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Figure 7 Brightness temperature as a function of frequency at 55°
observation angle (the temperature of seawater is 10°C; the side length of
Kelvin’s cell is 0.672 mm; f,, is 1.0%)
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ABSTRACT: High-speed electromagnetic characteristics of an organic
light-emitting diode (OLED) are explored in this paper. When a high-
frequency (~14 GHz) microwave pulse is injected into an OLED, the
pulse is split into two peaks: one peak is delayed by 1.725 ns and an-
other one is advanced by 0.183 ns, which also suggests the existence of
an extremely low-speed group velocity. The effective thickness of the
OLED sample is ~355.8 nm and, as a result, the effective index of re-
fraction is ~10” when the splitting phenomenon occurs. © 2005 Wiley
Periodicals, Inc. Microwave Opt Technol Lett 45: 450—452, 2005;
Published online in Wiley InterScience (www.interscience.wiley.com).
DOI 10.1002/mop.20850

Key words: organic light-emitting diode; superluminal effect; electro-
magnetic-pulse propagation

1. INTRODUCTION

Electromagnetic-pulse propagation has been a longstanding issue,
ever since the founding of electromagnetic theory by Maxwell [1],
and efforts to revisit this classical topic are readily found in the
literature. It also has provided a variety of novel applications such
as fiber communication and soliton communication [2]. On the
other hand, there is an intriguing topic concerning the fundamental
aspect of electromagnetic theory, that is, the propagation limit set
by the velocity of light. It is known that the velocity of an
electromagnetic pulse passing through a normal dispersive me-
dium is well characterized by group velocity. According to clas-
sical theory [1], the group velocity of a pulse in linear dispersion
and a nonabsorbing medium is described as

dw c
v, =

T n(w) + o(dnldw)’ M

where o and k are the angular frequency and wave vector of the
electromagnetic wave, respectively, and c is the velocity of light in
a vacuum. Typically, v, is less than c. But, for an anomalous
dispersion, dn/dw < 0, which leads to v, being larger than c. This
violates the theory of relativity, which states that no velocity can
be larger than c¢. Actually, in this case the group velocity lost its
meaning as a signal velocity [3]. Indeed, contrary to common
group velocity, Brillouin introduced the energy velocity v, which
is more meaningful [3]. The true energy velocity can be defined as
the rate of energy flow divided by the stored energy density of the
electromagnetic wave, as correctly derived by Loudon [4], even
though an anomalous dispersion leads the pulse to seemingly
advance. This phenomenon of pulse advance is referred to as the
“superluminal effect.” Given the current interest, one can find the
superluminal effect in the literature, with regard to passive absorp-
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Figure 1 Experimental setup and the field pattern of the SMA antennas
(the inset is the configuration of the OLED sample)

tion, passive reflective, or in active transparent media. In the case
of passive absorption, Chu and Wong showed the superluminal
effect in the GaP:N medium in the range of visible light [5]. The
group velocity reported in their work ranged from ¢/2.87 to ¢/30
at different laser frequencies. In this paper, we will provide another
novel example of superluminality, namely, an organic light-emit-
ting diode (OLED) sample [6] interacting with high-frequency
microwaves.

2. SAMPLE DESCRIPTION

An organic light-emitting diode is a very interesting optoelectronic
material, and has potential commercial applications in flat displays
and flexible displays [7]. In our case, four different layers of
materials basically make up the OLED sample. Referring to the
inset of Figure 1, the organic layer is sandwiched by the Al/LiF
bilayer cathode and the ITO anode. The thickness of Al and LiF
are 120 and 0.3 nm, respectively, and for the case of the ITO
anode, the thickness is 150 nm. From top to bottom, the organic
layer consists of the following elements: (i) Alqs, that is, Tris(8-
hydroxyquinolinato)aluminum(IIl), as the electron-transporting
layer; (ii) BCP, that is, 2,9-Dimethyl-4,7-diphenyl-1,10-phenanth-
roline, as the hole-blocking layer; (iii) DPVBi with yellow emitter
dopant; (iv) DPVBIi with blue emitter dopant; (v) NPB, that is,
N,N’-Di(naphthalen-2-y1)-N,N’-diphenyl-benzine, as the hole-
transporting layer. The total thickness of the organic layer is 85.5
nm. In order to protect the OLED, the topside was capped by glass,
with the total thickness of glass being 1.5 mm. When the OLED
sample was biased with a dc voltage (typically, about 6 V), white
light was emitted. The lighting area of the OLED is 0.5 X 0.6 cm
in the experiments. It was found that, whether the OLED is lighted
or not, the absorption line does not change significantly. Here, we
report the results of an OLED with power OFF and power ON.
Furthermore, we explore the high-frequency characteristics of
OLED, which are seldom addressed in the literature.

3. EXPERIMENTAL SETUP AND RESULTS

The experimental setup is shown in Figure 1. Basically, in this
experiment we used a network analyzer (HP 8720D) to evaluate
the microwave-transmission characteristics of the OLED. Typi-
cally, this microwave network analyzer can deliver 5-dBm power,
from 50 MHz to 20.05 GHz. Because the sample is small, instead
of a typical horn antenna, two SMA connectors were used as the
emitter and receiver, respectively. In this case, we used a common
two-hole flange plug receptacle (Solder Pot Contract) for the SMA
connector. Referring to Figure 1, the filed emitting pattern of the

SMA connector is narrow and is suitable to be used as either the
emitter or the receiver. The SMA connectors were directed to the
sample such that the emission and detection were along the same
axis. Experimentally, we found that the working range is from 10
to 20 GHz. Outside the working range, the sensitivity is small.
Therefore, we focused our experiment on the frequency range from
7 to 20 GHz. After connecting the SMA antennas, the receiver
received —40-dBm power from 7 to 20.05 GHz and below —55
dBm from 50 MHz to 7 GHz.

In the experiment, the OLED sample was placed about 2.7 cm
away from the SMA transmitter, and the lighting area was posi-
tioned immediately behind the transmitter. The receiver was
placed 7-cm away from the transmitter. The entire sample was held
by a translation stage, and its position could be set automatically.
In our experiment, we used two methods to explore the microwave
characteristics of the OLED sample. The first one was to sweep the
transmission characteristics of the OLED with a wide range of
microwaves. With this method, the energy of a single frequency is
generated and, after passing through the OLED sample, it is
detected by the receiver. It was characterized by the S,, parameter,
which is the ratio of the incident wave of the voltage at port 1 to
the emerging wave of the voltage at port 2 [8]. Port 1 is the
transmitter SMA, and port 2 is the receiver SMA. The second
method consists of employing the default function of the network
analyzer to explore the transmission characteristics of pulse prop-
agation via time-domain transferring.

For comparison, we considered FR4 material with a thickness
of 0.1 cm. The dotted line in Figure 2 shows that the measurement
of the normalized S,, parameters for the FR4 materials ranged
from 10 to 20.05 GHz. The near-flat spectrum suggests that the
FR4 material is of normal (transparent) medium from 11 to 12
GHz and the transferred pulse was delayed by 0.03 ns, as shown by
the dashed line in Figure 3. For the OLED sample, we swept the
normalized S, data from 10 to 20.05 GHz, and found that the
appearance of absorption is evident, especially from 13.5 to 14.5
GHz, as shown by the solid line in Figure 2. It is interesting to note
that this shows that now the anomalous dispersion of microwave

Normalized 821(dB)

-14 4 ——OLED
-16 1 - FR4

10 12 14 16 18 20
Frequency (GHz)

Figure 2 Transmission spectrum in terms of the normalized S,, param-
eter. The solid and dotted lines express the S, data of the OLED and FR4
materials, respectively. The value shown is averaged over five measure-
ments. The range of fluctuation is denoted by the standard deviation of the
measured data. For FR4 material, in which the maximum of standard
deviation for the whole range is 0.11 dB, and the average of standard
deviations is 0.04 dB; for the OLED sample; the maximum standard
deviation is 0.96 dB and the average of standard deviations is 0.28 dB
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Figure 3 Pulse waveforms in the time domain. The solid line is the
reference (incident) pulse, and the short dashed and dotted lines denotes the
pulse train through power-OFF and power-ON OLEDs measured by the
receiver, respectively. The dashed line denotes the result of the pulse
passing through FR4 sample. The insert shows the difference between the
power-ON and power-OFF cases (6V-0V)

electromagnetic wave does occur in the OLED sample. Hence, the
superluminal effect may occur in the OLED sample as well. Next
we examine the result of the time-domain transformation, using a
pulse that includes the microwave range from 13.5 to 14.5 GHz
through free space as a reference. The pulse through the power-off
OLED sample was separated into two parts, as shown by the short
dashed line in Figure 3. One of the pulse peaks was delayed by a
time scale of 1.725 ns. On the other hand, another pulse peak was
advanced by 0.183 ns with respect to the main peak of the pulse
measured in free space, as shown by a downward arrow (| ).
Compared to the case of power-ON (6-V) OLED, this phenome-
non is almost the same as the case of power-OFF OLED; the insert
in Figure 3 shows the difference between these two cases. The
thickness of the OLED sample (including the organic, cathode, and
anode layers, but excluding the glass substrate and cap) was 355.8
nm. On the other hand, because the glass contributed a small delay
(< 0.1 ns), and according to Eq. (2), the relation between the delay
time and the optical path is given by

(n—1)L
—

At = @)

where the “effective” indices of refraction of the OLED sample for
the two peaks were 1.45 X 10® and —1.54 X 107, respectively.
The results of the measurement, phase advance, and peak splitting
are amazing, and they provide a unique example of superluminal-
ity. However, the results of their deduction are even more aston-
ishing. These results indicate: (i) a possible existence of negative-
index materials; (ii) that the index is effectively extremely large.
The existence of ultra-high indices of refraction may sound in-
credible; nevertheless, the ultra-high index has been employed
previously in diffractive optics (that is, the Sweatt model) for
modeling the diffractive optical surface [9]. This suggests that the
OLED sample is effectively an “unusual” birefringence medium in
the corresponding microwave range. The index is extremely large
and the propagation has been greatly slowed down. By calculating
the group velocity, we can deduce the values of the group velocity
to be 2.06 and —19.5 m/s, respectively, which indicates that the

group velocity has been slowed down, even to an order of seven,
in comparison with the speed of light.

4. CONCLUSION

In conclusion, a novel high-speed-frequency electromagnetic char-
acteristic of a power-OFF blue-light thin-film OLED sample has
been reported. A superluminal phenomenon has been experimen-
tally identified. The mechanism of this superluminal effect may be
attributed to the fact that the OLED sample absorbs the energy and
does not transfer it nonradiatively. Under this circumstance, the
incident pulse can modulate the stored energy and induce the
superluminality. However, a theoretical exploration remains to be
done. The reported superluminal phenomenon occurs when the
OLED sample is operated over an absorption band where anom-
alous dispersion occurs. It should be noted that different samples
of OLEDs were also tested, and that the superluminal effects
persist, provided that the OLED is operated over the absorption
band and that anomalous dispersion occurs.
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ABSTRACT: The magnetic-field integral equation (MFIE) contains a
geometry-dependent solid-angle factor due to the limit value of the mag-
netic field at the source region. Determination of the solid-angle factor
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