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Abstract

We have shown that triazine compounds of
2-biphenyl-4-yl-4,6-bis-(4 -pyridin-2-yl-biphenyl-4-y1)-[1,3,5]triazine  (DPT) and
2,4-bis-biphenyl-4-yl-6-(4 -pyridin-2-yl-biphenyl-4-y1)-[1,3,5]triazine (MPT) work as

excellent electron-transport layers (ETLs) of organic light-emitting diodes (OLEDs). By



replacing a typical ELT of tris(8-hydroxyquinoline) aluminum (Alqs) with the DPT ETL
and the MPT ETL, driving voltages and power conversion efficiencies of OLEDs
operated at a current density of 50 mA cm™ are improved from 7.7 + 0.2 V and 1.41 +
0.10 Im W' (Algs) to 6.0 + 0.1 V and 1.62 + 0.09 Im W' (DPT) and 5.2 + 0.1 V and
1.88 + 0.18 Im W' (MPT), respectively. Half lifetimes of the OLEDs operated at the
same current are also enhanced from 3200 h (Alqgs) to 4200 h (MPT) by using the MPT
ETL. The reduction in driving voltage is found to arise from more efficient electron
injection at interfaces of DPT/cathode (a barrier height of = 0.61 eV) and MPT/cathode
(a barrier height of = 0.51 eV) than at an interface of Alqgs/cathode (a barrier height of =
0.73 V) as well as better electron mobilities of DPT (8.7 x 10 cm® V™' s at an electric
field of 5.0 x 10° V ecm™) and MPT (1.4 x 10 cm® V™' s™" at the same field) than that of
Algs (4.1 x 10° cm? V' s at the same field [Naka et al., Synth. Met. 111-112 (2000)
331.]). A high-mobility electron-transport material of 4,7-diphenyl-1,10-phenanthroline

(BPhen) is also used as an ETL for comparison of OLED characteristics.
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Although organic light-emitting diodes (OLEDs) have been significantly
developed over the last decade [1,2], driving voltages, power conversion efficiencies,
and operational stability of OLEDs must be further improved for practical applications,
such as flat panel displays. In general, organic materials used for OLEDs are basically
insulators having carrier mobilities lower than 107 cm® V! s [3-6]. Also, carrier
injection barrier heights of several hundred meV are present at heterojunction interfaces
of electrode/organic and organic/organic in OLEDs [7,8]. Therefore, high electric fields
are required to overcome the low mobilities and the barrier heights, degrading the
OLED performances. In particular, electron mobilities are known to be much lower than
hole mobilities in most organic materials [3-6]. If a high-mobility electron-transport
material (ETM) can be developed, it will be possible to further improve the OLED

performances.

Various ETMs have been reported and used to date, such as oxadiazoles [9],
triazoles [10], phenanthrolines [11], and triazines [12]. Klenkler et al. recently
demonstrated that replacing tris(8-hydroxyquinoline) aluminum (Alqs;) with a triazine
compound of 4,4-bis-[2-(4,6-diphenyl-1,3,5-triazinyl)]-1,1-biphenyl (BTB) as an

electron-transport layer (ETL) can reduce driving voltages of OLEDs from 6.86 V to



4.51 V at a current density of 25 mA cm? [13]. Thus, we focus our attention on triazines
among the ETMs due to their characteristics of wide energy gaps and high electron
transport [13,14]. From results of synthesizing and testing a wide variety of triazine
derivatives, 2-biphenyl-4-yl-4,6-bis-(4 -pyridin-2-yl-biphenyl-4-y1)-[1,3,5]triazine
(DPT) and 2,4-bis-biphenyl-4-yl-6-(4 -pyridin-2-yl-biphenyl-4-y1)-[1,3,5]triazine (MPT)
are found to work as excellent ETLs of OLEDs. The chemical structures of DPT and
MPT are shown in Fig. 1. Results of time-of-flight (TOF) measurements reveal that
vacuum-deposited films of these triazines have very good electron mobilities of 8.7 x
10° cm® V' s (DPT) and 1.4 x 10 cm? V' s (MPT) at an electric field of 5.0 x 10° V
cm™', which are one-to-two orders of magnitude higher than that of Algs (4.1 x 10 cm?
V' s at the same field [4,6]), but are slightly lower than that of an ETL material,
4,7-diphenyl-1,10-phenanthroline (BPhen) (5.8 x 10 cm” V™' s at the same field [6]).
Moreover, higher LUMO (lowest unoccupied molecular orbital) energy levels of DPT
(-2.97 £ 0.02 eV) and MPT (-3.07 = 0.02 eV) lead to efficient electron injection from a
cathode when compared with Alqgs (-2.85 = 0.02 eV) and BPhen (-2.83 + 0.02 eV). In
other words, the electron mobilities and the electron injection barrier heights can be

modified by changing the number of pyridine substitutes in a triazine framework.



In this study, we have shown that driving voltages of OLEDs operated at a current
density of 50 mA cm™ are reduced from 7.7 + 0.2 V (Algs) to 7.0 + 0.2 V (BPhen), 6.0 +
0.1 V(DPT), and 5.2 + 0.1 V (MPT) by replacing the typical Alqs ETL with the ETLs of
BPhen, DPT, and MPT due to the enhanced electron injection and/or transport. Power
conversion efficiencies at 50 mA cm™ are also improved from 1.41 + 0.10 Im W' (Algs)
to 1.55 + 0.07 Im W™ (BPhen), 1.62 + 0.09 Im W' (DPT), and 1.88 + 0.18 Im W
(MPT) due to the voltage reduction mentioned above. Among OLEDs investigated in
this study, an OLED with the MPT ETL has the longest lifetime of 4200 h under
operation at 50 mA cm™. For better understanding of the improved OLED performances,
details of optical, electrical, and thermal characteristics of DPT and MPT are

investigated.

2. Experimental

The devices (A)-(F), whose structures are shown in Fig. 2(a), were fabricated
using a vacuum deposition condition as previously reported in Ref. [15]. The ITO, the
o-NPD, and the LiF stand for indium tin oxide as a hole-injecting anode layer,
N,N-diphenyl-N,N-bis(1-naphthyl)-1,1 -biphenyl-4,4’-diamine as a hole-transport layer

(HTL) [16], and lithium fluoride as an electron-injection layer (EIL) [17], respectively.



Since use of a very thin hole-injection layer (HIL) of molybdenum oxide (MoOs) can
improve both driving voltages, power conversion efficiencies, and operational stability
of OLEDs [15,18,19], a 0.75 nm MoO; HIL was introduced between the ITO and the
o-NPD for all devices. The completed devices were encapsulated together with an
oxygen and moisture absorbing desiccant sheet using a glass cap and an ultraviolet
curing epoxy resin inside a nitrogen-filled glove box. The driving voltages, the current
densities, the external quantum efficiencies, the luminance, and the power conversion
efficiencies of the devices were measured using conditions as previously reported in Ref.
[15]. The changes in voltage and luminance with operational time were measured under
dc driving of (A)-(F) at 50 mA cm™ at room temperature to estimate the voltage
increase rates and the half lifetimes, at which the luminance drops to one-half of the

initial luminance.

To investigate the electron injection and transport characteristics of Alqs, BPhen,
DPT, and MPT, the electron-only devices (I)-(VIII), whose structures are shown in Fig.
2(b), were fabricated using a similar condition as previously reported in Ref. [15]. To
prevent hole injection from the ITO anode,

2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) having a high ionization



potential energy level of -6.25 eV was inserted as a hole-blocking layer (HBL) between

the ITO and the ETL in (I)-(VIII). In fact, all electron-only devices exhibited no

electroluminescence (EL) during their current density-voltage measurements.

3. Results and discussion

3.1. Optical, electrical, and thermal characteristics of DPT and MPT

The UV-VIS absorption spectra and the fluorescence (FL) spectra of 50 nm films

of DPT and MPT on quartz substrates are shown in Fig. 3. The films of DPT and MPT

have the almost similar optical characteristics. The absorption peak wavelengths of DPT

and MPT are 332 nm and 325 nm, respectively. The FL spectra of the films are nearly

mirror images of the absorption spectra. The FL peak wavelengths of DPT and MPT are

431 nm and 424 nm, respectively [20]. Moreover, the ionization potential energy levels

of DPT and MPT are measured to be -6.06 = 0.02 eV and -6.25 = 0.02 eV, respectively,

using an AC-2 photoelectron yield spectrometer (Riken Keiki). The electron affinity

energy levels of DPT and MPT are roughly estimated to be -2.97 + 0.02 eV and -3.07 £

0.02 eV, respectively, by subtracting the absorption onset energies [~ 3.09 eV (400 nm)

for the DPT film and = 3.18 eV (389 nm) for the MPT film] from the ionization

potential energy levels.



The energy-level diagrams of the OLEDs and the electron-only devices estimated
using the above-mentioned technique are depicted in Figs. 4(a) and 4(b), respectively.
The smaller-energy-gap layer of Algq; (= 2.86 eV) is sandwiched between the
wider-energy-gap layers of a-NPD (= 3.05 eV), BPhen (= 3.38 eV), DPT (= 3.09 eV),
and MPT (= 3.18 eV), indicating that Alqs; excitons are well confined in the Alqs layer.
Moreover, the electron injection barrier heights at the interfaces of Alqs/Al, BPhen/Al,
DPT/Al, and MPT/AI are calculated to be = 0.73 eV, = 0.75 eV, = 0.61 eV, and = 0.51
eV, respectively, from the differences between the electron affinity energy levels of the
ETLs and the work function energy level of the Al cathode [Fig. 4(a)]. Comparing these
barrier heights, more efficient electron injection is expected to occur at the interfaces of
DPT/Al and MPT/AI than at the interfaces of BPhen/Al and Alqs/Al. It is noted that
these barrier heights may be overestimated since a LiF EIL has been used between an
ETL and an Al cathode layer to enhance electron injection from Al [17]. However, we
suppose that the qualitative comparison of the electron injection characteristics is

possible using the above-mentioned barrier heights.

In addition to the smaller electron injection barrier heights, the films of DPT and



MPT have very good electron transport abilities. The electron mobilities of the films are
analyzed using structures of glass substrate/ITO (110 nm)/DPT (870 nm) or MPT (1550
nm)/Al (100 nm) with a TOF measurement condition as previously reported in Ref. [5].
The electron transients of DPT and MPT have less clear plateaus [Fig. 5(a)]. The
electron transit time (trg) of DPT and MPT is estimated from a change in slope in the
double logarithmic plots as shown in Fig. 5(b). The electron mobilities () of the films
under a wide range of electric fields are determined from the relationship [4-6] u =
L*/(trrV) (1), where L is the cathode-anode spacing and V is the voltage. The u of these
films is found to be field dependent [Fig. 5(c)]. Here, the field-dependent mobility [4-6]
can be expressed as u = uexp(SE’’) (2), where 1 is the zero field mobility, 3 is the
field dependence parameter, and E is the electric field. Fitting the x-E™ plots with Eq
(2) yields t=3.6x 10°cm* V' s and f=4.5 x 107 ecm®® V*° (DPT) and 1 = 5.8 x
10 em? V' s and = 4.5 x 10° em®™ V*® (MPT) [Fig. 5(c)]. It has been shown that
electron transients of Alqs films are changed from a non-dispersive shape to a dispersive
shape by exposing the films to oxygen and water atmosphere [5,21,22]. The x obtained
from non-dispersive transport (NDT) and dispersive transport (DT) of Algs
[4,5,6,21,23] and BPhen [6] is plotted together with that of DPT and MPT in Fig. 5(c).

The reported  of Alqs is slightly dependent upon research groups. As can be seen in Fig.



5(c), the measured x of DPT and MPT is found to be the intermediate values between
those of Algs (for example, o = 1.0 x 10® cm® V' s and B = 8.5 x 10° cm®® V**
[4,6]) and BPhen (1 = 2.0 x 10* em® V' s and #= 1.5 x 107 cm®® V% [6]) and is,

however, comparable to those of triazine compounds previously reported [13,24,25].

The thermal characteristics of DPT and MPT are investigated using differential
scanning calorimetry (DSC 200, SEIKO). The measured glass transition temperatures of
DPT and MPT are 136 °C and 108 °C, respectively, and the measured melting
temperatures of DPT and MPT are 340 °C and 279 °C, respectively. The observed high
glass transition temperatures are expected to provide high thermal stability for the

OLEDs operated at elevated temperature.

3.2. Injection and transport of electrons in OLEDs and electron-only devices

We investigate that how the use of the ETLs of Alqgs, BPhen, DPT, and MPT
affects the driving voltages of the OLEDs. The current density-voltage characteristics of
(A)-(D) are shown in Fig. 6(a). The driving voltages of (A)-(D) operated at a current
density of 50 mA cm™ are summarized in Table I. Replacing the Alqs ETL with the

BPhen ETL reduces the driving voltages from 7.7 = 0.2 V (A) to 7.0 £ 0.2 V (B) at 50
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mA cm™. Since the electron injection barrier heights at the interfaces of Alqs/Al (= 0.73
eV) and BPhen/Al (= 0.75 eV) are almost similar, the voltage reduction is attributable to
the highest electron mobility observed in the BPhen ETL [Fig. 5(c)]. On the other hand,
the driving voltages at 50 mA cm™ are reduced from 7.7 + 0.2 V (A) to 6.0 = 0.1 V (C)
and 5.2 = 0.1 V (D) by replacing the Alqs ETL with the DPT ETL and the MPT ETL
due to the decrease in electron injection barrier height from = 0.73 eV (Alqgs/Al) to =
0.61 eV (DPT/Al) and = 0.51 eV (MPT/AI) as well as the increase in electron mobility
by one-to-two orders of magnitude [see Fig. 5(c)]. Although the electron mobility of the
BPhen ETL is higher than those of the DPT ETL and the MPT ETL, the driving voltage
of (B) with the BPhen ETL (7.0 = 0.2 V) becomes higher than those of (C) with the
DPT ETL (6.0 = 0.1 V) and (D) with the MPT ETL (5.2 + 0.1 V), indicating that the
decrease in electron injection barrier height is more advantageous than the increase in
electron mobility to reducing the voltages. To double-check the change in the driving
voltages of (A)-(D), the electron-only devices (I)-(IV), the structures of which are
shown in Fig. 2(b), were fabricated and tested. The current density-voltage
characteristics of the electron-only devices (I)-(IV) [Fig. 6(b)] are found to be changed

in the manner similar to those of the OLEDs (A)-(D) [Fig. 6(a)].
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As discussed in the previous section 3.1., the difference in the electron injection

barrier height between the interfaces of DPT/cathode and MPT/cathode is only = 0.1 eV.

Also, the ratio of the mobility of the MPT ETL to the mobility of the DPT ETL is as

small as = 1.6. Therefore, we investigate that either electron injection or electron

transport plays an important role in improving the driving voltage of (D) relative to (C).

To do this, the current density-voltage characteristics of the OLEDs (C)-(F) and the

electron-only devices (V)-(VIII) are compared [Figs. 7(a) and 7(b)]. The structures of

(C)-(F) and (V)-(VIII) are also shown in Figs. 2(a) and 2(b), respectively. Using a 5 nm

MPT ETL between the DPT ETL and the LiF EIL leads to a reduction in the driving

voltage from 6.0 = 0.1 V (C) to 5.4 = 0.1 V (E). On the other hand, the driving voltages

increase from 5.2 £ 0.1 V (D) to 5.8 £ 0.1 V (F) by inserting a 5 nm DPT ETL between

the MPT ETL and the LiF EIL. The similar change in voltage is observed in the

electron-only devices (V)-(VIII). In general, while transport-limited currents (such as

space-charge-limited currents) are changed proportional to carrier mobilities [26],

injection-limited currents (such as tunneling injection currents and thermionic emission

currents) exponentially increase with decreasing barrier heights [7,27,28]. From these,

we infer that the decrease in electron injection barrier height by = 0.1 eV predominantly

reduces the driving voltages of the OLEDs than the increase in electron mobility by =

12



1.6 times, which is in good agreement with the results discussed previously using the

BPhen ETL.

In all devices, we observed green EL from electrically excited Algs molecules.
The shapes and the peak tops (528-530 nm) of the EL spectra are consistent with those
previously reported [16,29,30] and they are independent of current densities. A carrier
recombination efficiency of electrons and holes in a carrier recombination zone is
known to affect current density-voltage characteristics [26]. However, the external
quantum efficiencies of (A)-(F) at 50 mA cm™ are almost similar (= 1%) (Table I),
indicating that a change in carrier recombination efficiency causes a negligible effect on
the driving voltages of the OLEDs. On the other hand, the power conversion
efficiencies at 50 mA cm™ are improved from 1.41 + 0.10 Im W' (A) to 1.88 + 0.18 Im

W (D) due to the voltage reduction discussed above (Table I).

3.3. Operational stability of OLEDs
The luminance/initial luminance-time (L/Lo-t) characteristics and the driving
voltage-time (V-t) characteristics of (A)-(F) are shown in Figs. 8(a) and 8(b),

respectively. The half lifetimes of the OLEDs are determined to be 3200 h (A), 400 h

13



(B), 2800 h (C), 4200 h (D), 3700 h (E), and 2900 h (F) (Table I) from Fig. 8(a) [31].
Moreover, the straight-line approximation of the V-t curves [the solid lines in Fig. 8(b)]
gives the voltage increase rates: 4.1 x 10* Vh' (A), 8.0x 10° Vh' (B), 1.4x 10* Vh'
(C), 1.0x 10* Vh' (D), 1.2 x 10* V h' (E), and 1.7 x 10™ V h' (F) (Table I). The
longest half lifetime of 4200 h and the lowest voltage increase rate of 1.0 x 10* V h™!
obtained in (D) are excellent values when compared with previously reported OLEDs

based on a-NPD and Alqs; [15,16].

Replacing the Alqs ETL with the MPT ETL increases the half lifetimes from 3200
h (A) to 4200 h (D). Although the half lifetime of (C) with the DPT ETL (2800 h) is
lower than that of (A) with the Algs; ETL (3200 h), inserting the 5 nm MPT ETL
between the DPT ETL and the LiF EIL (the DPT/MPT/LiF unit) enhances the lifetimes
from 2800 h (C) to 3700 h (E). On the other hand, the lifetimes are degraded from 4200
h (D) to 2900 h (F) by using the MPT/DPT/LiF unit. In the case of the BPhen ETL, the
device (B) has the shortest lifetime of 400 h among the devices. From these results,
inserting the MPT layer between the ETL and the LiF EIL is found to be more important
for the operational stability of the OLEDs than using the layers of Alqgs, BPhen, and

DPT. Since various degradation models of Alqs-based OLEDs have been proposed [32],

14



the proposed degradation models cannot fully explain the lifetime results obtained in

this work. Detailed degradation mechanisms of the OLEDs are now under investigation.

4. Conclusions

We have shown that triazine films of DPT and MPT have very good electron
mobilities of 8.7 x 10 cm® V' s (DPT) and 1.4 x 10™* cm® V' s (MPT) at an electric
field of 5.0 x 10° V cm™, which are much higher than that of Alqs (4.1 x 10° cm® V' s™!
at the same field [4,6]), but are slightly lower than that of BPhen (5.8 x 10 cm? V™' s
at the same field [6]). Moreover, the triazine films have higher LUMO energy levels of
-2.97 £0.02 eV (DPT) and -3.07 £ 0.02 eV (MPT) than the films of Alq; (-2.85 £ 0.02
eV) and BPhen (-2.83 £ 0.02) have, resulting in that electron injection at interfaces of
DPT/cathode and MPT/cathode is more facile than that at interfaces of Alqs/cathode and
BPhen/cathode. By comparing performances of OLEDs having the ETLs of Algs,
BPhen, DPT, and MPT, a decrease in electron injection barrier height at the
ETL/cathode interfaces is found to predominantly reduce driving voltages of the
OLEDs than an increase in electron mobility of the ETLs. Thus, the OLED having the
MPT ETL has the lowest driving voltage of 5.2 £ 0.1 V, the highest power conversion

efficiency of 1.88 + 0.18 Im W', and the longest half lifetime of 4200 h at a current

15



density of 50 mA cm™ among the OLEDs investigated in this study. These results
indicate that MPT with the high electron mobility and the high LUMO energy level is a

promising candidate for use as an ETL for fabricating high-performance OLEDs.
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Table I. Driving voltages, luminance, external quantum efficiencies, power conversion

efficiencies, half lifetimes, and voltage increase rates of (A)-(F) operated at 50 mA

cm

-2

Drivi External Power Half Voltage
Device rl'z"ng Luminance quantum conversion lifetime increase

v\? age (cd m?) efficiency efficiency () rate

v) (%) (Im W )
(A) Alga 7.7+ 0.2 1622 += 120 0.98 = 0.02 141 £ 0.10 3200 4.1x 104
(B) BPhen 70% 02 1599 = 94 0.99 = 0.03 1.55 £ 0.07 400 8.0x10°
(C) DPT 6.0+ 0.1 1540 = 98 0.99 + 0.01 1.62 = 0.09 2800 14x10*
(D) MPT 52+ 01 1657 = 133  0.97 + 0.02 1.88 =+ 0.18 4200 1.0x10*
(E) DPT/MPT 54 + 0.1 1547 £ 102 097 = 0.01 183 = 0.11 3700 1.2x 10"
(F) MPT/DPT 58 = 0.1 1512 = 130 099 = 0.01 168 %= 0.15 2900 1.7x 10-4
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Figure captions

Fig. 1. Chemical structures of molecules of DPT and MPT.

Fig. 2. Schematic structures of (a) OLEDs (A)-(F) and (b) electron-only devices

(I)-(VIID).

Fig. 3. UV-VIS absorption spectra and FL spectra of vacuum-deposited films of DPT
and MPT on quartz substrates. FL spectra were measured using excitation light

wavelengths at absorption maxima.

Fig. 4. Energy-level diagrams of (a) OLEDs (A)-(F) and (b) electron-only devices

(I)-(VIID).

Fig. 5. (a) Double linear plots and (b) double logarithmic plots of TOF electron
transients from DPT and MPT at electric field of 5.8 x 10° V e¢m™ and (c) electric
field dependence of TOF electron mobilities of DPT and MPT, which is compared
with that of previously reported TOF electron mobilities estimated from dispersive

transport (DT) and non-dispersive transport (NDT) of Alqs [4,5,6,21,23] and DT of

21



BPhen [6].

Fig. 6. (a) Current density-voltage characteristics of (a) OLEDs (A)-(D) and (b)

electron-only devices (I)-(IV).

Fig. 7. (a) Current density-voltage characteristics of (a) OLEDs (C)-(F) and (b)

electron-only devices (V)-(VIII).

Fig. 8. (a) Luminance/initial luminance-time characteristics and (b) driving voltage-time

characteristics of OLEDs (A)-(F) operated at 50 mA cm™.
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