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Electroluminescence and photoluminescence of organic light-emitting diodes consisting of an
indium tin oxide anode, N,N8-di(naphthalene-1-yl)-N,N8-diphenyl-benzidine as a hole transport
layer, tris(8-hydroxyquinoline) aluminum as emitting layer, and an Ag cathode were measured for
different layer thickness values. It was found that, for a certain range of thickness values, multiple
peak emission can be achieved. In addition, the emission spectra were dependent on the viewing
angle. For the optimized thickness values, normal incidence chromaticity coordinates achieved were
0.32 and 0.43. Possible explanations for observed unexpected behavior are discussed. ©2004
American Institute of Physics. [DOI: 10.1063/1.1802386]
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Tris (8-hydroxyquinoline) aluminumsAlq3d is a materia
that is very commonly used in organic light-emitting dio
(OLEDs), either as an electron transport or emitting la
having a broad green emission.1,2 N,N8-di(naphthalene-1
yl)-N,N8-diphenylbenzidine(NPB) is a commonly used ho
transport material, which can also be used for realizatio
blue light-emitting devices.3,4 OLEDs based on NPB and/
Alq3 have been extensively studied. While so
interference5 and weak microcavity6,7 effects have been pr
viously reported, it is generally considered that a sim
NPB/Alq3 device would give a single peak emission t
would exhibit small, if any, blueshift with the viewing ang
The multiple peak emission can be achieved from a s
emitting layer using microcavity structures.8,9 However, a
microcavity OLED typically exhibits a significant bluesh
with the viewing angle.9–11

In this work, we demonstrate that a multipeak emis
can be achieved from a conventional, two-layer OLED c
sisting of an indium tin oxide(ITO) anode, a layer of NPB a
a hole transport layer, a layer of Alq3 as electron transpo
emitting layer, and a top silver cathodes,70 nmd. The NPB
and Alq3 (from H. W. Sands) were purified by sublimatio
before device fabrication, and microcavity OLEDs were
ricated by evaporation in a high vacuums,10−6 Torrd. The

a)
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layer thickness during deposition was given by a qu
thickness monitor, and verified after deposition by a
profiler. A HeCd laser(325 nm) and Xe lamp with a mono
chromator(420 nm) were used as excitation sources for p
toluminescence(PL), while for electroluminescence(EL) a
Keithley 2400 source meter was used to bias the dev
The spectra were recorded using fiberoptic spectrom
PDA-512-USB(Control Development Inc.).

Figure 1 shows the normal incidence EL spectra for
ferent NPB/Alq3 thickness values. It can be observed
the emission spectrum is strongly dependent on the d
thickness, as well as the position of the NPB/Alq3 interface
for the same total device thickness. In some cases,
three peaks can be observed(devices with 59/125 an
59/139 NPB/Alq3 thickness in nanometers). For large de
vice thickness, the emission spectrum becomes very b
Two-peak emission as a consequence of wide-angle int
ence was reported by Soet al.5 The important differenc
between the results presented here and their work is tha
devices contain no additional SiO2 layer and that we ob
served the multiple peak emissions for a much wider r
of thickness values. Existing theory on the emission sp
of the microcavity devices8,9 can be easily modified to sim
late the spectra of an ordinary OLED by treating the
layer as a mirror. While the simulated spectra demons
that it is indeed possible to obtain two-peak emission

suitably chosen NPB and Alq3 thicknesses, the agreement is

© 2004 American Institute of Physics
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not equally good for all the devices. In addition, we obse
significant differences between the EL and PL spectra,
cating that simple interference phenomena are likely n
sufficient explanation for the observed experimental res

In order to investigate the origin of the observed feat
in more detail, we have measured the EL spectra at diffe
viewing angles. A behavior significantly different from e
pected small blueshift was found. Figure 2 shows the
spectra of the 65/153 device for different viewing ang
The inset shows the chromaticity coordinates. At 0° view
angle, the device exhibits blue-white emission, while
larger viewing angles the device exhibits yellow-white em
sion. The surface-normal emission shows two peaks,
blue-green and one orange. The peaks do not show a s
cant shift with the viewing angle. However, the ratio of
peak intensities significantly changes with the viewing an
At smaller angles the higher energy peak is the domi
one, while the opposite is the case at larger angles. S
behavior is unexpected, considering that the previous w
demonstrated that a noncavity OLED would show no sig
cant change in the emission spectra with the viewing a
Another unexpected feature is the difference between th
gular dependence of the EL and PL spectra, especially
the wavelength is chosen in such a manner that only Al3 is

FIG. 1. (a) EL spectra of OLEDs for different thicknesses of NPB and A3
layers.(b) EL spectra of OLEDs for different positions of NPB/Alq3 inter-
face. Solid line denotes experimental data, while dashed line denotes
lated spectra. All the spectra were measured at 0° viewing angle, a
layer thickness is given in nanometers.
excited. Some difference between the EL and PL spectra i
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expected due to the different positions of the emission re
for electrical and optical excitation. However, the inter
ence phenomena as suggested by Soet al.,5 do not provide
sufficient explanation of the measured spectra. It should
be noted that the EL spectra do not show significant de
dence on the driving voltage, which would be expecte
there were significant shifts in the location of the recom
nation zone.

The obtained PL spectra for different viewing angles
shown in Fig. 3(a) (excitation wavelength 325 nm) and 3(b)
(excitation wavelength 420 nm). For 325 nm excitation, w
can observe the spectrum which strongly resembles a s
position of a strong NPB and weak Alq3 PL. When we excit
the structure with a 420 nm light, we can see a small red
of the PL peak upon increasing the viewing angle. While
PL spectra of NPB/Alq3 film on a quartz substrate show
from both NPB and Alq3 similar to the PL of the OLED
device, the intensity ratios of the two peaks are different(PL
from Alq3 is stronger from the film). For 420 nm excitatio
of the NPB/Alq3 film, no significant shift with the viewin
angle can be observed, and the shoulder at,460 nm, which
can be observed in the PL of an OLED, is absent in the P
the film. PL spectra at both wavelengths are significa
different from the EL spectra. It is known that the differ
EL and PL spectra can be obtained from the blends o
ganic materials due to formation of exciplex complexes12,13

However, an exciplex emission should not exhibit any
nificant variation with the viewing angle. Interference effe
hypothesis does not provide sufficient explanation for
differences between the EL and PL spectra and their beh
with respect to the viewing angle, although it is possible
the agreement between the calculated and experimenta
could be improved by better estimate of the emission re
position and width, as well as different emitting dipole d
sity distribution in the case of optical excitation.

In order to explain the origin of the unusual beha
observed, we have fitted the EL spectra shown in Fig. 2
the sum of three Gaussian peaks for each of the vie
angles. The peak positions for different viewing angles

u-
e

FIG. 2. EL spectra of a NPBs65 nmd /Alq3 s153 nmd OLED for different
viewing angles. The dash-dot lines indicate peak positions as obtained
fitting process. The position of the PL from an Alq3 film is also shown
(dashed line). The inset shows chromaticity coordinates corresponding t
EL spectra.
salso shown in Fig. 2. The position of the PL from the Alq3
icense or copyright, see http://apl.aip.org/apl/copyright.jsp
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film is also indicated. The PL peak from NPB
,2.75 eVs,450 nmd. It can be observed that the positio
of the two lower wavelength(higher energy) features do no
change significantly with the viewing angle, and the w
red emission shows a blueshift with the increasing view
angle. The shift of the chromaticity coordinates is due ma
to the decreasing intensity of the blue-green emission. It
proposed that the PL of Alq3 originates from three differe
levels.14,15 The proposed energies of these transitions w
2.45, 2.30, and 2.04 eV(506, 539, and 608 nm),14 or 2.62,
2.60, and 2.34 eV(473, 477, and 530 nm).15 The peak pos
tions obtained in this work are closer to those propose
Curry and Gillin,14 although our peak positions do not e
actly match those proposed in their work.

It should be noted that in both previous reports14,15 the
energy levels were deduced by fitting, while here, two e
sion peaks are clearly resolved. Moreover, the variatio
the relative peak intensity with the viewing angle can
clearly observed(at smaller angles the,495 nm peak i
dominant, at larger angles the,570 nm peak is dominan).
There are two possible causes for this: interference phe
ena or some kind of an energy transfer between two or
(weak feature between 1.9 and 2.0 eV) different levels. In
either case, observed phenomena are related to the we
crocavity effects in the device, since multiple peaks are
observed in the emission from the edge of the substrate
have already shown that the theoretical simulations do
show good agreement with the emission spectra for al

FIG. 3. (a) PL of a NPBs65 nmd /Alq3 s153 nmd OLED for different
viewing angles at 325 nm excitation; and(b) PL of a
NPB s65 nmd /Alq3 s153 nmd OLED for different viewing angles at 420 n
excitation.
Downloaded 08 Nov 2006 to 147.8.21.97. Redistribution subject to AIP l
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vices. Increased discrepancy between the calculated an
perimental spectra for larger device thickness can als
observed in other reported works in the literature.5,7 An al-
ternative explanation could possibly be associated with
polariton emission due to coupling between the photon
the exciton mode. Polariton emission has, up to date,
demonstrated only in PL from organic microcavities cont
ing relatively narrow emitting material.16 It requires larg
oscillator strength, and matching of the widths of the ph
and exciton modes. The estimated widths of the photon m
s,100 nmd and Alq3 absorption peaks,65 nmd are similar
Device thickness, which is larger than usual in OLEDs,
account for the fact that this effect has been previously
observed. The change of the peak intensities with the v
ing angle and thus the longitudinal wave vector bears s
larity to polariton emission. Since the phenomenon is m
clearly demonstrated in EL than PL, either the electric
or the excitation of different energy levels plays a signific
role. However, further study is needed to conclusi
establish the mechanisms responsible for the obs
phenomena.

To summarize, we have fabricated Alq3-based OLED
with different device thickness values. For a range of
vices, multiple peak emissions were observed, and th
spectra exhibited significant variation with the increas
the viewing angle. With increasing viewing angle, ene
exchange between the two peaks can be clearly resolv
the EL spectra, which has some similarities with the beha
of polariton PL. For optimized device thickness, near w
emission with CIE coordinates(0.32, 0.43) can be obtained
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