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We analyzed bipolar carrier transport characteristics of diarylamino-substituted heterocyclic compounds
(DAHC:s) having benzene, pyridine, pyrimidine, or triazine electron-accepting core units and carbazole
or (-naphthylamine as electron-donating substituents. The highest occupied molecular and lowest
unoccupied molecular orbital levels, carrier injection, and transport characteristics were systematically
controlled by changing combinations of the core and substituent units. By analyzing electroluminescence
spectra as a probe in four kinds of organic light emitting diode (OLED) structures, we found that the
carrier transport characteristics of DAHCs significantly change depending on device structure. We
concluded that all DAHCs have bipolar carrier transport characteristics, that is, DAHCs intrinsically
possess both hole and electron mobilities that are based on unique molecular structures having both
electron-donating and -accepting units. We also demonstrated that carrier injection barriers between DAHCs
and adjacent carrier transport layers virtually control the appearance of bipolar characteristics in OLEDs.
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I. Introduction

Organic light emitting diodes (OLEDs) have attracted
considerable attention because of their high electrolumines-
cence (EL) efficiency and their potential for applications used
with flat-panel displays.'* With extensive OLED develop-
ment, there has been significant progress not only in
developing organic semiconductor materials,”® OLED de-
vice structures,'®'? and device fabrication techniques”f16
but also in understanding organic semiconductor behavior.
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Understanding such behavior leads to significant improve-
ments of OLED characteristics, such as EL quantum ef-
ficiency, energy conversion efficiency, and device stability.
To understand carrier transport and injection characteristics
of organic semiconductors, in particular, time-of-flight
(TOF)'” and ultraviolet photoelectron spectroscopy
(UPS),"®' various techniques have been widely used.
However, these techniques do not necessarily improve
understanding of practical OLED characteristics, such as the
hole and electron current ratio and the position of the carrier
recombination region. The reason for this is voltage distribu-
tion inside multilayer device structures is fairly complicated,
and estimating this distribution under double carrier injection
conditions is difficult.

Such complicated carrier injection and transport behaviors
have been previously reported on 4,4'-N,N'-dicarbazole-
biphenyl (CBP)-based electrophosphorescence devices.”” In
the device structure of indium tin oxide (ITO)/4,4'-bis(N-
(1-naphthyl)-N-phenyl-amino)biphenyl (o.-NPD)/CBP doped
with fac-tris(2-phenylpyridine)iridium (Ir(ppy)3)/2,9-dimeth-
yl-4,7-dipheny-10-phenanthroline (BCP)/tris(8-quinolinola-
to)aluminum (Alqs3)/MgAg, the CBP layer mainly transported
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Figure 1. Chemical structures of (a) host materials, (b) hole transport materials (HTM), and (c) electron transport materials (ETM) used in this study.

holes rather than electrons. On the other hand, for ITO/
4.,4" A" -tris(3-methylphenylphenyl amino)triphenylamine (m-
MTDATA)/CBP doped with Ir(ppy)s/MgAg, the CBP layer
mainly transported electrons. These results show that carrier
transport characteristics significantly change depending on
device structures and their material composites. Similar
changes, which depend on device structures, were also
reported in 9,10-bisstyrylanthrance derivatives.?!

Useful for host materials in electrophosphorescence OLE-
Ds, well-balanced bipolar characteristics with high triplet
energy levels are needed to obtain high EL efficiency.
Although CBP has widely been used as a host material in
electrophosphorescence OLEDs,**?? its triplet energy level
is not satisfactory for pure blue emission,>* and the hole-
transport mobility, which is significantly higher than the
electron mobility, sometimes leads to an unbalanced hole
and electron recombination. Thus, to obtain more efficient
OLED performance, novel host materials providing well-
balanced carrier injection and transport ability have been
needed.

Aiming for bipolar host materials in our previous study,
we synthesized triazine (TRZ) derivatives and used them as
a host material in green electrophosphorescence OLEDs.?
In particular, we demonstrated high EL. quantum efficiency
using 2,4,6-tricarbazolo-1,3,5-triazine (TRZ-3Cz) having
three carbazole substituents, leading to a high external EL
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quantum efficiency of 7y ~ 10%.% This is the result of a
significantly high triplet energy level (Er = 2.81 eV) of TRZ-
3Cz, which is higher than £y = 2.56 eV of the standard CBP.
Such high triplet energy characteristics were also identified
by theoretical calculation of TRZ derivatives by Chu et al.*®
Although the TRZ derivatives are an excellent host material
in electrophosphorescence OLEDs, their carrier injection and
transport characteristics are not well understood. Recently,
we further synthesized 2,6-dicarbazolo-1,5-pyridine (PYD-
2Cz) (T, = 2.93 eV) and 2,4,6-tricarbazolo-1,3,5-pyrimidine
(PYM-3Cz) (T, = 2.84 eV), which have higher triplet energy
levels, and demonstrated that these host materials are useful
for blue electrophosphorescence OLEDs.?”*®

In this study, we systematically prepared DAHCs having
electron-accepting core units and electron-donating substit-
uents, as shown in Figure 1. We studied the carrier transport
characteristics of DAHCs, CBP, and 1,3,5-tri(N-carbazolyl)-
benzene (TCB) by observing their EL spectral characteristics.
For different device structures, we observed systematic EL
spectral changes, which reflected carrier injection and
transport behavior changes in the DAHC layers.

II. Experimental Section

Absorption and photoluminescence (PL) spectra of DAHC-
deposited films were measured using a UV —vis absorption spec-
trometer (UV-2550, Shimadzu Co.) and a fluorescence spectrometer
(FP-6500-A-ST, Jasco Co.). Absolute PL. quantum efficiency was
measured with an integrating sphere (C9920-02, Hamamatsu
Photonics Co.) with an Xe lamp (A,,,x = 337 nm) as an excitation
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Figure 2. Device structures of Devices A, B, C, and D with HOMO—LUMO levels and work function of ITO and MgAg electrodes.
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Figure 3. (a) Absorption and (b) PL spectra of 50-nm-thick DAHC thin
films.

source.”” For the optical measurements, 50-nm-thick DAHC films
were deposited by high-vacuum (~1.0 x 107> Pa) thermal
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evaporation onto precleaned quartz substrates with a deposition rate
of 0.3 nm/s. The highest occupied molecule orbital (HOMO) levels
of the DAHC films were measured by UPS (AC-1, Riken Keiki
Co.). The optical energy gaps (E,) were estimated from the edge
of the absorption spectra, and the lowest unoccupied molecule
orbital (LUMO) levels were calculated by subtracting the E, values
from their HOMO levels. OLEDs were fabricated using the
following steps. Organic layers and metal electrodes were deposited
by high-vacuum (~1.0 x 107> Pa) thermal evaporation onto
precleaned ITO-coated glass substrates, which had been degreased
with solvents and cleaned in a UV-ozone chamber for 20 min. We
fabricated four kinds of OLEDs, as shown in Figure 2. In Device
A, 50-nm-thick o-NPD as a hole transport layer (HTL), 30-nm-
thick DAHC layer as an emitting layer (EML), and 30-nm-thick
Algs as an electron transport layer (ETL) were formed. In Device
B, an additional 10-nm-thick HTL of N,N'-dicarbazolyl-3,5-benzene
(mCP) was inserted between the a-NPD and the DAHC layers in
Device A. In Device C, an additional 10-nm-thick ETL of aluminu-
m(IID)-bis[2-methyl-8-quinolinate]4-phenylphenolate  (BAlg,) was
inserted between the DAHC and the Alqs layers in Device A. In
Device D, both 10-nm-thick mCP and BAlq, layers were inserted
in Device A. In all devices, a cathode MgAg layer with the weight
ratio of 10:1 and a 10-nm-thick Ag capping layer were deposited
through a 1-mm-diameter opening in a shadow mask. EL spectra
were obtained using a multichannel spectrometer (SD2000, Ocean
Optics Inc.).

III. Results and Discussion

Figure 1 shows the chemical structures of (a) host
materials, (b) the hole transport materials of a-NPD and
mCP, and (c) the electron transport materials of Alq; and
BAlqg,. The TCB is composed of three electron-donating
carbazole substituents with a benzene core unit. The 2,4,6-
tricarbazolo-1,3,5-pyridine (PYD-3Cz), PYM-3Cz, and TRZ-
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Figure 4. HOMO and LUMO levels of DAHCs, TCB, and CBP.
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Figure 5. EL spectrum in Device A with PYD-3Cz as host at / = 10 mA/
cm?, resolved into PL components of o-NPD and Algs. PL spectrum of
PYD-3Cz is also included.

3Cz also have the same electron-donating carbazole substit-
uents respectively in different core units: pyridine in PYD-
3Cz, pyrimidine in PYM-3Cz, and triazine in TRZ-3Cz. The
TRZ-3Na is composed of three electron-donating substituents
of [B-naphthylamine attached to a triazine core unit. In
addition, PYD-2Cz is composed of two electron-donating
carbazole substituents with a pyridine core unit. Using these
materials as a host layer, we estimated carrier transport
characteristics. Figure 3 is a summary of (a) absorption and
(b) the PL spectra of the DAHC deposited films. All DAHC
films showed an onset of absorption around 350 nm and PL
peaks around 400 nm at the short wavelength region, which
indicated the presence of a wide energy gap.

Figure 4 shows the HOMO and LUMO energy levels of
DAHCs, TCB, and CBP layers. First, we will describe the
correlation between the molecular structures and energy
levels. For PYD-3Cz, PYM-3Cz, and TRZ-3Cz the HOMO
levels were 5.7, 5.8, and 6.0 eV and the LUMO levels were
2.1, 2.4, and 2.6 eV, respectively. These values show that
the HOMO and LUMO levels of DAHCs layers shift to a
deeper energy level with an increasing number of nitrogen
atoms in the core units while their energy gaps are nearly
independent of the core units. These experimentally obtained
results show good agreement with the theorical calculation
of energy levels in these heterocyclic compounds by Nenner
and Schulz.* Furthermore, the TCB energy level is nearly
identical to that of PYM-3Cz, and no systematic correlation
with the HOMO and LUMO levels of PYD-3Cz, PYM-3Cz,

and TRZ-3Cz was observed. This is probably due to the steric
hindrance effect between the hydrogens in the benzene and
three carbazole substituents in TCB. In addition, the energy
levels of PYD-2Cz and PYD-3Cz are almost identical,
indicating that the number of carbazole substituents has little
influence on their energy levels. On the other hand, the
HOMO and LUMO levels of TRZ-3Na were 0.2- and 0.4-
eV shallower than those of TRZ-3Cz, indicating that the
introduction of S-naphthylamine makes the HOMO and
LUMO levels significantly shallower. These experimental
results are in good agreement with the theoretical calculation
by Chu et al.?¢

To understand practical carrier transport characteristics of
DAHC layers in OLEDs, we prepared four kinds of OLED
structures, as shown in Figure 2. By comparing EL spectra
in these devices, we estimated the carrier transport charac-
teristics of the DAHC host layers having different carrier
injection barriers at their adjacent interfaces. When the EL
spectrum is composed of only a-NPD or mCP components,
we can reasonably conclude that the DAHC layers have
unipolar electron transport characteristics. On the other hand,
when the EL spectrum is composed of only BAlq, or Algs,
we can conclude that the DAHC layers have unipolar hole
transport characteristics. Furthermore, when the EL spectrum
is composed of an emitter layer component and both hole
and electron transport layer components, we can conclude
that the DAHC layers have bipolar carrier transport charac-
teristics. The reason we compared Devices A, B, C, and D
was to clarify how the charge injection barrier between the
host layers influences the position of the carrier recombina-
tion site.

Figure 5 shows the EL spectrum in an ITO/a-NPD/PYD-
3Cz/Alqs/MgAg/Ag device and reflects the estimation method
used to determine the exciton production ratio (EPR) in this
study. First, we noticed that the EL spectrum contains no
PL component of the PYD-3Cz host layer. Only the PL
components of o-NPD and Alqs were observed, indicating
a very low carrier recombination probability in the PYD-
3Cz layer. We thus estimated the EPR by resolving the EL
spectra into both the o.-NPD and Alqs components. To obtain
the correct EPR, the photon numbers in the EL spectra were

(30) Nenner, L; Schulz, G. J. J. Chem. Phys. 1975, 62, 1747.
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Figure 6. EL spectra of DAHCs in Device A, B, C, and D at J = 10 mA/cm? and PL spectra of a-NPD, BAlq, Alqs, and each DAHC thin film.

converted to relative exciton numbers by dividing them by
the absolute PL efficiencies (®p.). To estimate the EPR in
the o-NPD layer (1o.npp), the relative EL intensity was
divided by the PL efficiency of a-NPD (®p. = 0.30). In the
same manner, the EPR in the Alq; layer was obtained by
dividing the relative EL intensity by the PL efficiency of
Algs (cDPL(Alq3) = 0.21).

Figure 6 shows EL spectra in four device structures with
seven different host layers along with the PL spectra of
o-NPD-, BAlq»-, and Algs-deposited films. In case of PYD-
2Cz, for example, these EL spectra contained almost no PL

components of DAHCs and mCP layers, and the spectra were
mainly composed of a-NPD, BAlq,, and Alq; emissions.
Further, TCB, PYD-3Cz, TRZ-3Na, and CBP based devices
showed similar emission characteristics. Here, we noticed
that these EL spectra have a very low carrier recombination
probability in the DAHC layers; almost all holes and
electrons pass each other and move in opposite directions
without carrier recombination. On the other hand, we noted
that the EL spectra contained a low number of PL. compo-
nents of PYM-3Cz and TRZ-3Cz in Devices B and D. This
is due to a significantly large electron injection barrier
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Figure 7. Schematic view of relative EL intensities depending on host layers and device configurations. Red and blue arrows respectively represent hole and

electron flows in OLEDs.

between the DAHC and mCP heterointerfaces; the LUMO
levels of PYM-3Cz (2.4 eV) and TRZ-3Cz (2.6 eV) are
slightly deeper than that of mCP (2.3 eV), as shown

schematically in Figure 7. This led to an accumulation of
electrons and a successive carrier recombination with holes
at these interfaces. These results indicate that DAHCs
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Table 1. Exciton Production Ratio of DAHCs, TCB, and CBP in
Various Device Structures (J = 10 mA/cm?)

Device A Device B Device C Device D
host layer  7a.NPD:7AlG;  a-NPDWAlG;  Mo-NPD:/BAlG,  o-NPD:YBAlg,
TCB 0.02:1.0 0:1.0 0.2:1.0 0.1:1.0
PYD-2Cz  0.05:1.0 0:1.0 0.4:1.0 0.05:1.0
PYD-3Cz  0.3:1.0 0:1.0 0.5:1.0 0.1:1.0
PYM-3Cz 2.3:1.0 0.3:1.0 7.7:1.0 0.8:1.0
TRZ-3Cz  2.3:1.0 1.0:1.0 1.0:0 0.9:1.0
TRZ-3Na  0.5:1.0 0:1.0 2.6:1.0 0.2:1.0
CBP 0:1.0 0:1.0 0.8:1.0 0.4:1.0

intrinsically have a very small carrier recombination cross-
section (ogg) and the carrier recombination probability in
the DAHC layers is enhanced by the introduction of the
heterointerfaces. Such small org would be related to the
peculiar electronic structures of DAHCs having both donor
and acceptor moieties that individually contribute to hole
and electron transport. Detailed analysis of ogg in relation
with molecular electronic structures will be discussed in a
separate paper.

Figure 7 shows a schematic view of carrier recombination
in four devices with different host layers, and Table 1 and
Figure 8 summarize the EPR numbers in all devices. First,
we noticed that by changing the core unit from benzene
(TCB) to pyridine (PYD), pyrimidine (PYM) and triazine
(TRZ) tend to enhance electron current intensity, which is
consistent with the electron-accepting nature of the core units.
On the other hand, enhancement of hole current intensity
was observed by changing the carbazole substituent into
[B-naphthylamine. In addition, comparing hole and electron
current ratios in the PYD-2Cz and PYD-3Cz having the same
pyridine core unit with different numbers of carbazole
substituents, no substantial changes in the carrier transport
characteristics were observed between them. From these
results, we note that the most balanced bipolar characteristics
were obtained with PYM-3Cz and TRZ-3Cz cores in Device
A, B, and D.

We next discuss carrier balance characteristics for the
device structures shown in Figure 8. In general, using a 10-
nm-thick mCP layer (Device B) reduced the EPR of o.-NPD,
compared with Device A in which there was no EPR
reduction. This indicates that the hole current is enhanced
since no a-NPD emission was observed in these EMLs.
However, by introducing a 10-nm-thick BAlq; layer (Device
C), the EPR of o-NPD was significantly increased, indicating
an increase of the electron current. In addition, by introducing
both BAlq,; and mCP (Device D), all devices showed bipolar
characteristics. The most balanced bipolar condition of TCB,
PYD-2Cz, PYD-3Cz, and CBP was obtained in Device C,
indicating the cores of benzene, pyridine, and biphenyl with
carbazole substituents have significantly stronger hole trans-
port characteristics compared with electrons. Thus, the
balanced bipolar condition was a result of the BAlq, layer,
which reduces the electron injection barrier. On the other
hand, PYM-3Cz and TRZ-3Cz showed a rather good bipolar
condition in Devices B and D, indicating the core units of
pyrimidine and triazine with carbazole substituents have
strong electron transport characteristics. Thus, by introducing
an mCP layer, reduction of the hole injection barrier resulted
in a balanced current ratio. These results demonstrate that
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Figure 8. Relative hole and electron current intensities depending on four
kinds of OLEDs.

charge injection and transport is delicately influenced by the
insertion of HTL and ETL having different HOMO and
LUMO energy levels. In organic semiconductors with no
intentional doping of electron donors and acceptors, the
carrier balance factor is affected not only by single electrical
characteristics, such as carrier mobilities but also by carrier
injection barriers between adjacent heterointerfaces. We
could clearly observe that the hole and electron current ratio
can be effectively controlled by changing molecular and
device structures.

Finally we note weakness of our discussion. In our device
configuration, Forster type energy transfer from TRZ-3Cz
to Alqs and BAlq is basically possible. Thus, it may be
possible that the emission spectra contain the contribution
based on the energy transfer from the host layers to the
adjacent carrier transport layers. In our present analysis,
however, it is difficult to estimate the contribution of such
energy transfer. In future study, it may be useful for applying
the local doping method to understand the accurate carrier
recombination and exciton formation regions.3 ! Further, we
tried to measure the motilities of the host layers by TOF
method. However, the observed signals were basically
dispersion type, resulted in difficulty for determining accurate
carrier mobilities.

IV. Conclusion

We clarified carrier injection and transport character-
istics of DAHCs by analyzing the EL spectra in various
device structures. By changing the core units and sub-
stituent groups in DAHCs, the HOMO and LUMO levels
are systematically controlled. Electron acceptor charac-
teristics were strengthened by increasing the number of
nitrogen atoms in the core unit. On the other hand, by
changing carbazole into -naphthylamine, hole injection
and transport characteristics were strengthened. In addition
to the donor and acceptor design of DAHCs, we could
systematically control the carrier balance factor by design-

(31) Murata, H.; Merritt, C. D.; Kafafi, Z. H. IEEE J. Sel. Top. Quantum
Electron. 1998, 4, 119.
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ing a carrier injection barrier at heterointerfaces. In
particular, PYM-3Cz and TRZ-3Cz showed the most
balanced bipolar characteristics in these materials. Dia-
rylamino-substituted heterocyclic compounds will be a
useful host materials in terms of having well-balanced
bipolar characteristics in phosphorescence OLEDs.
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