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Escaped and Trapped Emission of Organic Light-Emitting Diodes
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By locating the emitters around the first and second antinode of the metal electrode, the escaped and trapped

emission of small molecule based bottom emission organic light-emitting diodes is investigated by using an in-

tegrating sphere, a fiber spectrometer and a glass hemisphere. It is found that the external coupling ratio by

locating the emitters at the second antinode (at a distance of 220 nm from the cathode) is 70%, which is higher

than that of an emitter at the first antinode (60nm from the cathode) in theory and experiment. Extending

the “half-space” dipole model by taking the dipole radiation pattern into account, we also calculate the optical

coupling efficiency for the emitter at both the first and second antinode. QOur experimental and theoretical results

will benefit the optimization of device structures for the higher out-coupling efficiency.

PACS: 42.25.Bs, 42.25.Hz, 42.70.Jk, 42.79.Gn

Organic light emitting devices (OLEDs) have re-
ceived a great deal of attention in recent years due to
their potential application in flat panel displays and
lighting.['] Although an internal quantum efficiency of
nearly 100% has been achieved,”’] due to the mis-
match of the refractive index of air, glass substrate,
and organic layer, a great deal of the generated light is
lost through total internal reflection into the substrate
and indium-tin-oxide (ITO) wave-guiding modes, and
to self-absorption ultimately. Thus the outcoupling
efficiency (next) is a critical figure for OLEDs. The
Next 18 calculated by classical ray optics to be 1/2n2,
where n is the refractive index of substratel’l For glass
substrate (n = 1.52), the calculated external coupling
efficiency is about 20%. Due to the amazing theoreti-
cal optical loss, a number of methods have been devel-
oped to enhance the external coupling efficiency. For
example, substrate modifications that enable extrac-
tion the light in the glass substrate,l” %) the ordered
micro-lens arrays,l”'? and the diffusive layer,!'*~ ']
and microcavities!'”] were used to increase the exter-
nal coupling efficiency. However, the above-mentioned
methods only achieved an efficiency enhancement of
from 22% to 56%, and there is still no general con-
sensus on extracting trapped light. In fact, the emit-
ters are optically close to the highly reactive metal
cathode, the optical emission properties of OLEDs
are strongly modified by the optical interference be-
tween the reflective electric field and the dipole radi-
ated fields.['® 2] We can change the spectrum and the
emission intensity by adjusting the locations of emit-
ters. Therefore, optimal efficiency of OLEDs can also
be achieved by locating emitters around the antinode
condition of metal cathode. For general OLEDs, the
emitters are located at the first antinode, due to the
low conductivity and low carrier mobility of organic
materials. When the emitters are located at the sec-
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ond antinode,!?"??] there are some different character-
istics due to the interference effect.

In this study, an integrating sphere, a fiber spec-
trometer and a glass hemisphere are used to experi-
mentally investigate the light outcoupling characters
of OLEDs when locating the emitters around the first
and second antinode of the metal electrode. Further-
more, we extend the “half-space” dipole model by tak-
ing the dipole radiation pattern into account. It is
found that light outcoupling efficiency of OLEDs can
be enhanced by locating emitters around the second
antinode, but more light may be coupled into the
ITO/Organic waveguiding modes at the second antin-
ode.

The OLED structure used in both experiment
and modeling is shown in Fig.1(a). On the glass
substrate, the indium-tin-oxide (ITO) layer is used
as anode (n,., =1.9, thickness 100nm). A layer
of 4,4’ 4"-tris(3-methylphenylphenylamino) triph-
enylamine (m-MTDATA) doped with 1.5wt% of
tetrafluorotetracyano-quinodimethane (F4-TCNQ) is
spin coated on ITO as the p-doped hole-injection
layer.””) We also made different thickness of this
layer by using various spin speeds and varying con-
centrations of solutions; then, an N,N’-bis(lnaphthyl)-
N,N’-diphenyl-1,1’-biphenyl-4,4’-diamine (NPB) with
a thickness of 20nm is evaporation deposited as a
hole transport layer, and a tris-8-hydroxyquinoline
aluminum (Alg3, n,,, 1.72) layer is evapora-
tion deposited as the electron transportation and
emitting layer; the thicknesses of Alq3 for different
devices are 30nm, 60nm, 90nm, 120nm, 150nm,
180nm, 200nm, 220nm, 240nm, 260nm. The
0.8-nm-thick LiF and 80-nm-thick Al is evapora-
tion deposited as the cathode of OLEDs. The
glass substrates are 33 mm x 44 mm, 30 mm x 37 mm,
27mm X 32mm or 25mm X 26 mm, the thickness is
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1.2mm, the four emission areas all are 3 mmx4 mm,
and the emission area is at the center of the device.
The dimensions of the device are shown in Fig. 1(b).
Details of the fabrication processes can be found in
our previous publications.[*!]
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Fig.1. (a) Schematic diagrams of the structures of

OLEDs and measurement methods; (b) the dimensions
profile of the device, the dashed lines are the profiles of
the other three substrates; (c) schematic diagram show-
ing photons emitted into various modes; (d) schematic di-
agram of the integrating sphere and fiber spectrometer
measurement system.

The optical structure of the device is shown in
Fig. 1(c). The emission layer is bounded by the metal
cathode and the ITO-glass substrate with an inter-
face to air. Due to the total internal reflection, we
can divide the emission light into three modes by their
corresponding angular ranges, namely, the extracted
modes, substrate modes, and ITO/organic modes.
A detailed description can be found in our previous
publications.?":]

Then the external coupling efficiency can be de-
fined as 7next = extracted modes/(extracted modes +
substrate modes + ITO/organic modes).

In fact, the absorption coefficient of ITO is on
the order of 5000 cm™*,[* so the ITO/organic modes
can not be detected from the edges. A part of the
substrate modes are absorbed by the OLED when
zigzagging to the substrate edges, so the measured
value of this modes is underestimated and should be
corrected to obtain the real value. Then the 7ext
can not be measured directly, and only the exter-
nal coupling ratio 7eys can be directly obtained to
be rexs=extracted modes/(extracted modes + correc-
tional substrate modes).

In the previous report silicon photodiode
(or silicon photodiode arrays) and charge coupled de-
vice spectrographs are the most widely used detec-
tors for the electroluminescence (EL) measurements
of OLEDs. This can only detect the discrete emis-
sion intensity at a given angle, and the discrete val-
ues were added to obtain the total photon flux. One
could not directly obtain the flux, and this easily in-
duces measurement errors. In our research, the photon

s,[27-29]

flux of devices was measured by using an integrating
sphere (SLM-12, Sphere Optics LLC) combined with
a fiber spectrometer (USB 2000, Ocean Optics Inc.),
as shown in Fig. 1(d). The diameter of the integrating
sphere is 250 cm, which is much greater than the size
of the emitting area, and the dimension is suitable for
decreasing the instrumental error. A glass hemisphere
is also used in our measurement, which can extract al-
most all of the substrate modes into external coupling
modes.
in other works.[?~%? The fiber spectrometer features
high sensitivity, stable quantum efficiency over a cer-
tain wavelength range, and near-linear response with
the incident light power. The integrating sphere can
collect all of the light emitted from the OLED.

A similar measurement method is also used

70F
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Fig. 2. The measured and calculated external coupling
ratios.

In order to measure the external modes and sub-
strate modes, we used absorber 1 and absorber 2, as
shown in Fig. 1(a). Firstly, the prepared OLED with
the edges of the substrate was covered by absorber
2 (Fig.1(a)), and it was lit under a given voltage
and current, then the measured flux F} is external
coupling modes. Secondly, with the emitting areas
covered by a glass hemisphere, we obtained the total
optical output flux Fror. Thirdly, the edges of the
substrate were covered by absorber 2, and the emit-
ting area was still covered by the glass hemisphere,
then the measured flux F] is the sum of the exter-
nal modes Fy.,¢ and the extracted substrate modes
Feqge; Fourthly, with the emitting areas covered by
the glass hemisphere and absorber 1, the flux Fy is
the sum of un-extracted substrate modes, Fédge, and
ITO/Organic modes Firo/org- Lastly, absorber 2, ab-
sorber 3 and a hemisphere prism all were covered on
all edges and surface of the substrate, and then, the
flux F3 of ITO/organic modes (Fi1o/org) could be ob-
tained. An index-matching fluid is applied between
the hemisphere and the OLEDs, with the same re-
fractive index as the glass substrate, to ensure proper
optical contact. In the five steps, the OLED was lit
under the same current density (rext does not change
with current density), and the measurement is rapidly
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accomplished, so the attenuation of devices is negligi-
ble.

The absorption coefficient of ITO and organic ma-
terial is of the order of magnitude of 5000 cm~!,>
so the light of the ITO/organic modes can almost not
escape the layers before dissipation, and F3 0. The
absorption of the glass substrate at the wavelength
of about 520nm is very low, and the light is several
reflected at the metal cathode surface when zigzag-
ging to the substrate edges, the metal cathode absorbs
about 14% of energy at once reflection. The reflection
times are calculated by the formula N = D/2dtan#,
where D is the width of the Al cathode, d is the thick-
ness of the glass substrate (d=1.2mm), and @ is the
light emission angle. Thus the real value of the un-
extracted substrate modes (Fj) can be obtained by
retrieving the absorption of metal cathode and glass,
and the total flux of the external coupling modes and
substrate modes is (F] + F3). Then, the external cou-
pling ratio 7.y, as shown in Fig. 2, is calculated by the
equation

Text = F1/(F| + F3). (1)

The fluxes of the total emission, the extracted modes,
substrate modes all are obtained by our measure-
ment. The measured external coupling ratio 7.y
is calculated by Eq.(1). The rey is from 20% to
70%, which varies with the thickness of Alqs, and
there is about 5% measurement error. After the
first measurement, we change the glass substrate size
to 30mm x 37 mm, 27mm X 32mm, 25 mm X 26 mm
(Fig. 1(c)), the emission areas do not change, and we
remeasure the devices. The results do not alter, so
the substrate size does not affect the value of 7oy,
The rext almost does not affect by different thickness
of m-MTDATA:F4-TCNQ.

From the experimental data in Fig.2, the rey of
emitters at the antinodes is surely higher than those
at other positions, and the external coupling ratio
by locating emitters at the second antinodes is 16%
higher than the first antinode. In order to accurately
investigate the 7.y, we also extended the half-space
dipole model.?”} by taking the dipole radiation pat-
tern into account. In fact, the emission of a dipole is
not isotropic; its spatial radiation intensity varies with
the emission angle.”") In our model, the emission of
the organic layer is considered as an oscillating dipole
emission in front of a mirror.*") This emission layer
is Alqgg for our devices. These dipoles are embedded
inside the emitter half space at a distance z from the
mirror (Al cathode-reflector in Fig.1(a)). The other
half space is occupied by the Al cathode. The emission
of a dipole is anisotropic, so these dipoles should be
divided into three freedoms for calculation, as shown
in Fig. 3. This model is also able to represent the in-
terference between the directly emitted light and the
light reflected by the metal cathode. Then, we cal-

culate the angular distribution of the radiation inten-
sity, and then extract the external coupling ratio. In
OLEDs, the energy coupled to surface plasmon modes
is by the near field effect of dipoles,!*®*7] so it is non-
radioactive loss, and it does not alter the emission
patterns of OLEDs. Thus in our model, we do not
take the surface plasmon loss into account.

Dipole radiation pattem

Incident light z

l

d
I l Al Cathode

Fig. 3. The schematic diagram of the extended half-space
dipole model and the radiation pattern of the dipole (on
the top right corner).

—=—30nm —e— 60 nm ——90nm ——120nm

—+— 150nm —»— 180 nm 200nm —e—220 nm
—e— 240nm —#— 260 nm —=—280 nm

Fig.4. The calculated and normalized internal angular
emission distributions patterns.
As shown in Fig. 3, for the emitting dipoles, the an-
gular distribution of emission intensity I can be writ-
ten asl?’]

I(0) = E}|1 + rp, exp(2id cos 0)|?
+ E3|1 — 7, exp(2i6 cos 0) >
+ E3|1 + 75 exp(2i6 cos 0) |, (2)

where rg and 7}, is the Fresnel reflection coefficient for
the s- and p-polarizations, 6 is the internal emission
angle with respect to the direction of the Poynting vec-
tor, ¢ is the phase change incurring in the round trip
from the emitter to the organic/cathode interface and
back, and § = 2mnd/Ag with A9 being the emission
center wavelength in vacuum, n the refractive index
of organic layer and d the distance from the emitters
to the interface of metal cathode and organic layers.
At the xoy plane, the angular distribution of the emis-
sion intensity of the three kinds of dipoles are calcu-
lated by By = P.sinf/4rer3, By = P,.cosf/4mers,
and E3 = P,/4mer®,’Y where E is the angular dis-
tribution of oscillating dipole emitting, and P, is the
electric dipole moment, which is constant for a fixed
dipole, ¢ is the dielectric constant of the organic layer,
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and r is the distance from the dipole from a certain
point.

The curves in Fig.4 describe the calculated in-
ternal angular emission distribution patterns, which
change with distances from the cathode rapidly, due
to the interference effect. We also calculate the exter-
nal angular emission distribution patterns of OLEDs,
and the external intensity angular distribution at the
first antinode is much more isotropic than that at the
second antinode. This characteristic is useful for dis-
play and luminance applications.

In order to exactly calculate the photon flux
of various modes, the light intensity I(f) is inte-
grated at each angle range of the three modes (i.e.,
Jangle range 27 sin 01(0)d0), and the photon flux of the
various modes is obtained. Figure 5 illustrates the cal-
culated percentage of the three kinds of modes, and
the external coupling efficiency next at different dis-
tances from the metal cathode. The 1q is 57% and
61% at the first and second antinodes, respectively.
When the distance is 150 nm, the 7ey is 13%, namely
only 14% of the light escapes the device, and most
of the light is trapped in the device as ITO/organic
waveguiding modes. Furthermore, the external cou-
pling ratio rex; can also be calculated, as shown in
Fig.2, taking the range of rey from 20% to 70% at
different distances from the metal cathode. Our study
will benefit the optimization of device structures for
higher out-coupling efficiency.

60
g o
& a0f
c@ -
= r
= r
g 30f
= [ —#— External modes
ﬁ I —— Substrate modes
20 ITO/Org modes \-/
10F
L1 % | RRTU NI NS NSRS SR NS N
30 60 90 120 150 180 210 240 270
Distance to matel cathode (nm)
Fig.5. The calculated percentage of the three kinds
of modes, namely substrate modes, external modes,

ITO/organic modes for different distances from the metal
cathode.

In conclusion, an integrating sphere associating
with a fiber spectrometer and hemisphere measure-
ment and an extend half-space dipole model have been
developed to describe the external coupling ratio of
OLEDs. It is found that the external coupling ratio
by locating emitters at the second antinode is 70%,
which is higher than that of the emitter at the first
antinode. The internal angular emission distribution
patterns are also calculated. The numerical results
are in good agreement with our experiments. These

results will benefit researchers to optimize the struc-
ture of small molecule based bottom emitting devices.
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