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While the current density of the organic light-emitting devices (OLEDs) with
5,6,11,12-tetraphenylnaphthacene (rubrene) layers in both the hole transport layer
(HTL) and the emitting layer (EML) was lower than those of the OLEDs without a
rubrene layer or with a rubrene layer in only a HTL or an EML, the luminance
efficiency of the OLEDs with rubrene layers in both the HTL and the EML were
significantly enhanced. While the rubrene layer in the HTL acting as a hole trap
decreased the hole mobility of the HTL, the rubrene layer in the EML acting as
an emitting site increased the luminance.

Keywords: carrier transport; emitting site; high efficiency, hole trap; organic light-
emitting devices; ultra thin layer

I. INTRODUCTION

Organic light-emitting devices (OLEDs) have emerged as promising
candidates for potential applications in full-color flat-panel displays
with a large area [1-3]. OLEDs have become particularly attractive
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due to their unique advantages of low driving voltage, low power
consumption, high contrast, wide viewing angle, low cost, and fast
response [4-6]. Moderate controls of carrier injection and transport
for efficient carrier recombination and balance of the electrons and
the holes are very important for fabricating high-efficiency OLEDs
[7,9]. Even though many studies on the efficiency enhancement of
OLEDs utilizing various structures, such as a doped layer in the host
mixed structure [10], a graded mixed structure [11], a multiple-
quantum-well structure [12,13], an organic-inorganic hybrid structure
[14], and a stacked structure [15], have been performed, studies on car-
rier transport mechanisms in OLEDs without or with an ultra thin
organic layer embedded into a hole transport layer (HTL) or/and an
emitting layer (EML) have not yet been carried out. Furthermore, stu-
dies of carrier transport mechanisms of OLEDs with an ultra thin
5,6,11,12-tetraphenylnaphthacene (rubrene) layer embedded in a HTL
or/and an EML are necessary for achieving high efficiency of OLEDs.

This paper reports data for the carrier transport mechanism of
OLEDs with an ultra thin rubrene layer embedded in a HTL or/and
an EML fabricated by using organic molecular beam deposition
(OMBD). Current density-voltage, luminance-voltage, and electrolu-
minescence (EL) measurements were carried out to investigate electri-
cal and optical properties of the OLEDs with an ultra thin rubrene
layer embedded in a HTL or/and an EML. Carrier transport mechan-
isms of OLEDs with an ultra thin rubrene layer embedded in a HTL
or/and an EML are described on the basis of the experimental results.

Il. EXPERIMENTAL DETAILS

The sheet resistivity of the indium-tin-oxide (ITO) thin films on glass
substrates used in this study was 30Q/square. The ITO substrates
were cleaned by using acetone and methanol at 60°C for 5 min and were
rinsed in de-ionized water thoroughly. The chemically cleaned ITO
substrates were then dried by using Ny gas with a purity of
99.9999%. The three kinds of samples used in this study were fabri-
cated on ITO thin films coated on glass substrates by using OMBD with
effusion cells and shutters. The OLED structures used in this study are
summarized in Table 1, and the corresponding schematic energy band
diagrams of the fabricated OLEDs without and with an ultra thin
rubrene layer inserted HTL or EML are shown in Figure 1. Devices II,
ITI, and IV excepting reference device I contain a rubrene layer, and the
quantity of the rubrene existing in devices II, ITI, and IV is same. While
devices IT and III contain a 2 nm-rubrene layer in the HTL or the EML,
respectively, device IV contains double 1 nm-rubrene layers in both the
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TABLE 1 The Structure of the OLEDs

Device structure

Device I ITO/NPB (40 nm)/DPVBi (45 nm)/Alqg; (30 nm)/Liq (2nm)/Al

Device II ITO/NPB (33 nm)/Rubrene (2nm)/NPB (5nm)/DPVBi
(45nm)/Alqs (30nm)/Liq (2nm)/Al

Device III ITO/NPB (40 nm)/DPVBi (5 nm)/Rubrene (2nm)/DPVBi
(38nm)/Alqs (30nm)/Liq (2nm)/Al

Device IV ITO/NPB (34nm)/Rubrene (1nm)/NPB (5nm)/DPVBi
(5nm)/Rubrene (1nm)/DPVBi (39 nm)/Alqs (30nm)/ Liq
(2nm)/Al

HTL and the EML. The organic layers were deposited at a substrate
temperature of 27°C and a system pressure of 5x 10 %Torr.
The deposition rates of the organic layers and the metal layers were
approximately 1 and 10 A/s, respectively. The deposition rates were
controlled by using a quartz crystal monitor. The current density-
voltage characteristics of the OLEDs were measured on a programma-
ble electrometer with built-in current and voltage measurement units
(model 236, Keithely). The brightness was measured by using a bright-
ness meter, chroma meter CS-100A (Minolta).
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FIGURE 1 Schematic energy band diagrams for the OLEDs of devices I, II,
III, and IV.
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lll. RESULTS AND DISCUSSION

Figure 1 shows schematic energy band diagrams for the OLEDs of
devices I, II, III, and IV. The highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) levels
of the 4,4'-bis(2,2-diphenylvinyl)biphenyl (DPVBi) are —5.9 and
—2.8eV, respectively [16], and the HOMO and the LUMO levels of
the N,N’-bis(1-naphthyl)-N,N’-diphenyl-1,1’-biphenyl-4,4'-diamine
(NPB) layer, as obtained by using cyclic voltammetry, are —5.46
and —2.45eV, respectively [17]. The HOMO and the LUMO levels of
the rubrene layer are —5.36 and —3.15¢€V, respectively [18]. Because
the HOMO level of the rubrene layer is smaller than those of the NPB
and the DPVBI layers, the rubrene layer acts as a hole trapping layer.
The rubrene layer acts also an electron trapping layer excepting the
difference in the depths of the hole and the electron trapping layer.
Because the trapped electrons and holes form the exciton due to
radiative recombination, the rubrene layer serves as the hole and
the electron trapping layers acts as an emission site.

Figure 2 shows current densities as functions of the applied voltage
for OLEDs of devices I, I1, III, and IV. The current densities as functions
of the applied voltage for OLEDs of devices I, II, and III show almost
similar behavior. The thickness of the rubrene layer embedded in
the HTL or the EML is too thin to affect the total current density
in the OLEDs. Even though the current densities of devices II and III
are slightly larger than that of device I, the existence of the ultra thin
rubrene layer is not enough to distinguish the differences of current den-
sities for devices IT and III in comparison with that for device I. Because
the electron and hole injections in device IV are suppressed by the trap-
ped charges in the rubrene layers, the current density of device IV with
two rubrene layers is the lowest among the four kinds of devices.

Figure 3 shows that the luminances as functions of the applied volt-
age for OLEDs of devices I, II, III, and IV. While the luminance of
devices III at low voltage is larger than those of other devices, the
luminance of device III at high voltage is smaller than those of other
devices. The luminance enhancement of device III at low voltage is
attributed to the existence of the large luminescence region in the trap
layer, and the luminescence region in the trap layer shifts to a differ-
ent region with increasing applied voltage, resulting in a decrease in
the luminance of device III.

Figure 4 shows that the luminance efficiencies as functions of the
current density for OLEDs of devices I, II, III, and IV. The luminance
efficiency of device IV with two inserted rebrene layers is larger than
those of other devices with and without one inserted rubrene layer.
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FIGURE 2 Current densities as functions of the applied voltage for OLEDs
of devices I, II, III, and IV. Filled rectangles, upright triangles, circles,
and inverted triangles represents the OLEDs of devices I, II, III, and IV,

respectively.
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FIGURE 3 Luminance as functions of the applied voltage for OLEDs
of devices I, II, III, and IV. Filled rectangles, upright triangles, circles,
and inverted triangles represents the OLEDs of devices I, II, III, and IV,

respectively.
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When the same magnitude of the trap layer is used as a inserted layer,
the luminance efficiency of the OLEDs increases with increasing a
number of the inserted rubrene layer resulting from the decrease in
the hole mobility. The luminous efficiency of device IV is the highest
among the devices used in this work. The maximum luminous efficien-
cies of devices I, II, III, and IV are 3.2, 2.5, 3.4, and 5.7 cd/A, respect-
ively. The efficiency enhancement in the OLEDs is dominantly related
to the number of the rubrene layer corresponding to the number of
the heterointerfaces in the OLEDs rather than the quantity of the
inserted rubrene.

Figure 5 shows the EL spectra at various applied voltages for
OLEDs of devices (a) I, II, (b) III, and (c) IV. The emission peaks at
around 465 and 555nm for devices are attributed to the DPVBIi
EML and the inserted rubrene layer. The EL spectra for devices I
and II show the same shape, as shown in Fig. 5(a), regardless of
applied voltages. The same shape of the EL spectra for devices I and
IT indicate that the inserted rubrene layer of device II acts as only a
trap layer. Even though device II contains an ultra thin rubrene layer
embedded in the NPB HTL, the emission spectra are not affected by
the inserted layer, as shown in Figure 5(a). The EL spectra for devi-
ces IIT and IV are varied by changing applied voltage. The inserted
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FIGURE 4 Luminance efficiency as functions of the current density for
OLEDs of devices I, II, III, and IV. Filled rectangles, upright triangles, circles,
and inverted triangles represents the OLEDs of devices I, II, III, and IV,
respectively.
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FIGURE 5 Normalized electroluminescence spectra at various applied
voltages for OLEDs of devices (a) I and II, (b) III, and (c¢) IV.

rubrene layer of device III in the EML acts as a hole trapping layer
and an EML. The EL spectra for device III shows two emission peaks
at around 465 and 555 nm. The intensity related to the rubrene peak
at 555 nm for device III increases with increasing applied voltage up to
11V, and the corresponding peak intensity decreases with increasing
applied voltage above 11 V. Even though the EL spectrum for device IV
shows similar behavior to that for device III, the maximum lumi-
nescence intensity related to the rubrene peak for device IV is 8V,
which is smaller than the corresponding voltage for device III.
Figure 6 show the schematic diagrams describing carrier transport
mechanisms for OLEDs of devices III and IV. The EMLs of devices III
and IV consist of three different regions, denoted by 1, 2, and 3. The
carrier transport mechanisms for OLEDs of devices III and IV are
described on the results of the EL spectra shown in Figure 5. The car-
rier transport properties of devices III with a rubrene layer embedded
in the EML and IV with rubrene layers embedded in the HTL and
EML under low voltages are dominantly affected by the existence of
the shallow traps at the organic layers. The number of the electron
existing in the region 1 of device III under low voltages is not affected
by the trap layer that in the region 2 of device III is significantly affec-
ted by the trap layer. Therefore, the number of the electron in the
region 2 of device III increases with increasing applied voltage up to
a critical voltage, resulting in the fully occupation of the number of
the electron in the shallow traps. While the number of the occupied
electron in the rubrene layer of device III increases with increasing
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FIGURE 6 Schematic diagrams describing carrier transport mechanisms for
OLEDs of devices III and IV.

applied voltage up to 11V, resulting in an increase in the lumi-
nescence intensity related to the rubrene layer, the number of the elec-
tron in the region 1 of device III increases with increasing applied
voltage about 11V, resulting in a decrease in the luminescence inten-
sity related to the rubrene layer. These results are in reasonable
agreement with the EL spectra shown in Figure 5(b). The transition
voltage of the EL peak intensity related to the rubrene layer for device
IV is smaller than that for device II. The decrease in the transition
applied voltage for device IV in comparison with device III is attribu-
ted to the existence of the shallow traps in both the HTL and the EML.
Because the thicknesses of the rubrene trap layers in device IV are
thinner than that of the trap layer in device III, the shallow traps
existing in the device IV at lower voltages are fully occupied by the
electron, resulting in the decrease of the transition voltage.

IV. SUMMARY AND CONCLUSIONS

The carrier transport mechanisms of OLEDs utilizing an ultra thin
rubrene layer embedded in an NPB HTL or/and a DPVBi EML were
investigated. The current density of the OLEDs with rubrene layers
embedded in the HTL and the EML was lower than those of the
OLEDs without a rubrene layer or with a rubrene layer in only the
HTL or only the EML. The luminance efficiency of the OLEDs with
rubrene layers embedded in both the HTL and the EML were signifi-
cantly enhanced in comparison with those with a rubrene layer
embedded in only the HTL or only the EML. Because the rubrene
layer embedded in the HTL dominantly acted as hole traps, the hole
mobility of the HTL decreased due to an existence of the hole traps.
When the rubrene layer embedded in the EML dominantly acted as
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an emitting site, the luminance of OLEDs increased due to an increase
of the emitting sites resulting from the existence of the rubrene layer.
The EL spectra for devices with a rubrene layer embedded in only the
EML and rubrene layers embedded in both the HTL and the EML
showed that the peak intensities related to the rubrene layer were
changed with varying applied voltage. Carrier transport mechanisms
of the OLEDs with an ultra thin rubrene layer embedded in the HTL
or/and EML are described on the basis of the experimental results.
These results can help to improve understanding of the carrier trans-
port mechanisms of the OLEDs with rubrene layers embedded in the
HTL or/and the EML.
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