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Change of the emission spectra in organic light-emitting diodes
by layer thickness modification
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Electroluminescence and photoluminescence of organic light-emitting diodes consisting of an
indium tin oxide anode, N,Ndi(naphthalene-1-yiN,N’-diphenyl-benzidine as a hole transport
layer, tris(8-hydroxyquinoling 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 discug88d. ©
American Institute of Physic§DOI: 10.1063/1.1802386

Tris (8-hydroxyquinoling aluminum(Alqs) is @ material  layer thickness during deposition was given by a quartz
that is very commonly used in organic light-emitting diodesthickness monitor, and verified after deposition by a step
(OLEDSs), either as an electron transport or emitting layer,profiler. A HeCd lase(325 nm and Xe lamp with a mono-
having a broad green emissibﬁ.N,N’-di(naphthalene-l- chromator(420 n) were used as excitation sources for pho-
yh)-N,N’-diphenylbenzidingNPB) is a commonly used hole toluminescencéPL), while for electroluminescencL) a
transport material, which can also be used for realization ofeithley 2400 source meter was used to bias the devices.
blue light-emitting deviced* OLEDs based on NPB and/or The spectra were recorded using fiberoptic spectrometer
Alg; have been extensively studied. While somePDA-512-USB(Control Development Ing. _
interferencd and weak microcavify’ effects have been pre- Figure 1 shows the normal incidence EL spectra for dif-
viously reported, it is generally considered that a simpleferent NPB/Alg thickness values. It can be observed that
NPB/Alg, device would give a single peak emission thatthe emission spectrum is strongly dependent on the device

would exhibit small, if any, blueshift with the viewing angle. thickness, as well as the position of the NPB/Algterface

The multiple peak emission can be achieved from a singld0’ the same total device thickness. In some cases, up to

emitting layer using microcavity structur®S.However, a three peaks can b.e obsery@dewces with 59/125 and

microcavity OLED typically exhibits a significant blueshift 5_9/139_ NPB/Alg thlckl_’le;s in nanometersFor large de-

with the viewing anglé’.‘” vice thlckness_, the emission spectrum becpmes very broad.
In this work, we demonstrate that a multipeak emissionTWO'peak emission as a consequence of wide-angle interfer-

5 . .
can be achieved from a conventional, two-layer OLED conchee was reported by Set al” The important difference

sisting of an indium tin oxidéITO) anode, a layer of NPB as betv_veen the results pres_e_nted hgre and their work is that our
a hole transport layer, a layer of Al@s électron transport/ devices contain no addltlongl _SJaner and that we ob-
emitting layer, and a té)p silver cathoéie 70 nm). The NPB servgd the multiple pea}k emissions for a much V\_/lder range

' o I of thickness values. Existing theory on the emission spectra
and Alg; (from H. W. Sands were purified by sublimation

. Y . . of the microcavity devicés’ can be easily modified to simu-
before device fabrication, and microcavity OLEDs were fab-1a the spectra of an ordinary OLED by treating the ITO
: on i : 6
ricated by evaporation in a high vacuum10™® Torn. The  |aver a5 a mirror. While the simulated spectra demonstrate

that it is indeed possible to obtain two-peak emission for
¥Electronic mail: dalek@hkusua.hku.hk suitably chosen NPB and Alghicknesses, the agreement is
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FIG. 2. EL spectra of a NPB65 nm)/Alqs (153 nm) OLED for different

5
——exp. viewing angles. The dash-dot lines indicate peak positions as obtained in the
—_ - - - calc. fitting process. The position of the PL from an Alfiim is also shown
g_' (dashed ling The inset shows chromaticity coordinates corresponding to the
jgf 51/153 EL spectra.
c
3
2 65/139 expected due to the different positions of the emission region
£ for electrical and optical excitation. However, the interfer-
3 5 i
£ 102/102 ence _phenomena_as suggested byeSal,” do not provide
= sufficient explanation of the measured spectra. It should also
153/51 be noted that the EL spectra do not show significant depen-
0 . . . dence on the driving voltage, which would be expected if
400 500 600 700 800 there were significant shifts in the location of the recombi-
(b) Wavelength (nm) nation zone.

The obtained PL spectra for different viewing angles are
FIG. 1. (a) EL spectra of OLEDs for d‘ifferent thic_knesses of NPB‘andaAIq shown in Fig. 8a) (excitation wavelength 325 nnand 3b)
layers.(b) EL spectra of OLEDs for different positions of NPB/Alipter- (excitation wavelength 420 nmFor 325 nm excitation, we
face. Solid line denotes experimental data, while dashed line denotes calcu- .
lated spectra. All the spectra were measured at 0° viewing angle, and th%an_qbserve the spectrum which strongly resembles a_SUper'
layer thickness is given in nanometers. position of a strong NPB and weak AI®L. When we excite
the structure with a 420 nm light, we can see a small redshift
of the PL peak upon increasing the viewing angle. While the
not equally good for all the devices. In addition, we observedo| spectra of NPB/Algfilm on a quartz substrate show PL
significant differences between the EL and PL spectra, indifrom both NPB and Alg similar to the PL of the OLED
cating that simple interference phenomena are likely not @evice, the intensity ratios of the two peaks are diffe@tt
sufficient explanation for the observed experimental resultsfrom Alg; is stronger from the film For 420 nm excitation
In order to investigate the origin of the observed featuresf the NPB/Alg film, no significant shift with the viewing
in more detail, we have measured the EL spectra at differeningle can be observed, and the shoulder 460 nm, which
viewing angles. A behavior significantly different from ex- can be observed in the PL of an OLED, is absent in the PL of
pected small blueshift was found. Figure 2 shows the Elthe film. PL spectra at both wavelengths are significantly
spectra of the 65/153 device for different viewing angles.different from the EL spectra. It is known that the different
The inset shows the chromaticity coordinates. At 0° viewingEL and PL spectra can be obtained from the blends of or-
angle, the device exhibits blue-white emission, while atganic materials due to formation of exciplex compleXes.
larger viewing angles the device exhibits yellow-white emis-However, an exciplex emission should not exhibit any sig-
sion. The surface-normal emission shows two peaks, ongificant variation with the viewing angle. Interference effects
blue-green and one orange. The peaks do not show a signitiypothesis does not provide sufficient explanation for the
cant shift with the viewing angle. However, the ratio of the differences between the EL and PL spectra and their behavior
peak intensities significantly changes with the viewing anglewith respect to the viewing angle, although it is possible that
At smaller angles the higher energy peak is the dominanthe agreement between the calculated and experimental data
one, while the opposite is the case at larger angles. Suchauld be improved by better estimate of the emission region
behavior is unexpected, considering that the previous workposition and width, as well as different emitting dipole den-
demonstrated that a noncavity OLED would show no signifi-sity distribution in the case of optical excitation.
cant change in the emission spectra with the viewing angle. In order to explain the origin of the unusual behavior
Another unexpected feature is the difference between the ambserved, we have fitted the EL spectra shown in Fig. 2 with
gular dependence of the EL and PL spectra, especially whethe sum of three Gaussian peaks for each of the viewing
the wavelength is chosen in such a manner that onlyg &lg angles. The peak positions for different viewing angles are

excited. Some difference between the EL and PL spectra iglso shown in Fig. 2. The position of the PL from the Alq
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vices. Increased discrepancy between the calculated and ex-
perimental spectra for larger device thickness can also be
observed in other reported works in the literattifedn al-
ternative explanation could possibly be associated with the
polariton emission due to coupling between the photon and
the exciton mode. Polariton emission has, up to date, been
demonstrated only in PL from organic microcavities contain-
ing relatively narrow emitting materiaf. It requires large
oscillator strength, and matching of the widths of the photon
and exciton modes. The estimated widths of the photon mode
(~100 nm and Alg; absorption peak~65 nm are similar.

; ; - v Device thickness, which is larger than usual in OLEDs, may
400 500 600 700 800 account for the fact that this effect has been previously un-
observed. The change of the peak intensities with the view-
ing angle and thus the longitudinal wave vector bears simi-
larity to polariton emission. Since the phenomenon is more
clearly demonstrated in EL than PL, either the electric field
or the excitation of different energy levels plays a significant
role. However, further study is needed to conclusively
establish the mechanisms responsible for the observed
phenomena.

To summarize, we have fabricated Adgased OLEDs
with different device thickness values. For a range of de-
vices, multiple peak emissions were observed, and the EL
spectra exhibited significant variation with the increase of
, , . ; the viewing angle. With increasing viewing angle, energy
(b) 400 500 600 700 800 exchange between the two peaks can be clearly resolved in

Wavelength (nm) the EL spectra, which has some similarities with the behavior
of polariton PL. For optimized device thickness, near white
emission with CIE coordinate®.32, 0.43 can be obtained.
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FIG. 3. (a) PL of a NPB(65 nm/Alg; (153 nm) OLED for different
viewing angles at 325 nm excitation; andb) PL of a
NPB (65 nm)/Alg; (153 nm OLED for different viewing angles at 420 nm

excitation. This work is supported by The Research Grants Council

of the Hong Kong Special Administrative Regi@Rroject
No. HKU 7056/02E and HKBU 2051/03P The authors
would like to thank Dr. J. Gao for the use of step profiler to
verify the device thickness.

film is also indicated. The PL peak from NPB is
~2.75 eM~450 nn. It can be observed that the positions
of the two lower wavelengtlkhigher energyfeatures do not
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