Semiconductor optical modulator by using
electron depleting absorption control
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Semiconductor Optical Modulator by Using Electron
Depleting Absorption Control
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SUMMARY Operation of a newly proposed semiconductor
optical modulator based on absorption control by electron
depletion around a p-n junction is demonstrated, forming prelim-
inary structures of waveguide-type as well as panel-type (or
surface-illuminated type) devices. The optical absorption is
occurred at the intrinsic energy levels in the band structure not at
the extended state into the band-gap. Performance of 35 dB
on-off extinction ratio for 4 V variation of the applied voltage
was obtained in a waveguide type device. Validity of the
proposed mechanism were confirmed by getting large change of
the absorption coefficient of around 5000 cm™' over wide wave-
length range of 30 nm.
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1. Introduction

Progress of optical switches or modulators made
of semiconductor materials is expected for further
development of opto-electronics. For examples,
waveguide type modulator with very wide modulation
bandwidth is necessary for the optical communication,
while panel type (or surface-illuminated) array modu-
lator is required to realize an optical computer.

Mechanisms popularly used in the semiconductor
optical modulator are based on the electro-optical
effects induced by electric field, such as the Franz-
Keldysh effect, quantum confined Stark effect and so
on"-U9  The refractive index or the absorption
coefficient is changed by these effect. Excellent opera-
tion with applied voltage less than 5 V and modulation
bandwidth over 20 GHz have been reported"™!®,
Operation for very wide wavelength range of more than
0.5 #zm was also obtained by changing the guiding
mechanism of the propagating light"®.

Other mechanisms for the semiconductor optical
modulator are to utilize direct variation of the carrier
density. Large changes of the optical absorption
coefficient due to screening or quenching effect on the
exciton states with occupation of the carrier in the
quantum well have been observed in modulators with
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a FET type configuration Some diode type
optical modulators, operating with the carrier injec-
tion to reduce absorption of incident light have also
been proposed®®. Variation of the refractive index
with depletion of the electron was also applied to an
optical modulator!®»¢%,

Investigation of different possible mechanism is
also important to develop the optical switch or modu-
lator, because various structure but unified material
will be required to get monolithic integration or
efficient coupling with other optical device such as a
laser and a detector. In this paper, operation of a new
type of semiconductor optical modulator is examined.
The optical absorption is controlied through variation
of thickness (or width) of the depletion layer around
the p-n junction®. The device was made of AlGaAs
system forming waveguide-type as well as panel-type
(or surface-illuminated) configurations, and is named
as EDAC (electron depleting absorption control)
optical modulator.

2. Mechanism of EDAC Optical Modulator

The basic idea of EDAC (electron depleting
absorption control} optical modulator is schematically
illustrated in Fig. 1. The optical absorption due to the
electron transition from the valence band to the con-
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Fig. 1 Mechanism to control optical absorption. The optical
absorption hardly occurs if the conduction band is filled
with electrons as shown in (a), but occurs by sweeping
out the electrons from the conduction band as shown in

(b).
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duction band is controlled by the number of electrons
located in the conduction band in the direct transition
type semiconductor materials. The optical absorption
hardly occurs if the conduction band is filled with
electrons as shown in Fig. 1{a), but occurs by sweep-
ing out the electrons from the conduction band as
shown in Fig. 1(b). Then, two states of transmission
(or “on™) and cut off (or “off”) are switched by
changing the electron density in the conduction band.
The n-type bulk material is considered to be state (a),
and whose depleted portion around a p-n junction is
in condition of state (b). The width of the depleted
portion is varied with applied voltage on the p-n
junction.

The change of the optical absorption with the
number of carriers is more effective in n-type material
than in p-type material, because the effective mass and
density of states of the conduction electrons are much
smaller than those of the holes in the valence band.
The device is designed to utilize variation of the
depletion layer in n-side region.

3. Wavegnide-Type EDAC Optical Modulator
3.1 Device Structure and Fabrication
The structure and the operating mechanism of a

waveguide-type EDAC optical modulator are illus-
trated in Figs. 2 and 3. The optical beam propagates in

a n*-Alg0eGans1As waveguide layer having small band
gap and high refractive index noted with n,. The p-n
junction is located at the boundary between n*-Algge
GaomAs waveguide layer and p*-Al;Gao.sAs cladding
layer. The reason why we put slight Al in the
waveguide instead of GaAs is to examine operation for
various wavelength of the light source.

The optical beam suffers absorption loss in the
n*-side part of the depletion layer as illustrated with the
painted area of the field distribution in Fig. 3. When
the p-n junction is reverse biased, the thickness (or
width) of the depletion layer is increased, resulting in
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Fig. 2 Schematic illustration of the waveguide-type optical
modulator.
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Fig.3 Band gap profile and optical field distribution.
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Bias

voltage is in forward direction (a), zero(b), and in
backward direction (¢). The depletion layer is widened
by the backward bias giving large absorption loss.
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larger absorption as shown in Fig. 3 (c), while inverse
change occurs with forward bias shown in Fig. 3(a).

Design parameters Al composition x in Al,Ga,_x
As system and thickness of each grown layer are
determined theoretically to get suitable field distribu-
tion as discussed in later. lmpurity concentrations in
p* and n* layers are chosen to get heavy doping as
possible. Since the cladding layer in n-side need not
have heavy doping, the doping level of n~ was chosen
in order of 107 cm™3,

Liquid-phase epitaxy was used for the crystal
growth on Si-doped GaAs substrate. The dopants
were Te and Zn for n-type and p-type impurities,
respectively. Metals of Au-Ge and Au-Zn were evapor-
ated as the electrodes for n-type side and p-type side,
respectively.

3.2 Operating Characteristics

Transmission characteristics of the waveguide-
type device were measured with an experimental set-up
shown in Fig. 4. The light source was a semiconductor
laser diode. For the wavelength dependence measure-
ment, laser diodes with different wavelengths were
used.

Variations of the transmitted light with the
applied voltage and the device length are shown in
Figs. 5 and 6, respectively. The device was operated in
range from —3 V to +1 V. More reverse bias than —3
V caused the break down of p-n junction, while larger
forward bias than 1V induced remarkable current
flow. The device length was changed by cutting the
waveguide of an identical sample from 550 to 200 ym.
Scales in the vertical axes were given by eliminating the
connecting loss of 21 dB which is estimated by taking
extrapolation of the data to L=0. Guiding loss inside
of the device at wavelength of 811 nm was estimated to
be 50cm™ for “on” state with +1V bias in Fig. 6.
This guiding loss may be due to optical absorption at
the depletion layer, which still exists even at “on” state.
35 dB extinction ratio with voltage variation from —3

Bias

Lens Lens

Optical
Switch

Lock-in
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X-y
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Fig. 4 Experimental set-up for the measurement of the trans-
mitted light on the waveguide-type device.

V to +1V was obtained in 550 zum-long sample.
The curved lines in Fig: S are by theoretical calcu-
lation. By putting change of the local absorption
coefficient to be Ja, field confinement factor in the
n-side depletion layer to be £(¥), the device length to
be L, and intensity of the incident light to be 75, the
intensity T of the transmitted light is given by

T=Toexp[—dag(V)L] (1)

One feature of this device is that the confinement factor
&{V) in the n-side depletion layer is varied with the
applied voltage ¥V, while the change of the local
absorption coefficient e is independent from strength
of the applied voltage. While other devices based on
the electro-optical effect are under the counter situa-
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Fig. 5 Variation of the transmitted light with applied voltage.
Scale of the vertical axis was given by subtracting the
connecting loss of 21 dB. 35 dB variation of the trans-
mitied light was observed with 4 V change of the applied

voltage.
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Fig. 6 Variation of the transmitted light for different waveguide
length. Guiding loss in the waveguide is 50cm™! for | V
bias.



tion that £ is constant but Jda is changed with the
applied field. As an increase of the reverse bias, the
confinement factor £( V) increases, resulting in large
amount of absorption.

The field distribution was analyzed to be a guided
mode in a three layer dielectric waveguide by assuming
that the refractive index » is changed with the Al
composition x in Al,Ga,_xAs alloy system in relation
of Ref.(28).

n(x)=3.59-0.071x+0.091x? (2)

but is not changed with the depleting of the electrons.
The confinement factor £(¥) was analyzed from this
field distribution and the thickness of the depletion
region obtained by analyzing the Poisson’s equation.
Value of £(V) in the structure of Fig. 2 was theoreti-
cally estimated to change from 0.015 to 0.0466 for
voltage variation from +1to —3V.

The curves in Fig. 5 are drown with two fitting
parameters of T, and da. The former parameter gives
parallel shift of the curve in vertical direction and is
adjusted to fit the data at ¥'=0. While the latter one
gives slope of the curve and several values are substi-
tuted as in the figure. The experimental data fit rough-
ly with theoretical curves for Ja=5000~6000cm™".
This value seem to be reasonable by comparison with
data of the absorption coefficient in n type bulk GaAs
which were measured for different doping densities®.

Wavelength dependence of the extinction ratio for
the 250 um-long sample is shown in Fig. 7 with paint-
ed circles, where wavelength of the incident light was
changed by using laser diodes with different wave-
length. The extinction ratio of this figure is defined by
next equation.
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Fig. 7 Wavelength dependence of the extinction ratio and the
spontaneous emission in the waveguide-type device. The
most efficient wavelength for the absorption change is
811 nm, which almost coincides with the peak wave-
length of the spontaneous emission.

8= (1 - Tmin/Tmax) X 100(%) (3)

Here, Tmin and Thax are the minimum and the maxi-
mum intensities of the transmitted light, respectively,
under the voltage variation from —3 to +1V. The
dotted line in Fig. 7 is a profile of the spontaneous
emission caused by current injection with forward bias
larger than +1V. Wavelength at the peak of the
extinction ratio, about 810 nm, is almost the same as
that of the spontaneous emission. This correspondence
indicates that both phenomena are caused by the
change of the electron density in the conduction band
but not by the tailing states extending into the band
gap.
Optical bandwidth of the modulation getting
sufficient extinction ratio more than 90% (10 dB) was
around 30 nm as given in Fig. 7.

4. Panel-Type EDAC Optical Modulator
4.1 Device Structure and Fabrication

Since thickness of the depletion layer around a
single p-n junction is only several tens of nm, a large
number of p-n junctions is required to get sufficient
extinction ratio in a panel-type device. Here, we
fabricated a preliminary device consisting of a p-n-p-n
junction as shown in Fig. 8 to examine the modulation
effect in a panel-type device, where the optical beam is
incident perpendicular to the p-n junction planes.
Liquid phase epitaxy was used for the crystal growth,
where the duplicated forming of the p-n junction was
done by repeating the back and forth movement of the
carbon boat in the furnace. After evaporation of the
electrode metals for p-type side and n-type side elec-
trodes, windows of 200 X 200 um? area were opened by
chemical etching.

i
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Fig.8 Cross section of the panel-type optical modulator.
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4.2 Operating Characteristics

Measuring set up is shown in Fig. 9. The optical
source of this measurement is a tungsten-halogen lamp

Lens

Tungsten | Chopper

Halogen

an?g Monochro-

mator
Multi-mode Fiber
Optical
Switch ra
A

Lock-in

Amplifier

XY i

Recorder Photo Multiplier
Fig. 9 Experimental set-up for the measurement of the trans-

mitted light on the panel-type device.
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Fig. 10 Normalized intensity of the transmitted light with

variation of the applied voltage.
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Fig. 11 Wavelength dependence of the extinction ratio and the

spontaneous emission in the panel-type device. Good
correspondence was obtained between profile of the
extinction ratio and that of the spontaneous emission.

radiating incoherent light and whose wavelength was
selected by monochromator. The light was guided into
the panel-type device with a multi-mode fiber.

Intensity variation of the transmitted light with
variation of the applied voltage is shown in Fig. 10.
The extinction ratio was 3.6% at wavelength of 900 nm
for the voltage change from —7V to +09V. Wave-
length dependence of the extinction ratio is shown in
Fig. 11 with painted circules. Profile of the spontane-
ous emission of same sample with larger forward bias
than 1 V is also shown in the figure with a broken line.
Good correspondence between the absorption and the
emission characteristics were confirmed.

The intensity of the transmitted light is given by
next equation for the panel-type device

T=Toexp[—daXd;] (4)
where, d; is thickness of each n-side depletion layer
and X.d; is total thickness of the n-side depletion

layers. As an increase of the reverse bias, the total
thickness of the n-side depletion layers increase, result-
ing in large amount of absorption. Change of d; was
measured through the capacitance measurement of the
device. Then we can estimate the change in the absorp-
tion coefficient Ja from the data in Fig. 11. Estimated
Aa is shown in Fig. 12. The largest change occurred at
wavelength of 900 nm with value of da=4000~5000
cm™!. Estimated values of da almost coincides with
that in the waveguide type modulator at the peak
change. The wavelength width getting sufficient
change in absorption coefficient e more than 2000
cm™! was about 40 nm in this device.

To obtain larger extinction ratio, we piled up
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Fig. 12 Wavelength dependence of the change in the absorption
coefficient by electron depleting around p-n junction.
The largest change of the absorption coefficient was
estimated to be 4000~5000 cm™' at wavelength of 900

nm.
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Fig. 13 A combined device by piling up three chips.
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Fig. 14 Normalized intensity of transmitted light with variation
of the applied voltage on the combined device. Perfor-

mance of 10% extinction ratio was obtained.

three chips making a combined device as shown in Fig.
13. Performance of 10% (0.45 dB) extinction ratio with
18 V variation of the applied voltage was obtained for
the combined device as shown in Fig. 14.

By increasing the number of the p-n junctions,
larger extinction ratio will be obtained. With increas-
ing layer number, the required voltage is also
increased. However, this problem may be resolved if
we can support the bias voltage along horizontal
direction by forming a comb-like structure made by
Horikoshi et al. to be a photodetector®. Fabrication
of the modulator with the comb-like structure is at
moment a subject for authors.

5. Conclusion

Operation of optical modulators based on the
electron depleting absorption control (EDAC for
short) were examined forming both waveguide-type
and panel-type devices. Performance of 35dB (99.
97%) extinction ratio was observed with 4 V variation
of the applied voltage in a waveguide-type device.
Total absorption or guiding loss in the waveguide was
estimated to be 50 cm™. While, performance of 0.45
dB (10%) extinction ratio was observed with 18V
variation of the applied voltage in a panel-type device.
Large change of the absorption coefficient reaching da

25000 cm™' and wide wavelength range of 44>30 nm
were confirmed. Excellent features of our EDAC
optical modulator may be to have high saturation level
of the absorption for the incident light inensity and
having possibility to integrate with other optical
devices easilly, because same band energy levels can be
used in those devices. Disadvantage of the EDAC
modulator is the high absorption loss at “on” state.
However, this disadvantage may be canceled with
above mentioned excellent features in some applica-
tion fields like as the optical computer by improvement
of the device structure.
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