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Novel Phenanthroline Derivatives for Electron Transport in Organic Light-emitting Diodes
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A series of novel arylvinyl-substituted phenanthroline
derivatives have been synthesized and their applications as
electron-transporting materials in organic light-emitting diodes
(OLED’s) have been investigated. One particular derivative,
namely, 2,9-bis(2-thiophen-2-ylvinyl)[1,10]phenanthroline
shows significantly lower operating voltage than tris(8-quino-
linolato)aluminum(IIT) (Alqs;) and substantially higher lifetime
than bathophenanthroline (BPhen).

Since Tang et al. reported an organic light-emitting device
(OLED) using tris(8-quinolinolato)aluminum(IIl) (Alqs) as an
electron-transporting material (ETM) in 1987, Alqs has widely
been employed both in commercial production and research
because of its low cost and acceptable lifetime.! However, Alqs
has three disadvantages: (i) Poor mobility, therefore high
operating voltage and reduced luminous efficiency, (ii) it leaves
behind considerable amount of residue and ash under production
condition (during vacuum thermal evaporation), and (iii)
perceived toxicological properties of aluminum compounds.
Considerable research effort has been expended to develop high
mobility materials which would reduce the operating voltage
without diminishing the efficiency and lifetime.?

In addition to metal quinolinolates, oxadiazole(s), oxa-
zole(s), thiazole(s), imidazole(s), pyridyl compounds, silole(s),
perfluorinated oligophenylene(s), phenanthroline(s), and pyri-
midone(s) have been reported by several authors.>™!

Amongst the phenanthroline derivatives,>’ bathophenan-
throline (BPhen) and bathocuproine (BCP) have been exten-
sively studied because of their high mobility (1 x 10~
em?V~s™!) compared to that of Algs (1 x 107°—1 x 1077
em?V~!s7") and deep HOMO levels (typically, —6 to —6.9
eV) which make them excellent hole blockers. However, both
virgin BCP and BPhen give significantly poorer lifetime
compared to other hole blockers. The former'*~'® tends to
crystallize (BCP films crystallize upon storage) and the latter has
a very low T, of 62 °C. Both BCP and BPhen were found to give
acceptable lifetime if they are doped or mixed with electron
donors such as low work function metals (e.g., Li and Cs) or
their complexes.®!! Kim and Im'# reported that their devices
with pristine BCP or BPhen lasted only a few hours even at an
initial luminance of only 150 cdm~2.

Li et al. recently reported some phenanthroline derivatives
with superior performance to Alqs® for their device structure
ITO/-NPB (50 nm)/Alqs; (40 nm)/ETL (30 nm)/LiF (1 nm)/Al
where their best ETM gave a 21% reduction in operating voltage
at 1000 cd m~2 and 32% increase in power efficiency (Im W~')
compared to Alqgs-based devices. However, no lifetime informa-
tion was reported.

We have been interested in developing electron transporters
cum hole blockers which would give long lifetimes. Here, we
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Figure 1. Synthetic scheme for C-1 (Ar: phenyl), C-2 (Ar: 4-
trifluoromethylphenyl), C-3 (Ar: 4-cynophenyl), C-4 (Ar: thienyl).

Table 1. Physcial properties of compounds, C-1-C-4 compared with
Alqz and BPhen

UV, /lmax FL, Amax
Comp. Mp/°C?* T4/°C? Ty4/°C®  /nm (abs.) /nm (em.)
Thin Film Thin Film
C-1* — 117 —F 277,340 (sh)2 453, 493
C-2° 279 — 337 279, 345 (sh)® 451, 491 (sh)
C-3* 289 —° 130 313, 362 (sh)® 461 (sh), 512
C-4° 298 111 345 329, 385 (sh)® 520
BPhen® 218 62 287 278, 314 (sh)® 385, 402 (sh)

Alg® 415 172 352 265,393 520

aDecomposes on sublimation, so no devices fabricated. ®Stable
in OLED production conditions. °Stable in OLED production
conditions, but poor lifetime due to low T, “No mp. *No 7,. 'Not
measured. &sh: shoulder.

report the synthesis of some selected 2,9-substituted phenanthro-
lines,?° their physical properties, and their performance as
ETM’s in green OLED’s. The compounds were synthesized
according to the general method as shown in Figure 1.

Table 1 summarizes the physical properties of the com-
pounds C-1, C-2, C-3, and C-4. All the compounds were
purified by double sublimation. Only C-2 and C-4 were stable
under OLED manufacturing conditions while C-1 and C-3
decomposed. The decomposition characteristics were examined
under nitrogen atmosphere on a TGA equipment and the
compounds C-2 and C-4 had high decomposition temperatures
(337 and 345 °C respectively) for further device study. HOMO-
LUMO levels were determined by cyclic voltammetry (com-
puter-controlled potentiostat PAR 273 or CHI 600D) and band
gap measurement from absorption spectroscopy of thin films
produced by vacuum thermal evaporation. UV-vis absorption
spectroscopy and fluorescent spectroscopy were performed on
evaporated thin films on quartz (spectrosil) and are shown in
Figure 2. The HOMO-LUMO levels of all the compounds
reported in this paper are presented in Figure 3.

Electroluminescent devices were fabricated by vacuum
thermal evaporation method using a multichamber OLED pilot
plant machine (Solciet, ULVAC, Japan). The devices were
fabricated on a patterned (pixilated) ITO substrates (40 €2/sq,
Hitachi High Tech.), cleaned with water, acetone, isopropyl
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Figure 2. Thin film absorption and fluorescence.
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Figure 3. HOMO-LUMO energy levels of C-1-C-4, Alqs;, and
BPhen.

alcohol, and water (in that order), then dried at 150 °C for 20 min
and then subjected to ozone cleaning (UV irradiation, 185 nm) at
150°C for 10 min. The substrates were then plasma cleaned in
the presence of oxygen for 25s and moved into the vacuum
chamber from which the hole injector [5,10,15,20-tetra(p-tolyl)-
21H,23H-porphine  zinc(I) (ZnTPTP)], hole transporter
(N,N'-di(1-naphthyl)-N,N’-diphenylbenzidine (a-NPB)), host
(Alg3):dopant  (N,N’-diphenylquinacridone, DPQA), electron
transporter (20 nm) were sequentially deposited at evaporation
rates of 0.7, 1.5, 1, 0.002, and 1 As™! respectively.

An electron injection layer (LiF, 0.5nm) was deposited on
top of the ETM before depositing the top contact (Al, 150 nm).
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Figure 4. Engery level diagram of OLED device under zero-bias.

All the devices were encapsulated with a UV curable adhesive
(Nagase) with glass backplates in a glovebox under nitrogen
atmosphere. The electrical and optical measurements were
carried out by computer-controlled Keithley 2400 Source Meter
and Minolta (CS-1000) spectrometer respectively. Lifetime
measurements were carried out on encapsulated devices under
constant current density. The employed current density
(Column 8, Table 2) was 20mA cm™2 for Device D-A (1120
cdm™?), 10mAcm=2 for Device D-C-2 (972cdm™2), and
7mA cm~? for Device D-C-4 (630cdm™2) or 6.4mA cm™? for
all the devices (Column 9, Table 2).

All the compounds were found to be fluorescent, light blue
as thin films and dark blue in solutions. On substituting the
phenyl ring of C-1 with electron-withdrawing groups such as
CF; (C-2), the HOMO level is depressed by 0.1eV while
LUMO level is unchanged. In contrast, both HOMO and LUMO
levels are reduced by 0.1eV on substituting C-1 with the CN
group (C-3). This is consistent with the postulation by Bredas
and Heeger." To investigate the electron-transporting character-
istics of the compounds C-2 and C-4, we fabricated devices
(Figure 4) as follows: ITO/ZnTPTP (50 nm)/«-NPB (50 nm)/
Algs:DPQA (50nm: 0.1nm)/ETL (20nm)/LiF (0.5nm)/Al
where ETL is Alqg; or C-2 or C-4. The corresponding devices
are assigned D-A, D-C-2, and D-C-4 respectively. Figure 5
shows the current density vs. voltage, luminance vs. voltage
plots for Algs, C-2, and C-4. Two important points are
immediately apparent. First, the turn-on voltage (to give a
luminance of 1 cdm™2) for devices with C-4, C-2, and Alg; are
3.0, 3.5, and 4.3V respectively. Second, the operating voltage
for the devices with C-4 is significantly lower than that for the
devices with either C-2 or Alqs. Devices with C-2 have slightly

Table 2. Performance of green devices

Color Lifetime Lifetime
ETM Turn-on Voo/Vat  Vat 100 Eff./cdA™"  Eff./ImW™! dinat ti2/h tip/h
(Device 1.D) voltage/V 1000cdm™ mAcm™ at 1000cdm™2 at 1000 cd m— cco?]f: 1nates (Initial luminance (Initial luminance
®D Gedmyr (@jedmp

Algs 4.3 11.2 15.0 11.0+0.5 30102 (0.325, 0.623) 3384 7552
(D-A) (1120) (678)
C-2 3.5 10.8 16.0 9.0£0.5 25402 (0.307, 0.652) 305 384
(D-C-2) 972) (704)
C-4 3.0 7.1 11.0 10.0 £ 0.5 40402 (0.314, 0.647) 3432 3432
(D-C-4) (630) (630)

The current density: 20 (D-A), 10 (D-C-2), and 7mA cm~2 (D-C-4). ®The current density was 6.4 mA cm~ for all the devices.
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Figure 5. Current density—voltage—luminance characteristics of ITO/
ZnTPTP (50nm)/a-NPB (50nm)/Alq;:DPQA (50 nm:0.1 nm)/ETL
(20 nm)/LiF (0.5nm)/Al

lower operating voltage than Alqs;-based devices in the low
voltage region, though the trend is reversed at higher voltages
(V> 13 V). For example, at 1000 cdm™—2, the devices with C-4
have 23% lower operating voltage compared to the devices with
Alqgs. The power efficiency (ImW~!) for devices with C-4 is
43% higher than that with Alqs, but the current efficiency is
comparable (Table 2). Devices with C-2 have lower power
efficiency and current efficiency than devices with Alq;. The
above observation can be explained on the basis of higher
mobility of C-4 (lower operating voltage and turn-on voltage)
compared Alqs and the barrier height for the electron injection is
lowest for C-4 (0.4eV), then Alq; (0.5eV) and highest for C-2
(0.6eV). However, the turn-on voltage does not follow the
barrier height. The turn-on voltage follows the order: C-4 <
C-2 < Alqgs. This can be explained on the basis of mobility
differences inferred from the color coordinates of the electro-
luminescent spectra (Figure 5, inset and Table 2).

The CIE color coordinates (x, y) for devices with C-2 are
more saturated green than devices with either C-4 or Alqs. The
more saturated the green color, the closer the emission is to the
hole transporter, ®-NPB (interface) and in turn, higher mobility
of the compound in question. Further, the observed color
coordinates are consistent with the relative HOMO levels (i.e.,
hole blocking nature) of the ETM’s concerned. The HOMO
levels of C-4, C-2, and Alq; are —6.0, —5.9, and —5.7eV
respectively and the hole blocking ability is expected to be in the
same order. Lifetime of the devices was measured under constant
current driving. Devices with Alqs; as ETM (D-A) have half-life
of 3384h (Initial luminance = 1120 cdm™2) and 7552 (Initial
luminance = 678 cd m~2) whereas the ones with C-4 (Device D-
C-4) have a lifetime of 3432h (Initial luminance = 630 cd m~2)
and C-2 (D-C-2) have a lifetime of only 384h at initial
luminance of 704cdm™2. Though the lifetime of the devices
with C-4 is lower than that with Alqs, it is still 1000-fold higher
than corresponding devices with pristine BPhen as ETM whose
lifetime is only a few hours (the devices degrade within hours of
manufacture). Further work is on going in understanding the
mechanism of conduction of the devices based on C-2 and C-4
and their performance in blue devices where the ETM’s (C-2 and
C-4) are both employed as virgin and doped. This will be
published elsewhere. Although compound C-3 is not evaporable
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under vacuum, its potential as a solution processed ETM is
under investigation. We have demonstrated that it is possible
to produce phenanthroline derivatives (example, C-4: 2,9-bis-
[2-(thiophen-2-yl)vinyl][1,10]phenanthroline) which can act as
good electron transporters and hole blockers with reasonably
long lifetimes even in their virgin form.
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