectra results. These results can help to improve understanding
effects of charge balance on the carrier trapping mechanisms of OLEDs with a rubrene
EML
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