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Organic electroluminescentsELd devices with planar microcavity structure, indium-tin-oxide/
Ag/N,N8-diphenyl-N , N8-biss3-methylphenyld-1 ,18-biphenyl-4 , 48-diamine/triss8-hydroxyquin-
olined-aluminum sAlQd:4-sdicyanomethylened-2-methyl-6-sp-dimethyl aminostyryld-4H-pyran/
AlQ/LiF/Al, were fabricated. The Ag and Al layers acted as not only hole-injection layer and
cathode, respectively, but reflective mirrors, resulting in strong microcavity effects, such as spectral
narrowing and directional emission. The effects of device parameters on the EL performance were
studied in detail and were discussed in terms of conventional microcavity theory. On-axis light
magnification with a coefficientsEL enhancement ratio between cavity and noncavity devicesd of
,5 was observed, which was consistent with the theoretical calculation. At the same time,
optimized microcavity device with bright pure red emission showed maximum luminance of
5140 cd/m2, peak at 624 nm, Commission International de I’Eclairage coordinates ofx=0.663
and y=0.336, and high EL efficiency of 1.71 cd/A were obtained. ©2005 American Institute of
Physics. fDOI: 10.1063/1.1913794g

I. INTRODUCTION

Varieties of organic materials and device structures have
been studied since Tang and Van Slyke reported the high
efficiency double-layer organic light-emitting diodes1

sOLEDsd and impressive strides have been made in under-
standing the mechanism of the fundamental phenomena in-
volved as well as in the radiative recombination of carriers
on electrically excited organic molecules.2 The popularity of
OLEDs is also expected to extend to various applications,
such as organic transistors, solar cells, and memory devices,
especially for the organic laser diodessOLDsd. There have
been previous reports on amplified spontaneous emission un-
der optical pumping,3 however, the electrically pumped
OLDs have not been realized.4 Planar microcavity structures
have revolutionized the design of OLEDs, since in the de-
vices with microcavity structures, the photon density of
states is redistributed, leading to certain cavity modes, which
provides narrow-band emission and color selectivity over a
wide range of wavelengths. Therefore, planar microcavity
devices attracted much attention recently, and great progress
has been made in organic microcavity diodes.3–13

A planar microcavity consists of two parallel mirrors,

forming a Fabry–Pérot resonator. There are two types of mir-
rors commonly used in electroluminescentsELd microcavity
systems. One is distributed Bragg reflectorssDBRsd, which
consists of alternating layers with different refractive indices.
In spite of the perfect selective reflectivity, the fabrication
procedure of DBRs is rather complicated, and additional
electrodes are needed because of its insulating property. An
alternative is to use semitransparent conductive metal mirror,
which is highly reflective over a wide range of wavelengths
and can be easily prepared by vacuum thermal evaporation.
However, only a few groups have studied the EL character-
istics of the device with the latter structure.5,6

Although high efficient blue and green OLEDs have
been demonstrated,14,15 there has been lack of devices
that exhibit both saturated red emission and high EL
efficiency. Many fluorescent dyes and their derivatives have
been employed, such as 4-sdicyanomethylened-2-methyl-6-
sp-dimethyl aminostyryld-4-H-pyran sDCM1d sRef. 16d
and 4-sdicyanomethylened-2-t-butyl-6-s1,1,7,7-tetramethylj-
ulolidyl-9-enyld-4H-pyransDCJTBd,17 however, pure red EL
requires relatively high dopant concentration, which causes
serious self-quenching and decreases EL efficiency. Narrow-
band red emission was achieved in OLEDs with europium
complexes, while the EL performance needs further
improvement.18,19

In this paper, triple-layer devices with metal-mirror mi-
adAuthor to whom correspondence should be addressed; electronic mail:
wllioel@tom.com
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crocavity structure based on DCM1-doped triss8-
hydroxyquinolinod-aluminum sAlQd were studied. The EL
characteristics of the microcavity devices, including the car-
rier injection, the emission surface, the dependence of emis-
sion peak on detection anglesud, as well as the relationship
between the dopant concentration and the EL efficiency,
were discussed in detail. Finally, efficient pure red EL was
obtained in the optimal device.

II. EXPERIMENT

Device configurations and molecular structures of or-
ganic materials used are shown in Figs. 1sad and 1sbd,
respectively. In cavity device, semitransparent Ag anode
and Al cathodes200 nmd were employed as two reflectors.
Sandwiched between the mirrors were hole trans-
porting layer N,N8-diphenyl-N,N8-biss3-methylphenyld-
1 ,18-biphenyl-4,49-diamine sTPDd, emitting layer DCM1
doped in AlQ, and electron transporting layer AlQ. A 0.5
-nm LiF layer was combined with Al for efficient electron

injection. Control devicesswithout Ag mirrord were also fab-
ricated during the same vacuum run for comparison. All the
devices were constructed on indium-tin-oxidesITOd coated
glass substrate with a sheet resistance of 130V /sq. All the
metal and organic layers were deposited by vacuum thermal
evaporation at a pressure of 5310−4 Pa, and the deposition
rate was about 0.05 nm/s. After the deposition of the Ag
film, the substrates were exposed in air for patterning pro-
cess. The light output was observed from the semitransparent
Ag side. The emission area was 234 mm2. The EL spectra
were detected by a Hitach-4000 fluorescence spectrophotom-
eter. The brightness and carrier injection characteristics were
recorded by a calibrated multifunctional system for EL mea-
surement. The thickness of the films was measured by an
atomic force microscope, and the transmittance of Ag mirror
was measured by a UV-3101 personal computersPCd. All the
measurements were carried out in atmosphere at room tem-
perature.

III. RESULTS AND DISCUSSION

A. The effect of the thicknesses of Ag mirror on
device performances

The transmittance of Ag mirrors with the thicknesses of
15, 28, and 33 nm are about 34%, 25%, and 17% atl
=630 nm, respectively. Neglecting light scattering and ab-
sorption, the reflectivities are 66%, 75%, 83%, respectively.
In fact, the 15-nm Ag film suffers serious surface oxidation
and its reflectivity is lower than 66%.

The thicker of the Ag mirror, the higher of the reflectiv-
ity, resulting in the stronger cavity effect, which is required
by the monomode resonance. Meanwhile, much thicker Ag
mirror decreases the EL output intensity. The tradeoff of the
two paradox parameters is critical for achieving highly effi-
cient microcavity EL devices. To realize optimum the thick-
ness of Ag mirror, theI –V characteristic, and the EL spec-
trum of cavity devices with different thickness of Ag were
measured, and the results are shown in Figs. 2sad and 2sbd,
respectively. Comparing the cavity devices with noncavity
device, the hole injection from Ag anode into TPD layer is
inefficient due to its large energy gap.20 The device with 15
-nm Ag anode exhibits the best hole injection among the
three cavity devices, which is explained that thinner Ag film
is easily oxidized to Ag2O, and the Ag2O film appears to
match with TPD, giving good anode contact.20 For the
thicker Ag films, better surface uniformity leads to better
hole injection, thus, the 33-nm Ag anode has more efficient
hole injection than that of the 28-nm Ag anode.20

In Fig. 2sbd, it is noticed that the device with 15-nm Ag
mirror narrows the emission spectrum slightly, and the full
width at half maximumsFWHMd changes from 70 nmsin
noncavity deviced to 60 nm sin cavity deviced, which is at-
tributed to the low reflectivity of the 15-nm Ag mirror and
leading to the weak cavity effect as mentioned above. The
28-nm and 33-nm Ag mirrors narrow the spectra consider-
ably, and the FWHMs reach 40 and 30 nm, respectively.
Considering the hole-injection characteristic and the spectral
narrowing effect, 33-nm Ag mirror is selected in this study.

FIG. 1. sad Schematic illustration of device structures, cavity devicesleftd,
and control devicesrightd; sbd molecular structures of organic materials
used.
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B. The effect of cavity length on EL peak

The resonant modes in a cavity can be tuned by altering
the medium thickness, i.e., the cavity length.

Increasing the thickness of organic layer, redshift of
emission peak is observed in cavity devices, as shown in Fig.
3. When the dopantsDCM1d concentration is 0.76 mol %
and the cavity length increases from 115 to 148 nm, the
emission peak shifts from 577 to 706 nm. In contrast, the
emission peak of control devices still remains at 607 nm. For
simplicity, the emission angle at normal direction of the cav-
ity device is assumed to be the detection angle, and then the
resonance condition for the cavity device with emission peak
at l is expressed by Eq.s1d,

o 2nil i cosu +
l

2p
Dw = ml, s1d

whereni andl i represent the refractive index and thickness of
the ith layer, respectively,u represents the outer emission
angle,Dw is the sum phase change at the two organic/metal
interfaces, andm is the mode index. When the maximum
resonant emission was achieved,m was a nonzero integer.

Usually the refractive index of organic layers in the emission
wavelength region is 1.7. Them=1.1 is obtained by linearly
fitting the experimental values, which is close to the theoret-
ical value.

C. Light magnifying in cavity devices

The brightness of noncavity device with 0.76 mol %
DCM1:ALQ is 1620 cd/m2 at 125 mA/cm2. If on-axis cav-
ity effect did not exist, the brightness of cavity device should
be 280 cd/m2 sconsidering the transmittance of 33-nm Ag
mirrord. But actually, the brightness of 1500 cd/m2 is
achieved, which is 5.3 times higher than 280 cd/m2. If the
quenching effect of Ag mirror on the EL emission was taken
into account, the magnification coefficientsGm=Gcav/Gd
should be more than 5.3.

On the other hand, theoretical estimation of the resonant
emission enhancement factorGcav,

7

Gcav=
j

2

s1 +ÎR2d2s1 − R1d
s1 −ÎR1R2d2

tcav

t
, s2d

whereR1 represents the reflectivity of Ag mirrorsfor cavity
devicesd or ITO sfor noncavity devicesd, R2 is the reflectivity
of Al electrode,tcav/t is the molecular excited-state lifetime
in the cavity divided by the free-space molecular excited
state, andj /2 is the field strength at the emission position
relative to the free-space field strength. The resonant struc-
ture s624-nm moded has R1Al =0.83, R1ITO=0.04, andR2

=0.90. Assumingtcav/t=0.9 sRef. 21d and j=1, theGm is
,6, which is consistent with the experimental value.

D. The effect of dopant concentration on the
performance of EL devices

At a definite cavity length, the EL characteristics, such
as EL spectrum, luminescence efficiency, and Commission
International de I’EclairagesCIEd coordinates of cavity de-
vice, are strongly influenced by dopant concentration. When
the cavity length is fixed at 133 nm, the resonant wavelength
is 624 nm.

Figure 4sad shows the dopant concentrationsvaried from
0 to 1.63 mol %d dependence of the emission peak and EL
efficiency at 20 mA/cm2. For noncavity devices, the highest
efficiency with 0.27 mol % dopant concentration is induced
by the direct radiative recombination on DCM1, and the de-
creased efficiency at high dopant concentration is ascribed to
concentration quenching. However, for cavity devices, the
EL efficiency increases with increasing dopant concentration
at first, and the maximum EL efficiency is achieved at dopant
concentration of 0.76 mol %. This finding should be ascribed
to the competition between the concentration quenching and
the light magnifying. That is, at low dopant concentration of
0 or 0.27 mol %, light magnifying effect in cavity devices is
not pronounced due to the mismatch between the spontane-
ous emission peak and the resonant wavelength. When the
resonant wavelength coincides with the spontaneous emis-
sion by increasing dopant concentration up to 0.76 mol %,
both efficient spontaneous emission and effective light mag-

FIG. 2. sad The normalized emission spectra of EL devices with different
thickness of Ag mirror;sbd I –V curves of EL devices with different thick-
ness of Ag mirror.

FIG. 3. The emission peak vs the cavity length and the linear fitting of
experiment values of cavity devices.
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nification result in the highest EL efficiency. When the con-
centration exceeded 1 mol %, the quenching effect becomes
obvious, and the EL efficiency decreases.

Figure 4sbd shows the dependence of the CIE coordi-
nates on dopant concentration for two types of devices. All
the devices gradually approach to red region with increasing
dopant concentration. For noncavity devices, the emission-
peak redshift with increasing dopant concentration due to
strong polarization effect22 brings more saturated red light
emission. However, the emission color of highest dopant
concentration is still in orange-red region. For cavity de-
vices, the pure red emission can be observed from doped
devices, and this is the result of strong resonant effect.

E. The dependence of EL spectra and emission
pattern on detection angle

Figure 5sad depicts the dependence of the emission peak
on the detection anglesud of cavity device with 133-nm cav-
ity length and 0.76 mol % dopant concentration. With in-
creasing detection angle, the emission peak shifts to blue
obviously, this could be explained by Eq.s1d.

It is interesting that the difference between resonant
wavelengthslcavd and spontaneous emission peakslnond, i.e.,
Dl=lcav−lnon, significantly affects the EL performance
of cavity device. For each parallel comparison,lnon is
,610 nm andlcav is tuned by the thickness of organic lay-
ers, and then obtain theDl of 0.6, 24.8, and 48 nm, respec-
tively.

The emission pattern of noncavity device is uniform spa-
tial distribution nearly Lambertian, as shown in Fig. 5sbd.
Figure 5sbd also shows the emission pattern of cavity devices
with different Dl. It is clear that the resonant emission is
strongly directed along a certain angle. The strongest outer

emission angle is increased with increasingDl, which
should also be attributed to the match of the resonant condi-
tion and the spontaneous emission.

Figure 5scd shows the dependence of the emission peak
on detection angle. The emission peak of noncavity device
does not vary with increasing detection angle, while the EL
peak shifts to blue with increasingu from 0° to 45° for the
three cavity devices. ForDl=0.6, 24.6, and 48 nm, blue-
shifts of 21, 40, and 55 nm are observed, respectively. With
increasingDl, the blueshift upon detection angle becomes
intensive. The EL peaks range from 580 to 595 nm with de-
tection angle.45°, since the spontaneous emission from
DCM1 ,580 nm is weak.

F. The pure red high-efficiency EL from cavity device

Using microcavity structure, efficient pure red EL device
is achieved. For comparison, the cavity and noncavity device
consist of the same active layers0.76 mol % DCM1 doped in
AlQ and 133-nm cavity lengthd. In cavity device, the maxi-
mum efficiency of 1.71 cd/A and luminance of 5140 cd/m2

are obtained, respectively, as is shown in Fig. 6sad. Although
for noncavity device, the maximum efficiency and luminance
are 2.12 cd/A and 6220 cd/m2, respectively, the emission
color is still orange red. Figure 6sbd plots the normal EL

FIG. 4. sad The emission peak and EL efficiency vs the dopant concentra-
tion; sbd the CIE coordinates of EL devices with different dopant concen-
tration sa-e anda8-e8’ represent the noncavity and cavity devices with dop-
ant concentration increasing from 0 to 1.63 mol %, respectivelyd.

FIG. 5. sad The EL spectra detected at different angle;sbd the emission
surface varied with theDl and the ideal emission surface from noncavity
device;scd dependence of wavelength shift on detection angle with different
Dl. fDevice A, B, and C insbd and scd represent the microcavity devices
with Dl of 48, 24.8, and 0.6 nm, respectively; device D represents the
noncavity device.d.
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spectra of the cavity and noncavity device. It was found that
624-nm EL emission peak with the FWHM of 26 nm from
cavity device is obtained. And for the control device, the EL
emission peak at 610 nm with FWHM of 87 nm is observed.
Besides, the emission from AlQ is suppressed completely in
cavity device. Therefore, it is demonstrated that our optimal
cavity device shows saturated red emissionsx=0.655 and
y=0.336d, closing to the National Television Standards Com-
mittee recommended red for a video display.

IV. CONCLUSION

The microcavity devices with Ag and Al mirrors were
fabricated. Comparing the EL characteristics of cavity and
noncavity devices provided an evidence for strong light mag-
nification effect. It was found that in cavity devices the thick-

ness of Ag mirror had considerable influence on the EL per-
formance. The efficient EL emission can be obtained by
optimizing dopant concentration. Besides, it was found that
deviation of strongest EL emission direction from normal
increased with increasingDl. On the other hand, pure red
emission, high luminance, and efficiency were obtained in
cavity device, which provides a method for achieving pure
red primary color of full color displays. The EL emission can
be tuned by varying the detection angle and the cavity
length, which is promising for special display applications,
such as directional display.
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