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Observation of spectral narrowing and emission energy shift in organic
electroluminescent diode utilizing 8-hydroxyquinoline aluminum/

aromatic diamine multilayer structure

Yutaka Ohmori, Akihiko Fujii, Masao Uchida, Chikayoshi Morishima,

and Katsumi Yoshino

Faculty of Engineering, Osaka University, Yamada-oka, Suita, Osaka 565, Japan
(Received 3 May 1993; accepted for publication 27 July 1993)

Organic electroluminescent (EL) diode with a multilayer structure which consists of alternating
layers of organic 8-hydroxyquinoline aluminum (Alg;) and aromatic diamine has been grown
by organic molecular beam deposition. The EL emission from the multilayer structure shows
spectral narrowing and the emission energy has been observed to shift to higher energy
compared with that in the monolayer structure. Mechanism of spectral narrowing and the
emission energy shift in the diode with the multilayer structure have been discussed.

Organic electroluminescent (EL) diodes!™ have at-
tracted much attention because of their potentiality in wide
spectral range from blue to red and large-area display ap-
plication. Tang et al.”? developed a very efficient fluores-
cent material (Alq;) and demonstrated low-voltage-driven
EL diodes using Alq; as an emitting material. EL diodes
with conducting polymers®® have also been developed.

On the other hand, inorganic III-V compound semi-
conductor multiple quantum wells (MQWs)?® and the laser
diodes with MQW structure with III-V!®!! and II-vI'
compound semiconductors have demonstrated many
unique optical and electrical characteristics compared with
that in conventional bulk materials. Recently, So et al !>
reported fabrication and characteristics of organic molec-
ular crystals with a multilayer structure by using organic
molecular beam deposition. More recently, we reported
unique optical characteristics of organic multilayer struc-
ture.!®

In this letter, we report characteristics of an organic
electroluminescent diode with multilayer structure which
consists of alternating layers of Alq; and TPD. The full
width at half-maxima (FWHM) of the emission spectrum
and the peak emission energy shift of the EL diode have
been discussed. Mechanism of spectral narrowing and the
emission energy shift of the EL diode with multilayer
structure has been discussed.

EL diodes with multilayer structure have been fabri-
cated by organic molecular beam deposition onto an
indium-tin-oxide (ITO)-coated glass substrate. Multilayer
structure has also been fabricated onto quartz substrates
for optical measurement for comparison. The base cham-
ber pressure was kept under 10~* Pa during deposition.
The powders of tris(8-hydroxyquinoline) aluminum
(Alg;) and N,N’-diphenyl-N,N’-bis(3-methylphenyl)-
[1,1’-biphenyl]-4,4’-diamine (aromatic diamine, TPD)
were loaded to each separate Knudsen cell, and then cells
were subsequently heated up to sublimate at a growth rate
of about 0.1 nm/s which was determined by an oscillating
quartz thickness monitor. Series of multilayer samples con-
sist of alternate layers of Alq; and TPD, whose layer thick-
nesses of one period were changed from 3.6 to 45.2 nm.
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The layer structure of the multilayer samples was deter-
mined by x-ray diffraction (Cu-Ka line).

The structure of the multilayer sample which consists
of alternating layers of Alg; and TPD was determined by
low angle x-ray diffraction. In Fig. 1, a typical x-ray dif-
fraction pattern is shown for a multilayer structure which
consists of 16 periods of 3.0 nm-thick Alq; and 11.9-nm-
thick TPD layers. The strong diffraction patterns corre-
spond to the satellite peaks of one period of the layer and
the other weak periodical diffraction peaks correspond to.
the total layer. In the sample shown in Fig. 1, we have
observed the satellite diffraction peaks in the third order.
In the low angle side, leakage beam from the x-ray source
is superimposed to the original diffraction pattern. We
have observed no featured diffraction pattern from the de-
posited film which indicates crystallinity. Nevertheless we
have observed the diffraction pattern in the low angle po-
sition, which corresponds to the signal of the multilayer
structure. The x-ray diffraction pattern from the multilayer
of Alqy/TPD corresponds to the signal which is typical to
the multilayered structure.!® The clear satellite peak indi-
cates that the layer structure is precisely in order. From the
diffraction pattern, we can estimate the layer spacing using
Bragg diffraction conditions.

EL diodes with a multilayer structure have been fab-
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FIG. 1. X-ray diffraction pattern of Alq;/TPD multilayer. (16 periods of
3.0-nm-thick Alg; and 11.9-nm-thick TPD.)
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FIG. 2. EL spectrum of EL diode with Alq;/TPD multilayer structure
(dashed line) and monolayer structure (solid line) at RT. The multilayer
structure consists of 15 periods of 3.9-nm-thick Alq; and 3.9-nm-thick
TPD. The monolayer diode consists of 53.6-nm-thick Alg, and 53.6-nm-
thick TPD. The inset shows the layer structure of the EL diode with the
multilayer structure.

ricated. The EL diodes consist of the multilayer structure
sandwiched by ITO-coated transparent electrode as posi-
tive bias side and the In-containing Mg (Mg:In) electrode
as the negative bias side. The cross-sectional view of the EL
diode with an Alq;/TPD multilayer structure is shown in
the inset of Fig. 2. The Alq, layer contacts to the Mg:In
electrode and the TPD layer to the ITO electrode. The
emission area is 2X2 mm® The emission spectrum is
shown in Fig. 2 for the EL diode of the multilayer struc-
ture (15 periods of 3.9-nm-thick Alq, and 3.9-nm-thick
TPD) in comparison with that of monolayer structure
(one period of 53.6-nm-thick Alq; and 53.6-nm-thick
TPD) at room temperature (RT) under the same driving
condition (injection current 0.5 mA). In Fig. 2 the peak
emission intensities of the diodes are normalized. The emis-
sion intensity of the diode with the multilayer structure is
about 55% of that with monolayer structure. The emission
peak of the EL spectrum was observed at 515 nm for the
multilayer structure (dashed line) and 530 nm for the
monolayer structure (solid line). The emission from the
TPD layer has not been observed in the EL device. The
FWHM of the emission spectrum are 87 and 113 nm for
the multilayer and monolayer structure, respectively. That
is, spectral narrowing has been observed for the EL diode
with the muitilayer structure. It should also be mentioned
that the spectrum has not been changed with the injection
current.

In Fig. 3, the shift of peak emission energy and the
FWHM of the EL emission spectrum from the diode with
multilayer structure measured at RT are shown as a func-
tion of layer thickness. Peak energy of the emission spec-
trum shifted to higher energy in the diode with the multi-
layer structure of thin layer thickness. FWHM of the
emission spectrum was narrower in the diode with decreas-
ing layer thickness. We have already reported a photolu-
minescence energy shift!® in an organic multilayer struc-
ture with decreasing layer thickness. A similar energy shift
in the emission spectrum has been observed in the EL
diode with the multilayer structure. The spectral narrow-
ing and the energy shift are discussed in the later section
taking the energy band diagram into consideration.
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FIG. 3. Peak energy shift and FWHM of EL emission spectrum of the
diode with multilayer structure measured at RT.

Emission spectra at low temperature (77 K) are
shown in Fig. 4 for the diodes with multilayer and mono-
layer structures which are the same samples as those
shown in Fig. 2. The diode has been directly cooled with
liquid nitrogen. The emission intensity is also normalized
in this figure. The emission intensity of the multilayer di-
ode is about 30% of that with monolayer structure. The
emission peak wavelength of the diode with multilayer
structure and the monolayer structure were 514 and 530
nm, respectively. The emission peak shifted toward a
shorter wavelength by 16 nm in the diode with the multi-
layer structure compared with that with monolayer struc-
ture. The FWHM of the emission spectrum for the diode
with the multilayer structure was 86 nm, whereas that with
monolayer structure was 107 nm. That is, the narrowing of
the EL spectrum for the diode with the multilayer struc-
ture has also been observed at low temperature. At low
temperature (77 K), the emission intensity increased and
the FWHM of the emission spectrum decreased. The emis-
sion intensity of the diode with the multilayer structure
increased by about twice at 77 K compared with that at
RT. On the other hand, that with the monolayer structure
increased by 3 times. The increase of EL intensity is ex-
plained by the decrease of a nonradiative recombination
process at lower temperature, which is normally seen in the
diode with compound semiconductors or other lumines-
cent diodes. The change in luminescent peak with temper-

EL intensity {(arb. units)

400 500 600 700
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FIG. 4. EL spectrum of EL diode with multilayer structure (dashed line)
and monolayer structure (solid line) at low temperature (77 K). The
structure of the diode is same as that shown in Fig. 2.

Ohmorti et al. 1872



£
TPD Alg3 TPD
.Y _j]l0.9eV
LUMO
AE
2.6eV
HOMO- ——1_;;;_—0_39\/

FIG. 5. Schematic description of energy band scheme and carrier popu-
lation of EL diode with Alq;/TPD monolayer structure and multilayer
structure. Emission spectrum are also shown schematically. (a) Mono-
layer structure, (b) multilayer structure.

ature is small for both an EL diode with a multilayer struc-
ture and a monolayer structure.

The energy band scheme and the population of carriers
are schematically shown in Fig. 5 together with the emis-
sion spectrum. Carrier population and the resulting emis-
sion spectrum are shown schematically in Fig. 5(a) for the
EL diode with monolayer structure. The energy band dia-
gram of the Alq; and TPD multilayer structure has been
estimated from the optical absorption edge and the ioniza-
tion potentials.!” The energy barrier for the electrons in the
Alq; layer is estimated to be 0.9 eV, whereas that for the
holes in TPD is 0.3 eV. Quantized energy levels are indi-
cated schematically with a dashed line in Fig. 5(b). There-
fore, the energy band diagram of the multilayer structure
has been found to be Type I” superlattice as shown in Fig.
5(b). Electrons in an Alg; layer are sandwiched by the
TPD energy barriers, and the holes in the TPD layer by the
Alqs;, separately. Since the conduction in Alq; is reported
to be n type,! electrons in Alg, are confined by the TPD
barriers. The confined electrons in the Alq; layer localize
at a higher energy state as indicated in Fig. 5(b). Since the
density of states in the higher energy state are larger than
that at the lower energy state, the recombination of carriers
from the high energy state should be large and sharp. The
spectral narrowing and the emission energy shift are the
results of the confined carriers in the multilayer system. In
the MQW laser diode with ITI-V compound semiconduc-
tor, similar energy shift and spectral narrowing have been
reported as quantum size effect. The energy shift in the
MQW laser and the spectral narrowing are reported as the
result of recombination of quantized carriers from the
quantized energy state. Since the quantized energy level
has a steplike density of state, the recombination of carriers
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should have narrow emission spectrum. Since the de Bro-
glie wavelength of confined electrons in III-V compound
semiconductors is in the order of 10 nm, the quantum size
effect is observed in the layer thickness less than the wave-
length. However, in the case of organic multilayer struc-
ture, the quantized energy states may not clearly exist due
to the lack of crystallinity or the layer fluctuations. Al-
though the phenomena which we observed in the organic
EL diode are the same as those of quantum size effect in
compound semiconductors, we cannot conclude that they
arise from the same quantum size effect as discussed in
compound semiconductors at this stage of experiment. The
energy shift and the spectral narrowing in the EL diode
with organic multilayer structure are the result of recom-
bination of injected carriers with high energy which local-
ize at higher energy state.

In conclusion, the present experimental results are
summarized as follows.

(1) EL diode with organic multilayer structure of Alg,
and TPD has been successfully fabricated using organic
molecular beam deposition. Narrowing of the emission
spectrum has been observed for the diode with multilayer
structure both at RT and low temperature (77 K).

(2) The peak emission energy shifts to higher energy
in the diode with thin multilayer structure both at RT and
low temperature (77 K). The spectral narrowing and emis-
sion peak energy shift are the results of the confinement of
carriers with the organic multilayer system.
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