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Abstract: In the past, the waveguide electroabsorption effect has generally been used as an intensity
modulator for quasi-monochromatic light, such as lasers. Here, we study how this effect affects
polychromatic light spectra. We find that for light with a Gaussian distribution spectrum, the spectral
peak shift (red shift or blue shift) can be controlled by the magnitude of the applied voltage, as
long as the center wavelength and the spectral band are properly selected. This result can be used
as a data transmission scheme at the integrated chip level or in free space. It may offer a good
option for some other light sources, such as low-cost LED or ELED (edge emitting LED), with wider
spectral bandwidths.
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1. Introduction

There have been many studies on spectrum manipulation since the scaling law propo-
sition (Wolf effect) in the mid-1980s [1,2]. The scaling law proposition states that the
spectral variations exist unless the degree of spectral coherence of the source meets that
law. Since then, many mechanisms leading to spectra changes have been discussed, such
as the EO effect [3] photorefractive material interactions [4], spectral correlation [5] and
coherence change [6]. Some valuable results were found and applied to different areas,
such as spectral switches [7], lattice spectroscopy [8], spectral anomalies [9], structured
light [10] and manipulation [11]. Besides the spectra changes, other properties of light, such
as the correlation [12] and polarizations [13] can also vary after propagation/or interaction
with material through various mechanisms, such as the surface plasmon effect [14]. Some
interesting monochromatic phenomena also found their polychromatic counterparts, such
as singular optics [15] and phase singularities. Phase singularity is a phenomenon where
light vanishes at points when three or more waves interfere. At these places where the
intensity of the wave is zero, the phase is undefined (singular) and generally all 2 phase
values occur around the zero point [16].

A notable view called the spatial-spectral correspondence relationship for mono-
polychromatic light was proposed by Han [17], stating that for uniform incident light, the
modulated monochromatic light intensity effects can be transferred into those of the corre-
sponding polychromatic spectrum. It turns out that many of the above-mentioned results
are based on this correspondence principle, although it was given a formal name later.
Inspired by this relationship, we investigated how the electroabsorption effect changed the
polychromatic spectrum, since the influence of this effect on monochromatic light has been
studied. As shown below, we found that a spectral switch can be produced and it can be
utilized as a digital data transmission scheme.
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2. Theory

Electroabsorption is a change in the absorption characteristics of a material in response
to an externally applied electric field [18]. The application of an external electric field leads
to electron tunneling, which extends the absorption edge into the forbidden gap. The
material bandgap energy is thus reduced below that provided by the band tail and Urbach
tail. As shown in Figure 1a, we have hv; > hv,, where hvy and hv; are the two bandgap
energies corresponding to the two electric field states (OFF and ON, respectively). This is
called the Franz—Keldysh effect, and it shifts the absorption spectrum to longer wavelength,
as illustrated in Figure 1b. The applied electric field also results in the absorption broad-
ening and the exciton absorption peak’s disappearance. This effect can be used in optical
electroabsorption modulators. As shown in Figure 1b, an incident beam at the operating
wavelength is transmitted without absorption when the electric field is off. However, the
light is absorbed upon electric field application. In comparison with electro-optic mod-
ulators which operate based on the refractive-index response to an applied electric field,
electroabsorption modulators typically operate at greater speeds and at lower voltages.
The electroabsorption effect is more obvious in semiconductor multiquantum-well (MQW)
structures [18]. When an electric field is applied in the confinement direction, an additional
phenomenon occurs, called the quantum-confined Stark effect (QCSE). There are some
merits of QCSE; for example, exciton ionization is inhibited and exciton energy levels
remain unbroadened even at high field level. As a result of these MQW properties, the
wavelength shift in the absorption peak is greater, and the edge is more abrupt than in bulk
semiconductors. Other merits include higher speeds, larger extinction ratios, lower drive
voltages and lower chirp. Chirp is defined as the ratio of the increments of the real and
imaginary parts of an electroabsorption modulator’s complex refractive index, which is an
important transmission characteristic.
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Figure 1. The Franz—Keldysh effect. (a) The bandgap in the absence of an external electric field (OFF)
is reduced in its presence (ON). (b) Change in the absorption spectrum caused by the presence of an
electric field. The absorption peak moves toward longer wavelengths. C. B. and V. B are conduction

band and valence band, respectively.

A GaAs/AlGaAs quantum-well waveguide [19,20] is used as an example. Its data
transmission application configuration is illustrated in Figure 2a, and the electric field
(denoted as voltage V in the figure) is perpendicularly applied to the layer plane. Note

that the light travels along the plane of the layers (the wave vector k in the figure, defined
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as 27t/ A). Thus, light can propagate with its polarization either in the plane of the layers
(p) or perpendicular to the plane (s), as indicated in Figure 2a. Additionally, the figure
shows a spectral shift controlled by the magnitude of the applied voltage V, which will be
explained in detail later. A Gaussian spectral beam is incident on the waveguide from the
left. After traveling it and leaving from the right, the outgoing beam will have a different
spectral shape depending on the voltage value, as plotted on the right side of the figure. A
schematic structure of the waveguide is depicted in Figure 2b. The details can be found
in [20]. Two 94 A quantum wells were embedded in a 3.6 pm-thick superlattice which
formed the waveguide core.
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Figure 2. (a) The waveguide device configuration used in spectrum peak shift control. (b) The
waveguide schematic structure.

The sample was doped as a p—i—n diode, which was reverse biased to apply an
electric field perpendicular to the quantum wells. It was designed so that a 150 pm-long
sample would exhibit 10 dB modulation depth. The s-polarization mode is inaccessible
to light propagating perpendicular to the layers and shows different selection rules [15].
Specifically, the heavy hole excitonic absorption effectively vanishes, and its strength is
transferred into the single remaining light hole peak at higher photon energy. Figure 3
shows absorption spectra a(A) of the quantum-well waveguide for s-polarization mode as
a function of the electric field applied perpendicular to the layers for (i) 1.6 x 10* V/cm and
(i) 10° V/cm. The data marked with circles in the figure were adapted from Weiner [20]
and are interpolated by cubic splines to give the curves. The light hole peaks are seen
clearly and when the applied field is increased, the peak is decreased and broadened. Note
that this method utilizes the waveguide mode to transmit the light signal, and the modes
depend on the real part and imaginary part (related to the absorption) of the complex
refractive index. Consequently, the change of the absorption spectra caused by the applied
voltage may have some effects on the mode to different extents. However, because the
length of the wave guide is short and the absorption spectra «(A) are not changed greatly
(as seen in Figure 3), those effects may not be significant.
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Figure 3. The absorption spectra #(A) of the quantum well waveguide for the s-polarization mode
as a function of the electric field applied perpendicular to the layers. (i) 1.6 x 10* V/cm and
(ii) 10° V/cm [20]. The solid line and dashed line correspond to the two applied voltage values
respectively. The circle markers on the lines are used for cubic spline interpolation.

3. Results

Now we can proceed to study the modulated light intensity under the applied electric
field. First, we consider a uniform unit spectral intensity (spectrum) in the wavelength
range from 826 nm to 856 nm, as shown in Figure 4. Beer’s law [21] is

I(A,d) = I(A,0) exp[—a(A)-d], )

where I(A,0) and I(A,d) are the incident intensity and the final one after propagating
distance d, respectively, and a(A) is the absorption coefficient in Figure 3. Figure 5 shows
the natural log of I(A, d) for d = 150 um. The log function here makes the whole range of
I(A,d) seen more clearly.
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Figure 4. The spectral distribution of a unit uniform spectrum.
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Figure 5. The natural log of I(A, d) for d = 150 pm corresponding to the two «(A) curves in Figure 3.
(i) 1.6 x 10* V/cm and (ii) 10° V/cm.

Now we turn our attention to how to use this effect to generate the spectral switch
and use it to perform the data transmission task. Let us first use another type of spectrum,
the normalized Gaussian one, in the form

S(A,0) = exp [—(A;AAC)Z], @)

where A; and o are the center wavelength and the spectral bandwidth, respectively. Here
we use the symbol S(A,0) to differentiate from the I(A,0) used in Figure 4. It is plotted in
Figure 6 for A;= 843 nm and 0, = 5 nm.
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Figure 6. The spectral distribution of a Gaussian spectrum.

When this Gaussian spectrum is incident to the same electroabsorption waveguide
and travels the distance d, its spectral intensity again is S(A,d) = S(A,0) exp[—a(A) - d],
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where the normalized spectrum for the two different applied field values (see Figure 3) is
plotted in Figure 7a,b, respectively. As seen in the figure, the spectral shift is a red shift
(the peak moves to the right of the original incident peak) in Figure 7a, whereas it is a
blue shift (the peak moves to the left of the original incident peak) in Figure 7b. Thus,
the spectral shift can be controlled by the magnitude of the applied field. This behavior
is called a spectral switch (SS); it appears in different schemes or occasions and has been
studied in detail [7,22]. One of the SS applications is utilized in information encoding and
transmission in free space [3,23]. Here, it can be used to transmit data in free space or on
the chip scale because a waveguide device and light source of this sort can be fabricated
and integrated on a single chip [18].
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Figure 7. The normalized spectral distribution S(A,d) of a unit Gaussian spectrum in Figure 6.
(a) Red shift for V = 1.6 x 10* V/cm. (b) Blue shift for V = 10° V/cm. (i) 1.6 x 10* V/cm and
(ii) 105 V/cm.

The scheme goes as follows. Consider a set of binary digital data (as shown in the first
row of Figure 8) that needed to be transmitted through an electroabsorption device such as
the one in Figure 2. Using the spectral shift manipulation by controlling the magnitude of
the applied field as in Figure 3, we can designate blue shift and red shift as a bit of “1” or
“0”, respectively. The notations B and R are used to indicate the blue shift and red shift in
the third row of Figure 8, starting with the word “spectrum”. By properly adjusting the
magnitude of the applied voltage (the bottom row of Figure 8) the blue shift or red shift in
the spectrum peak can be controlled accordingly, as seen in Figure 7. The data can then be
transmitted and detected or decoded by a receiver. Let us discuss the absolute efficiency
of this method further. If we assume the incident Gaussian spectrum with 1.0 mW at
the center wavelength A.= 843 nm, the absolute efficiency is 0.12 mW at A= 848.7 nm for
Figure 7a and the absolute efficiency is 0.042 mW at A= 840.5 nm for Figure 7b. The output
power magnitudes fall in the range from mW to pW, which can be easily detected by an
available optical spectrum analyzer, such as an Anritsu MS9740B. The power is not too
weak, for two reasons. First, the total length is only 150 um. Second, the shifted spectrum
peaks are not very near the center wavelength A= 843 nm, which is at the dip of the first
curve in Figure 5. Thus, the two shifted peak wavelengths can still have enough power to
be detected.

As it is claimed as being a data transmission method, it is important to estimate the
modulation speed. Basically, the achievable speed of our scheme depends on how fast a
semiconductor multiquantum-well (MQW) electroabsorption structure can be modulated.
Since the referenced work [20] does not give such information, we found another work with
the same GaAs/AlGaAs quantum-well configuration studying this issue in detail [24]. The
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Data:

Spectrum:

speed depends on the capacity and the load. As seen from Table 1 in [24], a resistive load
with 47 k() has a 30 ns switching time and 28 ns RC time constant for a 100 um-long sample,
which is a good reference to our 150 um-long sample [20]. The corresponding modulation
speed is about 30 Mb /s, taking 30 ns switching time as the example. Afterwards, much
higher speeds of 40 Gb/s were achieved by Cheng et al. [25].

1 0 1 0 1 1 0

I

B R B R B B R

7 x10* (volt): 10 1.6 10 1.6 10 10 1.6

Figure 8. Illustration for the data encoding and transmission by controlling the magnitude of the
applied field. The two-level data 0 and 1 are related to the spectral shifts R and B, respectively, which
can be obtained by varying the magnitude of the applied voltage V.

4. Discussion and Conclusions

As mentioned in the Introduction, in the past a data-transmission scheme based on
the EO effect to control the refractive index to manipulate the spectra was presented [3].
Here we use the electroabsorption effect to control the absorption coefficient and spectral
shifts to perform the same task. The electroabsorption modulation typically operates at
greater speeds and at lower voltages than electro-optic modulators, operating based on
the refractive-index response to applied electric fields. The data can still be transmitted
by modulating monochromatic light intensity. Nevertheless, one advantage of using
polychromatic light spectral shift lies in that only the spectral shift (blue or red) needs to be
judged or confirmed. This is independent of the absolute detected spectrum intensity. In
the monochromatic light intensity modulation scheme, monitoring and maintaining correct
intensities corresponding to bit 0 or 1 are necessary, and may be challenging. However, in
the polychromatic scheme, an optical spectrum analyzer or fiber spectrometer is required
to record the modulated spectrum.

It seems that this method is similar to the conventional frequency modulation (FM)
because the shifted spectral peaks (red shift or blue shift) have different wavelengths
(or frequencies). However, they are essentially different as explained below. Direct FM
modulation can be achieved by directly feeding the message into the input of a voltage-
controlled oscillator. Thus, at any instantaneous moment there is only one frequency
component (a higher or lower one representing digital cone 1 or 0, respectively) being
transmitted—it is a “frequency-changing” scheme. In our method, no oscillator is used,
only an electroabsorption material is used to control the broad-band light source spectrum.
There are many wavelength components that remain in the spectrum at any instantaneous
moment, as can be seen in Figure 7. The digital data are encoded through the red/blue
shift of the spectra; thus, it is a “spectral-shift” scheme.

This work studies in detail the effects of a semiconductor quantum-well waveguide’s
electroabsorption on a polychromatic light. We demonstrated that for light sources with
suitable central wavelength and bandwidth, the spectrum peak shifts can be controlled by
varying the magnitude of the applied voltage. This feature can be employed to perform
data transmission jobs on a chip scale, which is of value because the waveguide can be
fabricated and integrated with a light source on a single chip. Possible candidates for this
kind of polychromatic light source include LEDs or edge emitting light emitting diodes
(ELEDs). Compared with its monochromatic counterpart, such as DFB lasers, LEDs (or
ELEDs) have the advantages of simple structure, easy fabrication and low cost.
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