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ABSTRACT

POC has proposed a 10 x 10 all-optical crossbar switch based on an optically activated modulator.
A laser beam with an energy higher than the bandgap of the GaAs switches the propagation
direction of the guided beam. Strong index modulation (>2%) can be induced by this method,
which is not dependent on polarization for the EO effect. Both TE and TM guided waves have the
same induced index change. Because there are no electrical contacts, this all-optical switch has no
RC time limits. The switching speed is limited only by the generated carrier lifetime, which is in
the picosecond range. Being the basic building block for high-speed optoelectronic computing and
signal processing, this generic concept is applicable to a broad variety of photonic components,
including optical logic gates, EO modulators, variable delay lines, and crossbar reconfigurable
interconnects. To optimize the switching efficiency, several optical switch designs were studied,
including cross switches and directional coupler switches. To realize the multichannel optical
switches, a compact self-aligned packaging technique was developed. An all-optical switch using
a 0.8 pm pumping laser beam and a 1.3 um probe beam has been demonstrated, and efficiency as
a function of pumping power and wavelength was studied.
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1.0 INTRODUCTION

In this Phase II project, POC proposed to build a low threshold 10 x 10 all-optical crossbar
switch based on an optically activated modulator (OAM). The 10 x 10 crossbar switch is shown
in Figure 1-1, where a laser beam with an energy higher than that of the bandgap of the GaAs
semiconductor is used to optically switch the guided beam propagation direction, and thus the
receiving ports. The optical switch is one of the major building blocks of optoelectronic integrated
circuits (OEICs) for optical communications, because of its capability of providing optical signal
processing. Because of the small index change induced by the electro-optic effect, most
conventional EO waveguide switches have a long strip waveguide and large polarization
dependence. Additionally, they suffer from large device dimensions and low packaging densities.

It has been shown in semiconductor lasers that a carrier induced index change can be two orders of
magnitude larger than that produced by the EO effect. Based on this strong carrier induced index
change, highly efficient and dense optical switches can be fabricated on a fully integrated
optoelectronic circuit. Another important feature is that, in contrast to the EO effect (which
depends on the vector electric field), the carrier induced index change is a scalar function that
operated independent of the polarization state of the guided beam,; i.e., the induced change in the
guiding layer index is the same for both TE and TM guided waves.

In this Phase I program, Physical Optics Corporation (POC) proposed and then successfully
demonstrated a miniaturized optically activated modulator (OAM) based on a GaAlAs/GaAs
channel waveguide and waveguide array. A 5-um activation window is used to input a ~mW
HeNe 632.8 nm laser beam which, in turn, modulates the 1.3 um guided light [!]. Modulation
depths from 33% to 85% have been observed on the various devices tested. The size of the
activation window is much smaller than for a linear electrooptic device (~mm to ~cm), and a high
power laser was not used in this demonstration.

In this Phase II project, several different optical switch designs were studied, including cross-
switches and directional-coupler switches. The modulation depths induced by different pumping
wavelengths (0.7 um - 0.8 pm) were also studied in order to optimize the efficiency of the

device.

In order to realize the multi-channel optical switches, a compact self-aligned packaging technique
was developed by POC during this program. The assembly architecture includes self alignment
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and shrinkage-compensation soldering between single-mode fiber arrays and optical waveguide
arrays.

The all-optical crossbar switch fabricated in this program can be used in both BMDO and civilian
applications. These applications include high speed laser wavelength and incident direction
sensors, GaAs-OAM-based IR countermeasure systems, low threshold all-optical crossbar
switching devices, delay lines for phased array antennas, optical logic gates, data sampling and
encoding, the generation of very short optical pulses, and time division muitiplexing (TDM) and
demultiplexing.

Figure 1-1
Low Threshold 10x10 All-Optical Crossbar Switch to be Demonstrated in Phase i
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.0 THE WORKING PRINCIPLE OF THE OPTICAL SWITCH

A discussion of the working principle of the modulator follows. A very large index change
induced by current has been reported on Si (2.3, GaAs-GaAlAs (4], and InGaAsP-InP (5-71. Since
the current induced index change is much stronger than the linear electro-optic effect, we can make
an active device by injecting a time dependent carrier concentration. The current is first induced by
shining a strong condensed light with a photon energy larger than the band gap of the guiding layer
material on the window area shown in Figure i-1. In this way, a very large current density is
induced. When the optical signal carrier to be modulated is coupled to the ridge waveguide, the
induced current will interact with the guided wave.

The induced index change created by electron-hole pair generation can be written as

2

2nN.e? —2nN.e

== 2ee +— 2p (2-1)
me®wn, myWn,

An

where N, and N, represent the concentration of electrons and holes, respectively. By using the
Kramers-Kronig relations, the absorption associated with free electrons and free holes is:

*2
Ao = (e3x2/4n2c3son°) [Ne /my M + Nh/m}',zpp] (2-2)

where e is the electron charge, &, is the permittivity of free space, |i. is the electron mobility, and
U, is the hole mobility. With an interaction length of 5 um, the throughput intensity modulation is
caused mainly by refractive index modulation (Eq. (2-1)), rather than absorption (Eq. (2-2)). It
was proven in this program that the change of index of refraction due to the injected free carriers
can be two orders of magnitude higher than that generated by the linear electrooptic (EO) effect. A
device interaction length that is compatible with a multi-quantum well structure is achievable using
this proposed concept.

Another important conclusion from Eq. (2-1) is that, in contrast to the linear electro-optic effect
(which depends upon the vector electric field), the induced index change is a scalar function. If the
effective masses of electrons and holes in the two different transverse directions are the same, then
the induced change of the guiding layer index is the same for both TE and TM guided waves. This
eases the requirement needed for the direction of waveguide propagation.
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3.0 DESIGN, FABRICATION AND PACKAGING

3.1 Channel Waveguide Design

From the experimental point of view, the key point of optimization of a single-mode channel
waveguide at a given wavelength is the accuracy involved in determining the AN value at the
wavelength of interest. In order to achieve the required accuracy, it is necessary to first
theoretically determine ti.c proper waveguide parameters, such as waveguide width and depth. The
challenge here is to precisely determine the effective index of the guided mode at the desired optical
wavelengths under various waveguide dimensions and cladding layer indices. Marcatili's
method [16] is used to determine the upper boundary of the waveguide cut-off dimensions at
1.3 um and 1.5 pm with Al concentrations equal to 5% and 7%. The results are displayed in
Figures 3-1 and 3-2.

2.0
g A - Cladding Layer with 7% Al
. 1.8 B -- Cladding Layer with 5% Al
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Figure 3-1
The Calculated Resuits of Cutoff Dimension on GaAs-GaAlAs Heterostructure Ridge Channel
Waveguide with Al = 5% and 7% at 1.3 jun Wavelength
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Figure 3-2
The Calculated Results of Cutoff Dimension on GaAs-GaAlAs Heterostructure Ridge Channel
Waveguide with Al = 5% and 7% at 1.55 um Wavelength

3.2 Material Design

The optical switch is grown on the GaAs substrate using the most advanced Metal Organic
Chemical Vapor Deposition (MOCVD) technique. The material structures are shown in Figure 3-
3. First, the cladding layer (Alg g7 Gag 93) with a thickness of 1.5 um is grown on the n* GaAs
buffer layer. Then, a 4 um undoped GaAs layer is grown as the guiding layer, which has a
background doping under 1014 cm-3. Then, the p* type base layer is grown, which is heavily
doped to 1019 cm3. Above the base layer, an n type Alp25Gag 75 layer (to be used as the emitter)
is grown with a doping density of 5% 1017 cm-3 and a thickness of 2000A . Finally, the n* GaAs
capping layer is grown on the top. The material structures are verified by the polaron doping
profiler. The measured thicknesses and doping concentrations are shown in Figure 3-4 . The
emitter and base doping densities are close to the specified values.
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Ohmic Contact 2000 A N+ GaAs 1x10'8 cm3
Emitter 2000 A N* Alg.25Gag 75AS 5x 108 cm-3
Photosensitive Base 1500 A p GaAs 1x 108 ¢em3
Guiding Layer 40000 A i GaAs 1x 1014cmS
Cladding Layer 15000 A i Afo.g7Gag 95AS 1x 1014 cm3
Collector and Substrate 10000 A n* GaAs 1x 1018 em3
Figure 3-3
Epilayer Structure of the Multilayer Optical Switch
20
19 i ]
2
185 i
17 4 i
3 3
h -
1654 :
15 I
14 1 1 T ,
o 1 2 3 5 6
Depth (um)
Figure 3-4

Carrier Doping Density Inside the Optical Switch Structure
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3.3 Device Packaging

In the area of packaging, POC has developed a new assembly architecture for the alignment of and
the soldering between single-mode fiber arrays and optical waveguide arrays, as shown in
Figure 3-5. The assembly architecture has two key processes for optical coupling between the
single-mode fiber arrays and the optical waveguide arrays, namely, alignment and fixing. Each
process requires sub-um precision, and typically has the following problems. First, the alignment
between the arrays is very complicated, because their positions have six degrees of freedom,
particularly, rotational degrees of freedom, which makes alignment more difficult. Soldering,
which is typically used for fixing, can cause misalignments due to thermal shrinkage of the
assembly equipment and solder volume. In order to solve these problems, an image position
detection method is used to eliminate degrees of freedom for alignment. This allows the assembly
throughput to be much better than that of conventional assembly architectures. Also, the use of a
thermal shrinkage compensation method achieves high-precision soldering by canceling
misalignments caused by the thermal shrinkage of assembly equipment and solder volume.

Figure 3-5
Hustration of Fiber/Waveguide Array Coupling System, for Coupling Between Fiber Ribbon (from
Both Sides) and Integrated Optical Circuit
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34 Single-Mode Fiber Array

A schematic view of the single-mode fiber array is shown in Figure 3-6. The single-mode fiber
array is sandwiched and soldered between two V-grooved silicon substrates.

Figure 3-6
Schematic View of the SM-Fiber Array

The single-mode fiber has a i0-um diameter core and a 125 pm diameter cladding. The
V-grooves are formed on a silicon substrate through anisotropic etching using a KOH solution.
They are designed to have 250 pum intervals and 160 um depths. With careful silicon crystal
orientation and control of the etching environment, the fiber arrangement can achieve £0.5 um
precision.

Hemispherical lenses are formed at the fiber-ends in order to improve the optical coupling
efficiency between the single-mode fiber array and the optical waveguide arrays. The lens
formation process is shown in Figure 3-7. The fiber-ends are etched simultaneously using an HF
solution, and then melted using an electric discharger. In pre-assembly, the single-mode fiber
array is soldered onto the metal block.
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Si Substrate
\\ /

Figure 3-7
Hemispherical Lens Formation Process

3.5 Optical Coupling

In order to provide optical coupling with a maximum excess loss of 2 dB between the single-mode
fiber array and the channel waveguide array requires a + 1.5 um precision. This precision must be
achieved throughout the entire process: fiber arrangement, channel waveguide bending, alignment,
and soldering. Each process, except for alignment, requires £ 0.5 pm precision. The coupling
efficiency is remarkably changed by lateral misalignment of the X and Y axes, which are,
respectively, parallel and vertical to the channel waveguide array. The efficiency change for the Z-
axis is 10 times less remarkable than for the other axes.

3.6 Alignment

The alignment between the single-mode fiber array and the channel waveguide array is usually
performed for six degrees of freedom: X, Y, Z (the linear axes), and 6x, 6y and 6z (the rotationai
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axes). Unforwnately, the alignment of the rotational axes interferes with the other axes. making
the entire alignment procedure very time consuming. However. in POC's new architecture, the
alignment for the Z. 6, and 8y axes is simplified, because a larger tolerance is allowed for these
three axes.

In presetting before alignment, the single-mode fiber array block and the channel waveguide array
are held by chucks, and the mount is set on a heater, as shown in Figure 3-8. The blocks can be
independently moved for alignment. The blocks and chucks are precisely manufactured in order to
eliminate the alignment for the 6y axis.

Couple to

Chucks —. hoto Detector

SM-fiber Array

Optical Input
Channel 1-10

Figure 3-8
Soldering Process with the Thermal Shrinkage Compensation Method

The alignment process developed during this program is shown in Figure 3-9. In the process,
rough alignment is performed prior to precise alignment in order to improve alignment throughout.
The rough alignment achieves a * 3 um precision, which is sufficient for the Z and 0y axes. The
precision alignment uses the conventional active alignment method. By scanning the single-mode
fiber array on the XY plane, the laser power meter measures the coupled laser power of the first
and the last fibers. A 10 x 10 um? area with a 0.5 pum interval is scanned. Misalignment for the
X, Y and 0z axes is corrected for using the (X,Y) position of the maximum laser power and the
distance between the first and last channels. Thus, the array positions are correctly aligned without
misalignments.

10
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From Laser /

Package Holde>\

Figure 3-9
Schematic Diagram of the Assembly Equipment

3.7 Soldering

Soldering causes thermal shrinkage of the assembly equipment and the solder volume upon
solidification. This is usually unavoidable. If the equipment has a 1m length, a thermal expansion
coefficient of 10-6/°C, and a temperature shift of 100°C, there will be a um order misalignment,
which leads to unsuccessful assembly. This misalignment can be canceled in POC's new
assembly architecture.
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The soldering process developed by POC is shown in Figure 3-8. It uses a new thermal shrinkage
compensation method. The point of this method is that the single-mode fiber array block and
channel waveguide array block are each held by two pairs of chucks having symmetrical structures
and a low thermal expansion coefficient. Further, the chucks and micropositioners are adiabatic
from the heater. In the soldering process, two soider layers between the two blocks and the mount
are fused by the heater. Thermal shrinkage of the two chuck pairs and the two solder layers arises
symmetrically. For the X, Y, 0x, 0y and 0z axes, misalignment on the side of the singie-mode

fiber array is compensated for by misalignment on the side of channel waveguide array. In this,
the single-mode fiber array block and the channel waveguide array block are soldered to a common
mount with minimal misalignment.

After soldering, the assembled mount is fixed to the package using solder with a lower melting
point. Finally, the package and the cap are hermetically solder-sealed. Because the assembly is
performed before sealing the package, no work space is necessary inside the module. Therefore,
the module can be made compact and narrow. This compact size is suitable for the use of a large
number of modules in a real system. Assembly without adhesives has allowed the modules to
have higher reliability at high temperatures.

4.0 MEASUREMENTS AND DISCUSSION
4.1 All-Optical Modulation Setup

A single-mode (8.7 um core diameter) optical fiber was used to couple a 2.5 mW 1.3 um laser
beam into the GaAs optical switch, as shown in Figures 4-1 and 4-2.

SMF MMF
—= =
8.7u ﬂ 62.5u
A=13um X

GaAs Waveguide

Figure 4-1
8.7 um Care-Diameter Fiber was Used to Couple 1.3 um Laser Beam From Semiconductor Laser
into the GaAs Optical Switch. At the end of the waveguide, a 62.5 um core-diameter fiber was
used to couple out the laser beam.

12
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Figure 4-2
1.3 um Laser Beam was Coupled into the Optical Switch from the Left-Hand-Side Single-Mode
Fiber. The switched laser beam was then collected by a multi-mode fiber from the right-hand side.
The pumping beam illuminates the X switch from the top.

The output light from the optical switch was then collected by a 62.5 pum multi-mode fiber. The
optical switch was controlled by a laser beam from a Ti:Sapphire laser with an energy higher than
the GaAs bandgap. A single-mode fiber was used to couple the laser beam from the Ti:Sapphire
laser to the switch. The laser beam illuminated the intersection of the optical switch from the top,
as shown in Figure 4-3. In order to observe significant optical switching, the pumping power
from the Ti:Sapphire laser should be high. However, if the pumping power is too high, the
heating effect will degrade the performance.

The compiete setup of the all-optical switch is shown in Figures 4-4 and 4-5.

13
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Ti = graph
A ~0.8 um

— 1] ———
A=13um X

Ga As Waveguide

Figure 4-3
Tunable Laser Beam from Ti:Sapphire Laser was Used to Control the 1.3 um Beam Switching.
The pumping light energy must be higher than the GaAs bandgap energy.

Figure 4-4
Photograph Showing the All-Optical X-Switch Measurement Setup

14
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Figure 4-5
Pumping Light is A = 0.78 um From Ti:Sapphire Laser

4.2 All-Optical Switch Fabrication

The epistructure of the all-optical switch was grown using the MOCVD method on a GaAs
substrate. A 1.5 pm thick undoped Alp 07Gag.93As cladding layer was first grown on the
substrate. Then, a 4 um undoped GaAs layer was grown on the top as a guiding layer.
Conventional photolithography techniques were used to pattern the single-mode optical switches,
as shown in Figure 4-6.

15




Annusi 0893.3176 SDI-GAS li
F49620-92-C-0047

Figure 4-6
Photograph Showing the All-Optical X Switches. The width of the waveguide is 7 um. The step
height is h = 1.5 um. The guiding layer is 4 um thick. The pumping beam (A = 0.78 um) only
iluminates the intersection areas.

4.3 All-Optical Switching Results

The switched laser beam was monitored by two InGaAs PIN detectors. The switched beams were
first coupled to the single-mode fibers, and were then detected by the detectors, as shown in
Figure 4-7.

The measured responses from the two arms of the X-switch are shown in Figure 4-8. When the
pump light was on, the 1.3 pm guided beam was switched to arm (out 1). When it was turned
off, the probe beam is switched back to arm (out 2). These results can be observed from the 180°
phase change shown on the oscilloscope.

The absorption depth of the pumping light is a function of wavelength. It is weil known that
higher energy laser beams have shorter penetration depths. But, if the laser beam energy is lower
than the GaAs bandgap, no switching will be observed. In order to observe this effect, the
Ti:Sapphire laser was tuned from 700 nm to 900 nm. It was seen (see Figure 4-9) that when the
pump light energy was below the GaAs bandgap, the modulation depth dropped dramatically. At

16
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shorter wavelength ranges, the modulation depth dropped slowly, due to the reduced absorption
depth.

Pump Beam A = 0.78 um

off on
A=13um

Input —> —> OQOutput 1

20

~—3» Output 2

Figure 4-7
Output Signals From Different Arms of the X-Switch were Coupled to the Single-Mode Fibers and
Monitored by Two InGaAs PIN Detectors

Figure 4-8
Output Signais From Different Arms of the X-Switch. When the pump beam is on, probe beam is
switched to arm (out 1). When it is off, the probe beam is switched back to arm (out 2) again.

17
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Figure 4-9
Modulation Depth as a Function of Pumping Wavelength. Modulation depth drop dramatically,
when the pumping light energy is below the GaAs band gap. Modulation depth drop slowly at
short wavelength range, due to the reduced absorption depth.

5.0 FUTURE DESIGNS USING BANDGAP ENGINEERING
TECHNIQUES

5.1 Optical Switch with Ouantum Well Devices

The speed of an all-optical switch with a bulk-type guiding layer is normally limited by the carrier
relaxation time, which is typicaily longer than a nanosecond. In order to enhance the speed and
efficiency of these devices, quantum well devices are implemented for high speed applications.
Two different quantum well devices that have the necessary large current controllability and high
speed performance are discussed in the following sections. The first is a heterojunction bipolar
phototransistor (HBPT) device, while the other is a resonant tunneling double barrier device.

5.1.1 Heterojunction Bipolar Phototransistor (HBPT) Optical Switch

POC's HPBT optical sw::ch, shown in Figure 5-1, has the unique high speed and high sensitivity
properties for optoelectronic applications. Recently, a current gain of 50,000 was demonstrated

18
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for a heterojunction bipolar phototransistor, inducing a photosensitivity ot 15,000 A/W. Optical
switches with HPBT structures have the following advantages:

. ultrahigh speed (~ picosecond)

. ultrahigh sensitivity
. integration capability with other OEICs
. high current gain

Integrated
AlGaAs/GaAs
Optical

X Swilch

Figure 5-1
POC's High Speed, High Sensitivity All-Optical Switch HBPT Structures

The phototransistor action is achieved through the large emitter-collector current Igc, which is
controlled by a sinall base bias voltage Vgg. VgE can be induced by electron-hole pair generation
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inside the emitter-base and base-collector junctions. This mechanism can be utilized for a high
speed phototransistor with an ultrahigh current gain, which can be controlled by a weak optical
power. Due to the wide bandgap inside the emutter, a "window effect” can be achieved to enhance
the device sensitivity. Due to the base energy barrier, most of the emitter current will be blocked

by the barrier. When the base barrier is lowered by either electrical or optical means, the large
emitter current is then injected into the collector (the guiding layer).

In an HPBT optical switch, only electrons are injected from thie emitter into the collector guiding
layer, which is not the same as the bulk-type guiding layer that has both electrons and holes
generated inside the layer. So, the induced index change, An, is expressed as

2
Anz_z_m_ﬁ%_ (5-1)
m*n,m

where m* is the effective mass of an eleciron, o is the frequencys, e is the electron charge, n, is the
intrinsic index of refraction, and AN is the injected carrier density.

Several types of optical modulators and switches with p-n junctions whose operations are based on
the applications of this phenomenon have been reported. However, the switching time of such
diode-structure optical switches is most often limited by the injected carrier life time, which, in
GaAs, is on the order of 10-8 s, Due to their high speed and high transconductance characteristics,
HBTs are frequently applied in practical transistor circuits for high speed current switching. If a
bipolar transistor structure is employed with the carrier injected into the base by optical injection,
high speed optical switches and modulators may be achieved. The amplification nature of
transistors also means that larger emitter or collector switching currents can be controlled either
electrically or optically.

The approximate expressions for the rise time from 0% to 90%, t;, and the fall time from 100% to
10%, tg, for the output current when the transistor is driven by a constant input current in the
common-based mode are given, respectively,

t = (-‘_ +Mo, C,, R,_) In ——%‘91—- (5-2a)
1., —

®y *Z LCon

El
Oy
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{ I. +ol
= —+Mo,C R, |In] —=2 N E2 -
"l N LJ [O.II +a,,IF_2] (5-26)

Con
where Ig; and Ig> are the values of the emitter current after the turn-on and turn-off steps are
applied and oy and wp are the normal small-signal current gain and cut-off frequency,
respectively. I, is the collector current in the on-state, C,, is the depletion layer capacitance, Ri.
ts the load resistance, and M and M' are the functions of the collector-base voltages and the
diffusion potential difference between the collector and base, respectively. The switching times as
a function of the input emitter current are shown in Figure 5-2.

30p 10 ‘55: S0y lag=0
2 ) -~
i z a T
> -~
: g - -50mA
280 4as ‘= g
: F g . (: 40 ~100mA
3 2 = ~150mA
& o s ~Z0mA

A & -

g T — 0 05
Emitter Current (mA) Carrier Deasity (x108cni®)
(a) (b)
Figure 5-2

Calculated Switching Times of the Transistor: (a) Rise Time t; and (b) Fall Time t;

Note that both the rise time and the fall time will be around 50 ps for optical switching.
Furthermore, POC's HB phototransistor benefits from the emitter "window effect”, which makes
it possible to illuminate the active zone through the wide band-gap emitter without the need for over
dimensioning of the lateral zone. This is significant, because overdimensioning will sacrifice
frequency performance. The other advantage of implementing the HB phototransistor structure
within an optical device is the high current gain, which increases the sensitivity of the device and
leads to a reduction in the surface area that needs to be illuminated.
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5.1.2 Resonant Tunneling Double Barrier Quantum Well Optical Switch

The twnnel diode was named after Esaki, who first discovered it in 1958 [°]. The tunneling
phenomenon is a majority carrier effect. Its response time is not limited by the minority carner
recombination lifetime (slow). The tunneling time of carriers through the potential energy barrier is
not governed by the conventional transit time concept, but rather by the quantum transition
probability per unit of time. This tunneling time is very short, permitting the use of tunnel devices
well into the millimeter-wave region (10},

The applications for resonant tunneling diodes, including bistable operation [!1], are all based on
the negative differential resistance (NDR) in the current-voltage characteristic of the device, as
shown in Figure 5-3. Furthermore, the use of a quantum well to form the double barrier structure
means better control of the tunneling and the confinement of energy levels at room temperature [12].
The current voltage characteristics of a double barrier resonant tunneling diode shown in
Figure 5-3, focuses on the negative differential resistance region. The peak current is primarily
determined by the number of electrons passing through the resonant level. Thus, the magnitude of
the peak current is influenced by the width of the resonant level. The valley current is the sum of
the current contributions, such as non-resonant tunneling, tunneling through excited states in the
quantum well, thermionic emission over the barriers, scattering assisted tunneling processes and
leakage currents through surface states.

A resonant tunneling diode with a peak current density over 2 x 105 A/cm? has been
demonstrated [13]. The higher the peak current, the more efficient the modulator/switch will be.
Bistable operations of LED's and quantum well semiconductor lasers [14] have already been
demonstrated by the integration of a resonant tunneling diode within the device structure. The
waveguide modulator/switch will be the next target for state-of-the-art research in integrated optics.
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Figure 5-3
I-V Characteristic of Negative Differential Resistance (NDR) in the Resonant Tunneling Diode with
Different llluminating Laser Powers
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5.1.2.1 Workj inci ' W Opti wi

In this program. Physical Optics Corporation (POC) has proposed a femtosecond optical guided
wave switch/modulator integrated with a resonant tunneling double barrier quantum well
(RTDBQW) diode. Figure 5-4 demonstrates a variety of integrated optic modulator/switch
configurations in combination with RTDBQW structures. The integrated optic waveguide
structures that can be used are: (a) a Mach-Zehnder interferometer modulator; (b) a total internal

reflection (TIR) switch; (c¢) a directional coupling modulator; and (d) a cut-off modulator. The
current injection mechanism is performed through the highly efficient RTDBQW with low voltage.
The speed of this device is not limited by conventional diode transit times, but only by the quantum

tunnehng time, which is in the me_gg_m (15), In addition, due to its inherent

is an extremely important characteristic if the device is to be used as an optical switch in high
performance optical computing systems.

In summary, this structure offers efficient current injection, low switching voltage (~ few volts),
super high speed (subpicosecond), and bistable operation. Being the basic building block for
super high speed (femtosecond) optoelectronic computing and signal processing, this generic
concept has the potential to span a broad variety of unique photonic components, including optical
logic gates, EO modulators/switches, variable delay lines, and crossbar reconfigurable

interconnects.
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Figure 5-4
POC's Proposed Integrated Modulators/Switches With Resonant Tunneling Double Barrier
Quantum Well Diode
6.0 CONCLUSIONS
l. From the achieved all-optical switching results, POC is confident that this Phase II

project will end with the successful development of a 10 x 10 optical crossbar
switch. This device represents the next step in state-of-the-art optoelectronics by
bridging the gap between integrated optics and semiconductor electronics.
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The applications for this new technology are far reaching. These applications
include: high-speed laser wavelength and incident direction sensors; GaAs-OAM-
based IR countermeasure systems; low threshold all-optical crossbar switching
devices; delay lines for phased array antennae; optical logic gates; data sampling
and encoding; the generation of very short optical pulses; and time division
multiplexing (TDM) and demultiplexing. The development of all of these
applications will be crucial to the development of super fast optical computers.

3. Due to the large modulation depths achieved (> 85%), as compared to those
achievable with EO modulators (which require high driving voltages), the alil-
optical switch will be a much more efficient and low power device.

4. With POC's unique QW structure designs, the optical switching speed can be
enhanced from the nanosecond (limited by carrier lifetime) to picosecond level.
This will give much higher modulation speeds than conventional high bias EO
modulators.

5. A low cost all-optical switch can be easily achieved, due to the reduction of
sophisticated device processing and electronic interconnection.
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