All-Optical Switching Using Semiconductor
Amplifiers Biased at Transparency
by
Bryan S. Robinson

Submitted to the Department of Electrical Engineering and Computer
Science
in partial fulfillment of the requirements for the degree of

Master of Engineering in Electrical Engineering and Computer Science
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
June 1998
© Bryan S. Robinson, MCMXCVIIIL. All rights reserved.

The author hereby grants to MIT permission to reproduce and
distribute publicly paper and electronic copies of this thesis document
in whole or in part, and to grant others the right to do so.

Author........ T AT e e
Department of Electrical Engineering and Computer Science
May 13, 1998

Certified by..... N 7 e e e e
Hermann A. Haus

Institute Professor
1681S Supervisor

Accepted by ........... o g i e e e
Arthur C. Smlth

Chairman, Department Committee on Graduate Students

.ﬁ '!,! : 4‘ %-:;-. N ’T; ARCH'VES



All-Optical Switching Using Semiconductor Amplifiers
Biased at Transparency
by
Bryan S. Robinson

Submitted to the Department of Electrical Engineering and Computer Science
on May 13, 1998, in partial fulfillment of the
requirements for the degree of
Master of Engineering in Electrical Engineering and Computer Science

Abstract

In this thesis, we discuss how the nonlinear refractive index, linear and nonlinear loss,
and dispersion of a waveguide affect interferometric all-optical switching devices. We
perform simulations to demonstrate the detrimental effects of long-lived gain and
refractive index changes in interferometric switches. The effects of long-lived index
changes are reduced in a single arm interferometer, such as the ultrafast nonlinear
interferometer. However, the effects of long-lived gain changes remain a problem.
We suggest the use of semiconductor optical amplifiers biased at the transparency
point as a means of reducing the long-lived effects of carrier population dynamics in
semiconductor waveguides.

We demonstrate a spectral interferometric technique for measuring the nonlinear
phase shift in optical pulses due to self-phase modulation in a nonlinear material. This
technique, which has previously been used for dispersion measurements, is based on
observation of the spectral interference of two temporally separated pulses before and
after propagation through the nonlinear material. Using this technique, we measure
the nonlinear phase shift induced in optical pulses propagating through semiconductor
optical aplifiers biased at transparency. Our results suggest that switching at the
transparency point is possible.

We use semiconductor optical amplifiers biased at the transparency point in var-
ious switching demonstrations. We show the effects of long-lived gain changes as-
sociated with carrier populations dynamics in the absorption and gain regime of a
semiconductor waveguide. We show amplitude modulation in the output pulses of a
switch arising from gain saturation. We demonstrate 10 Gbits/s all-optical switching
using a semiconductor optical amplifier biased at the transparency current.
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Chapter 1

Introduction

In recent years, much research effort has been directed toward fully utilizing the
information transmission capacity of optical fibers. Optical fibers transmit with low
loss over a bandwidth of more than 200 nmn. This corresponds to more than 25 THz of
usable bandwidth for information transmission[2]. Taking advantage of this enormous
capacity requires high-speed processing in network receivers and transmitters. For
these types of simple processing applications, all-optical switches have a number of
advantages over their electronic counterparts. For example, all-optical switches based
on ultrafast nonlinearities can be used for switching at rates beyond 100 Gbits/s. All-
optical switches also have the advantage that signals may be propagated from one
switch to another without upto-electronic conversion.

Ultrafast all-optical switches have many applications in the development of ultra-
high speed multi-access time-division multiplexing (TDM) networks. For instance,
bitwise logic is required in receivers in the network for tasks such as address recogni-
tion, rate conversion, and demultiplexing [3]. All-optical switches can also be used for
specific applications such as ultrafast data-encryption [4], analog-to-digital conversion
[5], and wavelength conversion [6].

To date, many different switch designs have been proposed (for example, see [7]).
These switches are often based on an interferometric design employing an intensity-
dependent refractive index in a waveguide. A key design issue in an optical switch is

the choice of nonlinear material. Numerous nonlinear materials have been employed
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in optical switches to date.

The nonlinearities in optical fiber have been used in many all-optical switches [2].
The nonlinear response of optical fiber is composed primarily of bound-electron pro-
cesses. The response time of these processes is virtually instantaneous with relaxation
times that are typically less than 100 fs. This allows for switching at very high data
rates. A nonlinear optical loop mirror using nonlinearities in fiber has been demon-
strated for demultiplexing at rates up to 160 Gbits/s [8]. The main disadvantage of
using optical fiber is that the nonlinear refractive index is very small. Thus, switching
using fibers requires long interaction lengths (on the order of hundreds of meters) or
high pulse intensities. Because very low loss fibers are available, these demands are
not unreasonable. However, when using such long lengths of fiber, the accumulated
effects of self-phase modulation and group velocity dispersion can lead to pulse dis-
tortion [9, 10]. Pulse walk-through due to group-velocity dispersion can also reduce
the effective length over which a signal pulse is affected by the fiber nonlinearity. In
addition, long lengths of fiber make switches using optical fiber nonlinearities bulky
and difficult to package.

As a result, semiconductor waveguides have become a very popular choice for
nonlinear materials in all-optical switches. Semiconductors typically have a nonlinear
refractive index that is more than four orders of magnitude larger than that of optical
fibers. Hence, interaction lengths on the order of millimeters are suitable for obtaining
a desirable phase shift. Semiconductors can also be reliably manufactured and easily
integrated into a compact switch.

Logic gates employing nonlinearities in active semiconductors such as semicon-
ductor optical amplifiers (SOA) have been demonstrated at rates up to 100 Gbits/s
[11]. The SOA’s in these switches are biased in the gain regime. Pulses propagating
through these devices affect the carrier distributions within the semiconductor. The
duration of these effects is governed by the carrier lifetimes of the device (typically
> 100 ps). Consequently, gain saturation is observable at high data rates. The re-
sulting amplitude modulation in the output signal inhibits switching at higher rates

and makes cascading difficult.
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There are several alternatives to gain-biased SOA’s which may avoid these com-
plications without sacrificing the convenience of using semiconductor waveguides for
the nonlinear material. For instance, one may bias the semiconductor amplifier at the
transparency point. At this point, net changes in the carrier populations of the device
due to an incident optical pulse are eliminated. Thus, the nonlinear response of this
material is potentially quite fast [12]. Recently, a low repetition rate, 2-ps switching
window, was demonstrated in a switch using an amplifier biased at transparency [13].

Another approach is to use passive semiconductor waveguides. These waveguides
are fabricated to have a bandgap energy slightly higher than the energies of the
optical switching pulses. For these devices, at low optical pulse intensities, carrier
populations remain relatively unchanged. Therefore, one expects a fast nonlinear
response. Four wave mixing experiments in passive InGaAsP/InP semiconductors
have confirmed the existence of a fast, relatively large, nonlinear refractive index in
these devices [14].

In this thesis, we discuss methods for characterizing various nonlinear waveguides
to determine their suitability for use in all-optical switches. A spectral interferometric
technique is used to characterize the nonlinear refractive index in the devices. Suitable
devices are demonstrated in all-optical switching experiments.

Chapter 2 presents background material on all-optical switching. We describe
the operation of a nonlinear Mach-Zehnder interferometer, a common switch design
used today. We discuss how third-order nonlinearities in optical materials can lead
to a phase shift in an optical pulse traveling through the material. We describe the
ultrafast nonlinear interferometer, the single-arm interferometer used for experiments
in this thesis. We discuss the effects of non-instantaneous gain and index changes,
loss, birefringence, and dispersion on all-optical switching in the UNI.

Chapter 3 contains a description of the semiconductor waveguides used in this the-
sis. We begin with a discussion of the structure of active and passive semiconductor
waveguides. A brief description of the carrier population dynamics of semiconductors
is followed by a discussion of the third order nonlinearities of these devices. Re-

suits of recent pump-probe studies of the nonlinear refractive index and dispersion



in semiconductors are presented. We discuss how passive waveguides and SOA bi-
ased at transparency may be used to reduce the effects of long-lived gain changes in
all-optical switches.

Chapter 4 describes the methods used for characterizing the nonlinearities in the
semiconductor waveguides studied in this thesis. We show how observations of the
interference between two optical pulses in the frequency domain allows direct obser-
vation of the phase shift due to the nonlinear refractive index in a material. We use
this spectral interferometric (SI) technique to measure the nonlinear refractive index
in SOA biased at the transparency point. We discuss how SI may be used to measure
- dispersion and birefringence in waveguides.

Chapter 5 presents the results of various switching experiments performed using
SOA’s biased at transparency. We show the long-lived effects of gain changes in SOA’s
biased in the absorption and gain regimes. We demonstrate an all-optical AND gate
operating at the transparency point. This is the first demonstration of ultrahigh
speed all-optical switching in semiconductors biased at transparency.

Chapter 6 summarizes the results presented in this thesis. Suggestions for further

study are presented.
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Chapter 2

All-Optical Switching Background

In this section, I will present background material on the operation of all-optical
switches. Most practical all-optical switches rely on a nonlinear phase shift accumu-
lating in a signal pulse as it propagates through a nonlinear material. I will begin by
discussing how such a phase shift arises due to third-order nonlinearities. Then, I will
describe the basic operating principles of an interferometric switch. This is followed
by a brief discussion of the ultrafast nonlinear interferometer (UNI), the all-optical
switch used in this thesis. The chapter is concluded with remarks on how various
material properities such as nonlinearity, loss, dispersion, and birefringence affect the

operation of the UNIL

2.1 Third-Order Nonlinearities

Third-order nonlinearities in an optical material can lead to an intensity dependent
refractive index in the material. This nonlinear refractive index allows one to control
the phase of a signal pulse using an intense control pulse. To better understand this
interaction, we must consider the interaction of the two electric fields in the nonlinear
material [15]. We write the signal pulse field as:

Es(t) = és(%Es(t)e—fwst +ee), (2.1)
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where &g is the carrier frequency of the pulse and Es(t) is the slowly-varying pulse
envelope. For simplicity, we have assumed that the field is linearly polarized in the

ég direction. Similarly, we write the field of the control pulse as:
1
Ec(t) = éc(-Q-Ec(t)e—cht + C.C.). (2.2)

The total field in the nonlinear material, E, is given by the sum of the signal and

control fields.

In a third-order nonlinear material, a nonlinear polarization arises due to the

interaction of the electric fields and the third-order nonlinear susceptibility tensor,

X(S)'
PQ) = ¢,x®EEE. (2.3)

Since the nonlinear susceptibility tensor is generally not instantaneous, the non-
lineai polarization may be calculated by convolving the material impulse response,

x® (1, ta, t3) with the input field:

w .
P () = ¢ / / /_ _ XO(t — t1,t — 1o, t — t3) Bt E(t2) E(ts)dt, dtadts.
(2.4)

As a simple first approximation, let us assume that the signal and control pulses
are copolarized in the X direction. Additionally, we shall assume that the nonlinear
response of the material is instantaneous, x(® (¢, ta, t3) = x®4(t1, ta, t3). The electric

field in the material may be written as:

E(t) = Z%[(Es(t)e st + Ec(t)e™“ct) + c.c. | (2.5)

DN =
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Substituting into equation 2.4 gives the nonlinear polarization [15]:

PEL() = %ﬁ{PNL(ws)e—jwst + Py (we)e™7vet
+ PNL(QLUS - wC)e_j(ZwS_wC)t (26)

+ PNL(Q(.UC - ws)e“j(z‘”c"“’”t} + c.c.,

where

Pyi(ws) = xea(|Es|* + 2| Bc|*) Es, (2.7)
Pyr(we) = Xer(|Ec|® + 2| Es|*) Ec, (2.8)
Py (2ws — we) = xes B3 EG, (2.9)
Py (2we — ws) = XeffEéEg" (2.10)

and the effective third order nonlinearity, xer = ¥2x3), .

We are interested in the change in the signal field due to the presence of the
control field, so the relevant nonlinear polarization for our purposes is Pyp(ws). We

may rewrite the nonlinear contribution to the polarization as:
PNL(CUS) = fOENLES (211)

where ex; = Xeg(|Es|? + 2|E¢|?). Thus, the total dielectric permittivity for the

material is given by the sum of the linear and nonlinear parts[15]:
€ =€ +enp = (ng + An)? (2.12)

where ny is the linear refractive index and An is the nonlinear contribution to the

refractive index. If we assume An << n; we find:

An =~ ny(|Es|® + 2|Ec|?) (2.13)
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where,

3
ng = S_RRe( a(v?z:):w) (214)

Here, ny is the so-called nonlinear refractive index coefficient. It is commonly used
to characterize the instantaneous nonlinear refractive index of a material.

From equation 2.13, we see that the index of refraction seen by the signal pulse
is affected by both the intensity of the signal pulse and the intensity of the control
pulse. The signal pulse therefore acquires a differential nonlinear phase shift as it

propagates through a differential length dL:
2m 2 2
dd, = Y no{|Es|” + 2|E¢|"}dL (2.15)

The contribution to the nonlinear phase shift from the signal pulse itself is known
as self-phase modulation (SPM). The effects of SPM are discussed in more detail in
Chapter 4. The contribution from the controfpulse is known as cross-phase modula-
tion (XPM). We shall show in the next section, (XPM) may be used in a nonlinear

Mach-Zehnder interferometer to achieve all-optical switching.

2.2 Nonlinear Mach-Zehnder Interferometer

Many all-optical switch designs studied today are based on an interferometric ar-
chitecture. A simple implementation of this design is the nonlinear Mach-Zehnder
interferometer shown in Figure 2-1. Signal pulses with intensity [;, entering on the
left are split into two pulses of equal intensity via a 50/50 beam splitter at the input.
Pulses in the lower arm travel through a linear material with refractive index n = n.

Since the velocity of light traveling through this material is given by v; = c¢/n, the

phase change accumulated by the pulse while travelling through this material is given

by:

Li 27 27
Blinear = A Tnédz = —/-\—nf,Ll, (2.16)
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Figure 2-1: A Nonlinear Mach-Zehnder Interferometer

where ) is the freespace center wavelength of the optical pulse and L, is the length
of the linear material.

Pulses in the upper arm travel through a nonlinear material. This material has
an refractive index that is intensity dependent. That is, in the presence of an intense
control pulse, the refractive index is given by: n = n2+nylc. The phase accumulated

by the pulse as it propagates through this arm is given by:
Lt 271 2
(I)nonlinear = [) T(ngl + nZIC)dz = T(n{.‘l + ’nz.[c)an (2.17)

where L, is the length of the nonlinear device.
When the two pulses are interfered at the output, the output intensity is propor-

tional to the relative phase shift in the two arms:

Iout x Iitlll + 6.7.(q>linear—(I>nonlinea.r)!2

— Iin COSZ( (I)linea,r “2(I)nonlinear) (2.18)
Ppias — <I’n1)
2

= I, cos?(

Here, we have defined the bias phase shift, ®yias = 2Z(nhL; — ng'Ln + AL), where
AL is the difference in the freespace path lengths of the two arms. The bias phase

accounts for phase differences between the two arms owing to differences in the path
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Figure 2-2: Output intensity versus total phase difference between the arms of a
nonlinear Mach-Zehnder interferometer.

lengths and linear refractive indices in the arms. Since the nonlinear phase shift term,

27
®, = "X‘n2ICLnla (2.19)

is directly related to the intensity of the control pulse, we can control the output
intensity of the signal pﬁlses by adjusting the intensities of the control pulses. A plot
of the output intensity as a function of the total phase difference between the arms
is shown in Figure 2-2.

By appropriately setting the bias phase, we can switch the signal pulses ON or
OFF using the control pulses. For instance, suppose that there is no bias phase,
®ypias = 0. Then, in the absence of a control pulse (I¢ = 0), the signal pulse intensity
at the output is equal to the signal pulse intensity at the input (neglecting losses
in the system). If we introduce a control pulse into the second arm with sufficient
intensity such that ®,oninear = 7, the output signal pulses are completely switched
OFF (I,y = 0). In this case, the pulse energy has been redirected to the unused port

on the output beam splitter. Alternatively, we can set the bias phase to 7 and use
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the presence of a control pulse to switch the signal pulses ON, performing a logical

AND function between the two pulse streams.

2.3 Mach-Zehnder Interferometer Problems

The nonlinear Mach-Zehnder interferometer described above, while attractive for its
simplicity, is not a very practical design for an all-optical switch. Because signal pulses
travel through separate paths in the interferometer, the switch may be imbalanced
by thermal or acoustic variation between the two arms. These variations may affect
the relative path lengths through which the signal pulses travel causing unintentional
changes in the bias phase of the interferometer, ®p;,s. This leads to unpredictable
behavior from the switch. These problems can be reduced by using active path length
stabilization. However, such a solution is generally difficult and unsatisfactory.

An additional problem with the nonlinear Mach-Zehnder interferometer arises
when one considers that the response of the nonlinear material may not be instan-
taneous. For example, semiconductor materials used in this thesis have nonlinear
responses which have been observed to be well modeled by a sum of exponential
decays with time responses ranging from a few femtoseconds to several nanoseconds
[12]. If the refractive index changes from a single control pulse last more than one
bit period, subsequent signal pulses may receive a nonlinear phase shift and be at
least partially switched by the interferometer, even in the absence of a control pulse.
These effects lead to undesirable patterning on the output pulses from the switch.

N. S. Patel has done simulations to demonstrate the effect of a long-lived nonlinear
response in an unbalanced interferometer configured as an AND gate [16, 17]. In these
simulations, the nonlinear phase response was assumed to have an instantaneous
component, an ultrafast component with a relaxation time of 600 fs, and a long-lived
component due to carrier with a relaxation time of 100 ps. The results of these
simulations on a 40Gbps data stream are shown in Figure 2-3. The bits at the output
suffer from amplitude modulation due to long-lived index changes. More significantly,

output pulses are appearing in slots that should be zero. This reduces the contrast
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Figure 2-3: Simulation of effects of long-lived index changes in an unbalanced inter-
ferometric all-optical switch.

ratio of the switch considerably.

2.4 Ultrafast Nonlinear Interferometer

Many of these problems can be remedied using a single-arm interferometer (SAI)
switch design [18, 20]. The SAI works on the same principles as the nonlinear Mach-
Zehnder interferometer, only signal pulses are separated temporally in a single arm. A
block diagram of the SAI is shown in Figure 2-4. Signal pulses entering on the left are
split into two equal-power, orthogonally-polarized pulses by a polarization sensitive
delay (PSD). These pulses are separated by at least one pulse width. A copropagating
control pulse is introduced after the PSD. This pulse is timed to overlap with precisely
one of the signal pulses. All three pulses then travel through the nonlinear material
(NLM). Third order nonlinearities in the material cause a differential nonlinear phase
shift in the overlapping signal pulse when a control pulse is present. The two signal
pulses are then recombined temporally in a second PSD. Finally, the signal pulses are

interfered in a polarizer and the control pulse is filtered out to give the output pulse.
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Figure 2-4: Block diagram of a single-arm interferometer.

The ultrafast-nonlinear interferometer (UNI), shown in Figure 2-5, is a fiber im-
plementation of the SAI. Entering signal pulses travel through a polarization sensitive
isolator (PSI). At the output of the PSI, the signal pulses are linearly polarized at 45
degrees with respect to the fast and slow axes of a length of birefringent fiber (BRF)
which acts as a polarization sensitive delay. After traversing the BRF, signal pulses
pass through a 50/50 coupler where the control pulse is introduced. These pulses
then travel through the nonlinear material (NLM). Signal pulses are temporally re-
combined in a second length of BRF. The orthogonally polarized signal pulses are
then interfered in a second PSI. Polarization paddles before the PSI allow adjustment
of the bias phase of the interferometer. Finally, control pulses are filtered out using
a fiber-coupled band-pass filter leaving the output signal pulse.

The UNI is a balanced interferoimeter. Both signal pulses in the UNI travel along
the same path. So the problems encountered in the nonlinear Mach-Zehnder interfer-
ometer due to thermal and acoustic variations between the two arms are eliminated.
The UNI has been demonstrated at rates up to 100Gbps [11] with no active bias
stabilization.

The balanced interferometer design of the UNI also reduces the effects of long-

PSI
Control In

50/50 Coupler

Figure 2-5: Ultrafast-nonlinear interferometer implementation.
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Figure 2-6: Simulation of effects of long-lived index changes in an ultrafast nonlinear
interferometer.

lived index changes. For example, if a control pulse induces a long-lived nonlinear
refractive index change, subsequent signal pulse pairs sense these lingering changes
equally and are not switched by the interferometer. Therefore, the UNI is insensitive
to these long-lived index changes. Only ultrafast refractive index changes induced by
a control pulse, introducing differential phase shifts between the two signal pulses, can
cause the UNI to switch. N. S. Patel has performed other simulations of the effects
of long-lived index changes in the UNI [16, 17]. The results of one these simulations
are shown in Figure 2-6. This simulation used the same impulse response as the
simulation of the unbalanced interferometer shown in Figure 2-3. The pulses in the
UNI were temporally separated by 12.5ps. The effects of the long-lived index changes
are negligible.

One reason the simulated results are so uniform is that they only take into account
changes in the refractive index. There are also corresponding changes in the gain of
the material. These gain changes may be related to the index changes through the
Kramers-Kronig relations. In the UNI, gain changes that last more than one half

of the bit period will be experienced by both signal pulses. We have performed
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Figure 2-7: Simulation of the effects of long-lived gain changes on the output pulses
from the UNI. Here, the output is shown for the signal and control inputs shown in
Figure 2-6 with carrier recovery times of 2.5 ps, 25 ps, 250 ps, and 2.5 ns.

simulations to show the effects of gain changes on signal pulses in the UNI using the
analytical method described in [21]. For these simulations, we have used the same
40 GHz signal and control pulse patterns shown in Figure 2-6. We have assumed
the energy in a single control pulse is 10 percent of the saturation energy for the
nonlinear material and that the effects of the signal pulses are negligible compared to
the effects of the high intensity control pulses. The small signal gain is assumed to be
20 dB. To isolate the gain effects, we have assumed that a uniform phase shift of 7 is
obtained between the two orthogonal signal pulses when a control pulse is present. We
have plotted the resulting output pulse stream for various values of the gain recovery
time, 7., in Figure 2-7. As is evident in the plot, when the gain recovery time becomes
much longer than the bit period, significant patterning is observed on the output bits.
This patterning limits achievable switching rates and prevents cascading of multiple

switches.

25



2.5 DMaterial Properties

In choosing a nonlinear material for use in the UNI, several characteristics of the
material must be considered. The material must have a large, fast nonlinear response,
low loss, small dispersion, and low birefringence. In this section, we discuss each of

these properties and describe how they affect the operation of the UNI.

2.5.1 Nonlinearity

The ideal nonlinear material for an interferometric optical switch will have a very
large third-order nonlinearity. As seen in Equation 2.19, the nonlinear phase shift
induced in a signal pulse is directly related to the nonlinear refractive index, the in-
tensity of the control pulse, and the length of the device. If n, is small, large control
pulse intensities or device lengths are required to achieve a 7 phase shift. For ex-
ample, optical fiber, a popular switching material has a relatively small nonlinearity
(In2] = 3 x 107'® cm?®/W). Optical switches have been demonstrated using fiber
nonlinearities, but have required long lengths of fiber (100’s of meters) to achieve
reasonable switching intensities. Typically, one kilometer of fiber is needed to in-
duce a 7 phase shift with peak pulse powers of 1 W. The third-order nonlinearity
in semiconductor waveguides is typically 3-4 orders of magnitude larger than that of
optical fiber. Additionally, because of the higher refractive index of semiconductors,
the effective area of the guiding region in a single-mode semiconductor waveguide is
typically smaller than the effective area of the core in an optical fiber. Thus, for the
same optical power, optical intensities in a semiconductor waveguide are typically
higher than they are in optical fibers. Hence, sem_:onductor device lengths on the
order of a millimeter can be used for switching with reasonable signal intensities.

As we have already discussed, a fast third-order nonlinearity is desirable in ma-
terials used in all-optical switches. However, many semiconductor materials have a
non-instantaneous third-order nonlinearity. The balanced interferometric design of
the UNI reduces the effects of long-lived refractive index changes, but long-lived gain

effects are still a problem. This is especially true in active semiconductor devices
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where intense control pulses cause significant changes in the carrier populations. For
example, when the device is biased for gain, above-band control pulses stimulate
electron transitions from the conduction band into the valence band. These carrier-
induced changes in the gain and refractive index may persist for tens of picoseconds
to a few nanoseconds. Therefore, at high bit rates (> 10 Gbits/s) it takes several
bit periods for these carriers to recover to their equilibrium state. This increases the
linear loss of subsequent signal pulses and leads to undesirable amplitude modulation
on the output.

In the past, most switching experiments using nonlinearities in semiconductors
have been done with active devices biased in the gain regime (for example, [11, 22]).
The problems with amplitude modulation were apparent in these demonstrations. Al-
ternatively, one can use semiconductor optical amplifiers (SOA) biased at the trans-
parency point or passive semiconductor waveguides. In SOA biased at transparency,
the probability of a signal photon stimulating emission is equal to the probability of
the photon stimulating absorption (see Chapter 3 for a more detailed discussion of
transparency). A signal pulse travelling through the device causes no net changes in
carrier populations. Thus, slow recovery times and gain dynamics are avoided. In
passive waveguides, the signal and control wavelengths are below the bandgap of the
material. Hence, linear absorption processes are nonexistent and carrier populations
may remain relatively unchanged by low-power optical pulses propagating through
the device. In both of these cases, however, ultrafast nonlinearities due to carrier
heating, carrier scattering, and bound-electronic effects remain and may be utilized
for all-optical switching. In this thesis, we will explore the properties of these devices

in detail and determine their suitability for all-optical switching.

2.5.2 Loss

Consideration of waveguide losses is important since switching in the UNI is based
on intensity dependent refractive index changes. In this section, we shall show that
waveguide losses decrease the effective interaction length for signal and control pulses

in the nonlinear material. This loss reduces the nonlinear phase shift accrued by the
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signal pulses. As a result, higher control pulse intensities are required in waveguides
with higher losses to achieve the desired phase shift. This necessitates the use of
optical amplifiers and makes cascading of switches difficult.

The effect of losscs on the pulse intensity, /(z), may be quantified as

oI _ , ,
- =—ol —fI*+ ... (2.20)

The linear loss coefficient, ¢, accounts for linear material losses, and linear absorption
in materials. The nonlinear loss coefficient, &, accounts for nonlinear losses such as
two-photon absorption. In most cases § is quite small (on the order of 10 cm/GW
in semiconductors), but its effects can become significant at high optical intensi-
ties. Third-order and higher terms may be neglected for most practical applications.

Equation 2.20 may be integrated to find the pulse intensity at a position z:

_ Iy exp(—az)
" 14 B[l — exp(—az)]/a’ (2:21)

I(z)

where I is the intensity at z = 0.

In the limit of low nonlinear losses (3 — 0), we have
1(z) = Iyexp(~az) (2.22)

Using this intensity profile, we find that the nonlinear phase shift induced in a signal
pulse of wavelength A after propagating through a waveguide of length L with nonlin-
ear refractive index n, may be expressed as a function of the control pulse intensity,

I:

Lo

®n1 = 7n2[(2)d2
. (2.23)
27 (1 - exp(—aL))
= """’n,g.[o .
A 0"

Note that this equation is identical to equation 2.19 if we define the effective interac-

tion length Leg = [1 — exp(—aL)]/a. As a becomes larger, the effective interaction
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length approaches 1/a asymptotically. However, in this case, the losses are so large

that switching is impractical.

Nonlinear losses also affect switching requirements. Including the effects of 3, we

find that the nonlinear phase shift accrued over a length L is:

o, = g/\lngél 1+ —-———(1 — exp(— aL))J (2.24)

To explore the individual effects of 3, set & = 0. Then, the nonlinear phase shift is

By = 3;1@% In[1 + IoBL]. (2.25)

We see that the initial intensity required to achieve a phase shift of 7 is

I, = ;L [exp ( ﬂ); ) - 1] . (2.26)

In the absence of nonlinear losses (8 = 0),

A
0 — ) 2.
I SraL (2.27)
Now, we find from equation 2.26,
I exp(T) -1
i (2.28)
where
B
T =", 2.2
o (2.29)

The parameter T has been suggested as a figure of merit for switching using materials
with nonlinear losses [23, 24]. Figure 2-8 shows the relationship between I,./I¢ and
T. As T increases, the required control pulse intensities increase dramatically. To

achieve switching with minimal nonlinear losses, we must have T < 1.
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Figure 2-8: Intensity required to achieve a 7 phase shift as a function of the figure-
of-merit, T.

2.5.3 Dispersion

Dispersion in the nonlinear material also affects the operation of the UNIL. In a dis-
persive material, the propagation constant, 3, is a function of the frequency of light.
A short optical pulse contains many optical frequencies. In a dispersive waveguide,
some of these frequencies propagate faster than others. This leads to pulse distortion
as the faster frequencies move ahead of the slower frequencies.

Let us consider the effect of dispersion on a Gaussian pulse as an example. We

write the propagation constant in the dispersive medium around a frequency wy as
1
B(w) = Bo + fi(w — wo) + §ﬂ2(w —wo)i+..., (2.30)

where 3, = %:;g]wwo [25]. Now consider an initially unchirped Gaussian pulse with

center frequency wy propagating in the z direction in the medium. We write the
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electric field for the pulse at z = 0 as:

2
E(z=0,t) = Epexp ——t—-§ exp(jwot) (2.31)
2T
This pulse has a full-width at half-maximum (FWHM) of:
(2.32)

Tewum = 2(In2)/*Ty

The frequency content of the pulse is found by computing the Fourier transform of

E(z=0,1):
E(z=0,w) = % / : E(z = 0,¢) exp(—jwt)dt

E()To ( (UJ - w0)2T02)
P T S

(2.33)

= ex
V2

Thus, the spectral content of the pulse is Gaussian, as well. The spectral FWHM is

found to be:

2(In 2)1/2
Awpwam = -(—?0-)-—- (2.34)

After propagating a distance L into the dispersive medium, the pulse spectrum

becomes:

E(z=L,w) = E(z =0,w) exp (—jB(w)L)

EoT, T3 | ibBL
= \/L_Q_ﬂg exp [— (70 + ]ﬁ; ) (w ~ wo)? (2.35)

~ 3B L(w — wo) — jﬁoLJ :

Note that the spectrum is still Gaussian with the same FWHM. However, there is now
a frequency dependent phase shift in the spectrum, ®(z = L,w) = f(w)L. Taking

the inverse Fourier transform of F(z = L,w), we find the time-domain equation for
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the pulse at 2 = L:

E(z=L,t) = /jo E(z = L,w) exp(jwt)dw

_ B iAo __(t=6L)
= \/i:_ig_zlexp[ JBoL ontle"p[ 2(T02+J'ﬂ2L)} (2.36)

The pulse is still Gaussian, although its shape has changed slightly. At this point, it is
useful to define a few terms related to the frequency dependent propagation constant.
The phase velocity of the pulse, vy = wo/ 0y, relates the speed at which the sinusoidal
carrier frequency of the pulse is propagating through the material. Similarly, the
group velocity, v, = 1/0, is the speed at which the pulse envelope is propagating
through the material. Finally, f, is the group velocity dispersion which relates to
the rate at which the pulse is broadening in the dispersive r:edium. Defining the

dispersion length, Lp = T¢/|B:|, the pulse width at z = L is found to be [15]:

Trwim(z = L) = 2(In 2)Y2Ty\/1 + (L/Lp)?. (2.37)

The peak intensity is similarly found to be:

Eg

T+ @/Lo 25

Peak =

Figure 2-9 shows the dispersion of a Gaussian pulse for various values of L/Lp.
This pulse distortion in the nonlinear material has important consequences for
all-optical switching in the UNI. For materials with fast nonlinearities, the effect of
the nonlinearity is reduced as the instantaneous peak intensity of the pulse lessens
due to dispersion. The dispersion-induced reduction in peak intensity reduces the
effective length of the nonlinear interaction between signal and control pulses. For
slower nonlinear responses, this reduction in the peak intensity of the pulse is less of
an issue as the effect of the nonlinearity is integrated over the entire pulse. That is,

the nonlinearity is proportional to the pulse energy rather than the peak power.

Additional problems arise as a result of the pulse broadening. The SAI requires
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Figure 2-9: Dispersion-induced broadening of a Gaussian pulse.

that the signal pulses be separated temporally to isolate the nonlinear effects of the
control pulse within the interferometer. If the control pulses become very wide, they
may overlap both of the temporally separated signal pulses, reducing the differential
effects of the nonlinearity in the interferometer and making switching difficult. Signal
pulses are also affected by dispersion. In the extreme case, signal pulses may become
so broad that they interfere with neighboring pulses. While this problem may not
arise in a single switch, it may become a significant issue when cascading of multi-
ple switches is considered. Hence, choosing a material with a small group velocity
dispersion, (3,, relative to the length of the device is important.

The problems associated with dispersion are a primary reason for using semicon-
ductor waveguides for the nonlinear material in all-optical switches instead of optical
fiber. Long lengths of fiber are required to achieve a 7 phase shift with reason-
able pulse energies. This means that dispersion is a significant issue when fiber is
used. Indeed, in these lengths of fiber, other issues such as pulse walk-through due to
the different group velocities of signal and control pulses arise. Since semiconductor

waveguides can achieve the same phase shift in a device that is less than a millimeter
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in length, the effects of dispersion are reduced.

2.5.4 Birefringence

Birefringence occurs when the propagation constant for a material, 8(w) is polariza-
tion dependent. In ordinary optical fiber and bulk semiconductor waveguides, this
effect is typically negligible. Some of the semiconductors tested in this thesis contain
quantum wells, however. In these quantum wells, the lattice structure of the semicon-
ductor is strained, inducing birefringence in the device. This birefringence affects the
ope.ation of the UNI since the two signal pulses propagating through the nonlinear
material have orthogonal polarizations. Different propagation constants between the
two polarizations will affect the interference of the pulses at the output.

Suppose that the propagation constant for the x polarization is 8;(w) and the
propagation constant for the y polarization is 8,(w). Then, define the difference

between these two propagation constants

AB(w) = fe(w) — By(w)
= Afy + APy (w — wp) + ABa(w — wo)® + ...

(2.39)

Each of the constants, Afy, AB;, and Af,, has a different affect on the operation of
the UNI which must be considered.

The modal birefringence, Af,, relates the difference in the phase velocities of
the two polarizations. From equation 2.36, we see that this difference results in an
overall phase difference between the two pulses. This phase contributes to the bias
phase of the interferometer. The initial phase bias of the UNI is important because
it determines its logical operation. However, the changes in bias phase due to modal
birefringence can be easily compensated by adjusting the polarization paddles prior
to the polarizer at the output of the switch.

A more serious problem arises when there is a difference in group velocities, Ag;.
This is also referred to as the polarization mode dispersion (PMD). Birefringent fiber,

for instance, typically has a PMD of ~ 1.5 ps/m [26]. When PMD exists in the UNI,
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the two orthogonally polarized signal pulse envelopes propagate at different speeds.
After propagating through a device of length L, the two envelopes will be offset by a
time 7 = AfB;L. Hence, they may not overlap at the output. This reduced overlap
may affect the contrast ratio of the switch. To observe this effect, consider a Gaussian
pulse at the input of the UNI,

t2

E(t) = Eyexp [—-5,1,-})5] exp(—Jjwot). (2.40)

Suppose the UNI imparts a uniform 7 phase shift on one of the signal pulses in the
nonlinear material. Additionally, suppose that the difference in the group velocities
of the pulses in the material delays one of the signal pulse envelopes by time 7. Then,

the intensity of the pulse at the output of the interferometer will be:
t—17) 2

7 (2.41)

Iout.(t) & llf/(;) - E(

Integrating this intensity with respect to time gives the energy of the pulse. Figure
2-10 shows the inverse contrast ratio of the UNI, defined as the energy of the switched
OFF pulse divided by the energy of the switched ON pulse, as a function of 7/Tj.
Note that a small inverse contrast ratio is desired for optimum switching performance.
As the inverse contrast ratio approaches 1. it becomes more difficult to distinguish the
ON pulse from the OFF pulses. As 7 increases, we observe that the ability of the UNI
to switch OFF pulses lessens. Differences in the group velocities of the signal pulses
may be compensated for by adjusting the length of the polarization sensitive delays
(PSD) in the UNI. However, this would only fix the problem for a single nonlinear
material with signals at a particular wavelength. If the material or signal wavelength
were changed later, one would have to recalibrate the length of the PSD accordingly.
Clearly this is not a very desirable solution.

Differences in the group velocity dispersions of the two polarizations, Af, also
affect the operation of the UNI. Such a difference leads to the signal pulses having

different widths and intensities when they are interfered at the output of the UNL This
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Figure 2-10: Inverse contrast ratio, R = Eyg/E,, of the UNI as a function of timing
offset of the two signal pulses normalized by the pulse width.

leads to nonuniform interference at the output. Figure 2-11 illustrates the effect of
nonuniform interference on the output pulse shape. Here, one of the pulses experiences
no dispersion and propagates through the device undistorted. The second pulse has
a uniform 7 phase shift relative to the first pulse and experiences dispersion as it
propagates through the device. The figure shows the interference of the two pulses
for various dispersion lengths, L/Lp. When no dispersion occurs (L/Lp = 0), the
output pulse is completely switched OFF, as expected. As the dispersion increases,
the output is no longer completely switched OFF. When L/Lp = 4, the peak output
pulse intensity is almost half of the original pulse intensity. Figure 2-12 shows a the
inverse contrast ratio of the UNI as a function of the difference in GVD for the two

polarizations.
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Chapter 3

Semiconductor Devices

In this chapter, we will describe the semiconductor waveguides used in this thesis. We
begin with a description of a typical semiconductor waveguide. This is followed by
a discussion of the carrier population dynamics in semiconductors. We describe how
these interactions lead to linear gain. Then, we present the various mechanisms which
cause nonlinear gain changes in semiconductor waveguides. Next, we show how the
nonlinear gain changes of a semiconductor relate to nonlinear refractive index changes
through a Kramers-Kronig transformation. Then, we discuss measurements of dis-

persion in semiconductor waveguides. Finally, we discuss the use of semiconductors

in all-optical switching.

3.1 Semiconductor Waveguides

A typical index-guided semiconductor waveguide like those studied in this thesis is
shown in Figure 3-1 [27]. The‘device is a dielectric waveguide consisting of a layer of
InGaAsP (the active region) between two layers of InP (the cladding regions). The
higher refractive index of the InGaAsP region confines light in the vertical direction.
The ridge etched in the top layer of InP provides an effective index change which
confines light in the horizontal direction.

The device pictured is a diode, or p-n junction. When the diode is forward biased,

carriers are injected into the active region of the waveguide. The bandgap of the
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Figure 3-1: An index-guided semiconductor optical amplifier.

InGaAsP layer is engineereu to be less than that of the surrounding InP laters. This
potential barrier created by the layers serves to confine the injected carriers to the
active region where most optical interactions occur. Such as device is commonly
referred to as “active.” A passive waveguide has a similar structure, only the cladding
regions are not necesarily doped to create a p-n junction, and carriers are not injected
electrically into the material.

The facets of the semiconductor waveguide are typically cleaved normal to the
waveguide. However, since the refractive index of the semiconductor is relatively large,
the reflectivity of these facets is quite high (typically ~ 0.3). This large reflectivity
of the end facets causes coupling losses and creates Fabry-Perot cavity effects. For
example, in an active device, these mirrors provide feedback and may enable laser
activity. To reduce these effects, the facets may be cleaved at an angle or anti-
reflection (AR) coated. In this case, the waveguide provides gain, but lasing is not

achieved. Such a device is called a semiconductor optical amplifier (SOA).
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Figure 3-2: Dispersion relationship for a direct bandgap semiconductor.

3.2 Carrier Population Dynamics

Optical interactions with semiconductors are strongly influenced by carrier population
dynamics within the semiconductor. Electrons in a semiconductor are distributed
among the avaliable energy levels of the semiconductor. The highest filled energy
level in a direct bandgap semiconductor at 0K is known as the valence band. The
conduction band is separated from the valence band by an energy bandgap, E,. No
electrons reside in the energy levels between the valence and conduction bands. In
semiconductors, F, is on the order of a few eV. Electrons in the valence band may be
excited into the conduction band. These, excited electrons, known as free carriers,
fill the bottom of the conduction band, leaving behind holes in the top of the valence
band.

Near the bottom of the conduction band, the band structure of a typical semicon-
ductor is well approximated by a parabola [28]. If we define the top of the valence

band as having 0 energy, the energy in the conduction band as a function of the wave
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vector k is given by:

F2k?
2m,

E. (k) = E; + (3.1)
Here, m, is the effective mass of electrons in the conduction band and k is the mag-

nitude of k. Similarly, the energy structure in the valence band may be written
as:

F2k?

S (3.2)

Ey(k) = -
where my, is the effective hole mass in the valence band. Figure 3-2 shows an example
dispersion relation for electrons in a direct bandgap semiconductor. It is interesting to
note the similarity between these dispersion equations and the dispersion relationship
for a free electron. Indeed, negative-charged electrons in the conduction band and
positive-charged holes in the valence act much like free carriers with masses m, and
my, respectively. Their movement in response to an applied voltage gives rise to
current.

The devices studied in this thesis are fabricated using the quaternary semicon-
ductor In;_,GazAs,Pi_,. The InGaAsP is grown on an InP substrate. In or-
der to ensure that these two semiconductors are lattice matched, we must have
z = 0.4526y/(1 — 0.031y) [29]. The energy bandgap and effective masses for elec-
trons in the conduction band and holes in the valence band in lattice-matched In-
GaAsP/InP are given in Table 3.1 Note that the bandgap can be varied between
0.75eV and 1.35eV (0.92um < Ag < 1.65um). This region of energies overlaps with
the low loss energies in optical fiber, making InGaAsP devices very practical choices
for integration in fiber-optic data networks.

Electrons in a semiconductor are subject to the Pauli-exclusion principle. This
dictates that at most two electrons (with opposite spin states) can occupy the same
energy state simultaneously. The distribution of electrons among the available energy
states at thermal equilibrium is thus described by Fermi-Dirac statistics. The prob-

ability that an electron occupies a state with energy E is given by the Fermi-Dirac
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Parameter Value

Energy bandgap E, =1.35—0.72y + 0.12y*

Eff. electron mass me/my = 0.080 — 0.039y

Eff. hole mass mu/mo = (1 —y)[0.79z + 0.45(1 — z)] + y[0.45z + 0.4(1 — z)]

Table 3.1: Energy bandgap, and effective carrier masses for lattice-matched In-
GaAsP/InP. my is the effective mass of an electron in free space.
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Figure 3-3: The Fermi-Dirac distribution fuction for various temperatures.

distribution function:

1
Je(B) = S5 mrmt 11

(3.3)

Here, T is temperature and kp is Boltzmann’s constant. The energy Er is known as
the Fermi energy. At the Fermi energy, the probability of occupation is precisely 1/2.
The Fermi-Dirac distribution fuction is plotted in Figure 3-3 for several temperatures.
When T' = 0 the distribution is simply a step function with all states below the Fermi
energy filled. As T increases, thermal energy excites electrons into higher energy
states, smearing out the distribution and filling the conduction band.

When the semiconductor is not in thermal equilibrium, the distribution of elec-
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trons in the valence band and the conduction band cannot be written in terms of a
single Fermi energy. Minority carrier injection into the bands is one way that the
thermal equilibrium may be disturbed. If the number of injected carriers is small, the
distribution of electrons within a particular band may remain in equilibrium among
themselves. In this case, the quasi-Fermi energies for the valence and conduction
bands are distinct. We write these energies as Er. and Ep,, respectively. The distri-

bution of electrons is then:

1

fc(E) = e(E—-EFc)/kBT +1 (34)
in the conduction band, and
E) = 1
Fo(B) = S5 EryiaT 11 (35)

in the valence band.
The density of states in the valence band, p,(E), is defined so that p,(E)dE

quantifies the number of available energy states in the range (E,E + dE) for a
semiconductor[28]. The number of states in a region of k-space enclosed by a spherical

shell of thickness dk is:

1

( 2W)347rk2dk. (3.6)

Ne =

Now, if we use the parabolic approximation for the dispersion relation between £ and

k, we find for the valence band,

e ) 3/2
pulB) = 55 { T2 (B2 (3.7)

Similarly we find that the density of states in the conduction band is given by

3/2
pu(B) = 5 {222 (B - B2 (3.8)

Note that we have added a factor of two in the above equations to account for the
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Figure 3-4: Quasi-Fermi energies as a function of the injected carrier density, V.
The dashed line is the quasi-Fermi energy for electrons in the conduction band. The
dot-dashed line is the quasi-Fermi energy for holes in the valence band.

fact that two electrons with opposite spin states may occupy the same energy state.

The total carrier density in the conduction band is then given by
N = [ pB)f(E)E. (39)
Similarly, the density of holes in the valence band may be expressed as
P = [o(B)( - f.(E))dE. (3.10)

Since f,(E) and f.(F) are determined using the quasi-Fermi energies, Fr, and Er,,
we can numerically solve for the quasi-Fermi energies for a given injected carrier
density, N. Figure 3-4 shows the relationship between the quasi-Fermi energies and
the injected carrier density.

Carrier populations in a semiconductor interact with photons through the pro-

cesses of radiative recombination, stimulated emission, and stimulated absorption.
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Radiative recombination occurs when an electron in the conduction band recombines
with a hole in the valence band, releasing energy in the form of a photon. When
photons travelling through the device cause such recombinations, the process is re-
ferred to as stimulated emission. Alternatively, photons can excite an electron from
the valence band into the conduction band through stimulated absorption.

The rates of these various processes are strongly dependent on the carrier popu-
lation densities. However, for simplicity, we will start by considering these rates in
a simple two level system. Consider the absorption transition diagrammed in Fig-
ure 3-5. Here, the absorption of a photon with energy F = hv excites an electron
with energy E); in the valence band into a conduction band energy state with energy
E; = Ey+hv. In order for this transition to occur, there must be an available electron
with energy E; and an unoccupied state with energy E,. For an incident spectral
density of P(E) we can quantify the rate of transitions from state E; to state E, due

to absorption as:
T2 = Bia(E> — E1)fo(B1)(1 — fo(E2))P(E; — Ey) (3.11)

Here, B), represents the transition probability, f(E}) is the probability that state
E, is occupied, and 1 — f(E,) is the probability that the state E, is unoccupied.
Stimulated emission occurs through a similar process when a photon of energy hv
causes an electron with energy E, to recombine with a hole with energy E), releasing

a second photon with energy E' = E; — E;. We can then write the rate of stimulated

emission as

ra1 = Ba1(Ez — Ey)(1 — fy(E1)) fo(E2) P(Ey — Ey) (3.12)
By considering the rates of stimulated emission and absorption at equilibrium, we
find[27]:

nq*h

P S 2
eaE M| (3.13)

By3(E) = By (E) =
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Figure 3-5: Schematic of absorption process for a photon with energy hv

where q is the charge of the electron, m is the mass of the electron, ¢ is the permittiv-

ity of free space, n, is the group index, and M is the matrix element of the momentum

operator relating the upperstate wave-function to the lower state wave-function.
The net absorption rate is simply the difference between the rate of stimulated

absorption and the rate of stimulated emission:
Rlz(net) =Ti2 —To1 = Blz(fv(El) - fc(EQ))P(EIQ) (314)

Note that R, is equivalent to the negative change in the incident spectral density

at Eyp over time, —9P(FE)3)/0t. Recall from Chapter 2 that we can write the linear

absorption coefficient as:

o= —alﬁaz. (3.15)

Here, I is the intensity of the incident light and we have neglected nonlinear losses.

Now, since intensity is directly proportional to the spectral density, we can relate the
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linear absorption coefficient to net absorption rate:

(B = BB = 52 5.16)

where v, = ¢/ny is the group velocity.

The rate equations that we have discussed up to this point are only relevant for
a simple two-level system. In a semiconductor, we must account for the density of
states at a particular energy when calculating the rates of absorption and emission.
For instance, the rate of absorption is proportional to the density of filled states in the
valence band, p,(E;)f,(E1), and the density of empty states in the conduction band,
pe(E2)(1 — f.(E,)). Similar expressions may be written for the rate of stimulated
emission. Additionally, in a semiconductor there are many possible transitions that
are separated by a given energy E. So, to determine the absorption coefficient in a

semiconductor, we must integrate over all possible energy transitions:

o(B) = T [ 1Mo (BB + B)AE) ~ 15 + BAE,

(3.17)

We can also define a gain coefficient g(E) = —a(E).

Figure 3-6 shows a sample gain curve a semiconductor. There are three regions
of interest in this spectrum. In the gain regime, the gain coefficient is positive. Here,
the rate of stimulated emission is greater than the rate of stimulated absorption and

the incident light is amplified. This corresponds to the condition,
T91 > Ti2- (3.18)
Using equations 3.4, 3.5, 3.11, and 3.12, we find the equivalent relation:
Ep. — Epy > E. (3.19)

That is, in order for a signal to experience gain, the photon energy must be less
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Figure 3-6: Gain coefficient, g, as a function of the excess photon energy, £ — E,.

than the difference of the quasi-Fermi energies. The photon energy that is equal
to the difference in the quasi-Fermi energies is called the transparency point. Here,
the rate of stimulated absorption is equal to the rate of stimulated emission and the
gain coefficient is zero. For energies greater than the difference in the quasi-Fermi
energies, the rate of absorption exceeds the rate of emission. This is referred to as the
absorption regime. Incident light in this regime experiences losses due to stimulated

absorption in the semiconductor.

3.3 Nonlinear Gain Mechanisms

There are a number of mechanisms which lead to nonlinear changes in the gain of a
semiconductor. These mechanisms are discussed in detail in [30] and [31]. Here, we
will give a brief review of the interband and intraband effects which lead to nonlinear
gain changes.

Interband effects arise as a result of carrier population changes in the semiconduc-

tor. Figure 3-7 shows the gain spectrum for various carrier population densities, N.
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Figure 3-7: Gain coefficient as a function of excess photon energy for various carrier
densities, N. The carrier densities are N x 10¥cm~2 = 0.7,1.8, and 3.0.

An incident photon energy in the gain regime or absorption regime of the semicon-
ductor will lead to net changes in the carrier populations. These changes affect the
gain spectrum of the semiconductor. For incident photons in the absorption regime,
the gain is increased due to an increase in NV from stimulated absorption. Similarly, in
the gain regime, the gain is decreased. The recovery time for these changes depends
on the carrier injection rate (from, say, a bias current in an SOA) and the carrier
lifetime of the semiconductor. Typically, this recovery time is on the order of 100 ps
to 1 ns [12].

Another nonlinear gain effect occurs due to the fact that certain photon energies
only cause transitions in a narrow energy range of a semiconductor, rather than
over the entire spectrum. This intraband effect distorts the Fermi distribution of
the carriers and is known as spectral hole burning. As with the interband effects,
spectral hole burning decreases the gain in the gain regime and increases the gain in
the absorption regime. The duration of this effect is governed by the time required

for carriers within the conduction band to redistribute via carrier-carrier scattering.
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Figure 3-8: Gain coefficient as a function of excess photon energy for various carrier
temperatures. Here, the carrier temperature for the valence band is fixed at 300 K.
The gain coefficient is shown for conduction carrier temperatures of 300 K (solid),

310 K (dashed), 320 K (dotted).

Typically, this is on the order of 100 fs.

Carrier heating also affects the gain of the device. Mechanisms such as free-carrier
absorption (FCA) can create highly energetic carriers. This excess energy increases
the temperature of electrons in the conduction band and holes in the valence band. As
seen in Figure 3-3, the increase in temperature smears out the Fermi distribution of
the carriers. Figure 3-8 shows the gain spectrum for various carrier temperatures. We
see that increases in carrier temperature lead to decreases in gain across the entire
spectrum. These effects recover as the energetic carriers lose energy from carrier-
carrier scattering and phonon emission [30]. Carrier heating effects recover on a time

scale of about 600 fs [32].
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3.4 Refractive Index

The refractive index of a semiconductor is closely related to the gain. This relationship

is often presented in terms of the linewidth enhancement factor [33][34]:

An;

2
= Ann (3.20)

where np and n; are the real and imaginary parts of the complex refractive index:
7(E) = nr(E) + jn;(E). (3.21)

The real part of 7, ng, is the commonly used index of refraction, n. The imaginary

part of 72, ny, describes the loss of the semiconductor. It may be related to the gain

coeflicient by

g(E)c
E

ng(E) = (3.22)
The real and imaginary parts of 7 are related by a Kramers-Kronig transformation
(35]:

o0 E’n; E’)

e A (3.23)

ng=1+ -P /
where P refers to the Cauchy principal value for the integral (which excludes the
discontinuity at E' = E). Substituting equation 3.22, we find

hc 9(E")
o(E)=1-2p [ 4E)

5 dE’ (3.24)

Thus, a small change in gain, Ag, leads to a change in index given by:

hc Ag(E")
An(B) = -=P / E,zg =9 aE (3.25)
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Therefore, the refractive index is affected by the same nonlinearities that affect the
gain in semiconductors.

Figure 3-9 shows the change in the gain and refractive index for various population
changes. Here, we see that an increase in the carrier population leads to an increase
in gain for photon energies above the bandgap, as expected. Associated with this
increase in gain is a decrease in the refractive index which peaks at an excess photon
energy of around 150 meV. Note that the change in refractive index extends below
the bandgap of the semiconductor. Similarly, we observe a decrcase in gain associated
with a reduction of the carrier population density. In this case, the refractive index
increases across the entire spectrum shown.

Figure 3-10 illustrates the effect of carrier heating on the gain and refractive index
of a semiconductor. Here, we see that an increase in the carrier temperature decreases
the gain for the above band energies shown in the plot. Note, however, that the gain
change is actually positive for higher energies as the increase in temperature extends
the tail of the Fermi-distribution of carriers to higher energies. However, loss through
the device for optical fields in this wavelength-range would be quite high. As a result,
most experiments are conducted using optical pulses whose wavelengths are fairly
close to the band edge. Associated with the decrease in gain is an increase in the
refractive index for energies below and slightly above the band gap. The refractive
index change peaks near 79 meV and changes sign around 190 meV.

K. L. Hall has done measurements of refractive index changes in InGaAsP diodes
using a heterodyne pump-probe technique [36]. This technique uses a probe and
reference pulse that differ in frequency. The beat frequency between these two pulses
can be detected using a radio receiver. Pump-induced changes in the phase of the
probe pulse can be measured using an FM receiver. These measurements reveal
three contributions to the nonlinear index changes in a device biased in the gain
regime. First, there is an instantaneous contribution that is attributed to a rapid -
electronic, or virtual process. The nonlinear refractive index for this process was
measured as ny = —3.2 x 1072cm?/W for a copolarized pump pulse. Long-lived

index changes are related to the pump energy, rather than intensity. For instance,
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Figure 3-9: Changes in gain and refractive index due to carrier population density

changes. These changes correspond to carrier population changes of AN(x10%) =
0.02, 0, —0.02, —0.05, —0.07 around N = 1.8 x 10*8cm3.
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there is an index change due carrier heating and two-photon absorption that recovers
on a time scale of about 650 fs. This effect has an associated nonlinear index change of
An/E, = 25cm?/] for a copolarized pump pulse where E, is the energy of the pump
pulse. Finally, there is a long-lived index change owing to pump-induced changes in
the carrier populations. These changes recover on a nanosecond time scale and are

characterized by An/E, = 18cm?/J.

3.5 Dispersion

Dispersion in optical waveguides has been discussed in detail in [37]. There the group

velocity dispersion is expressed in terms of four components:

The material term, GVD,,,;, is a weighted average of the material dispersions of
the waveguide core and cladding. The waveguide dispersion term, GVDy,, contains
contributions to the dispersion owing to the difference in refractive index between the
core and the cladding. The composite profile dispersion term, GVD pq, relates to the
index profile of the core and cladding regions of the semiconductor. The final term,
GVD,, is a remainder term composed of cross products that are not easily categorized
in the above definitions.

Experimental measurements of the dispersion of InGaAsP semiconductor ampli-
fiers have been done using a pulse-echo technique [1]. In this technique, an optical
pulse stream is sent through an optical ar%pliﬁer. The output of the amplifier is
cross-correlated with the original pulse stream. Since the facets of the amplifier cause
reflections, a train of echo pulses is produced when a single pulse is sent through the
diode. The time between the echo pulses is the round trip time for the pulse in the
amplifier. Hence, if the length of the amplifier is known, one can calculate the group
velocity of the pulse. By measuring the group velocity at various wavelengths, the

GVD may be measured. These measurements were made on a bulk amplfier and a
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Diode L Yy —/\%lTM
Bulk | 475um | -0.63 pum~! | -0.95 pum™!
MQW | 900pgm | -0.71 um~! | -0.74 ym™"!

Table 3.2: Group velocity dispersion measurements in InGaAsP semiconductor am-
plifiers as reported by [1].

quantum well device. Table 3.2 summarizes these results, for TE and TM polarized
pulses.

These measured parameters were found to be in close agreement with the theo-
retically predicted dispersion. It is interesting to note that the dominant contribut-
ing factor to the dispersion was the material dispersion GVDp,,;. The remainder
term, GVD, was negligible. The waveguide and composite profile terms, GVD,,, and
GVD,pq were comparable in size and opposite in sign, so their sum effect was negli-
gible. The dominance of the material dispersion term indicates that the dispersion
values measured in these devices should provide a good estimation of the dispersion

encountered in other InGaAsP devices.

3.6 Discussion

Semiconductor waveguides are attractive for use in all-optical switching devices be-
cause of their potentially large nonlinear index of refraction. Typically, the value of
n; in semiconductors is on the order of 10~!? cm?/W. This is very large compared to
other nonlinear materials that have been considered. As we have discussed in Chapter
1, a large ny reduces the interaction length and optical powers required to achieve a
desired phase shift. By comparison, optical fibers typically have ny =~ 10716 cm?/W.
Typically, hundreds of meters of optical fiber are necessary to obtain the same phase
shift that can be obtained in a semiconductor waveguide a few millimeters in length.

The small group velocity dispersion that is characteristic of semiconductors is also
attractive for switching. This, together with the short device length, allows switching

with very short pulses at high bit rates without concern for pulse distortion. The
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long interaction lengths required in optical fiber, on the other hand, lead to pulse
distortion for widths much smaller than ~ 1ps.

Optical fibers have the advantage of a nonlinear response composed solely of an
instantaneous, bound-electron effect, however. In semiconductors, the nonlinear re-
sponse may be long-lived due to the carrier population dynamics discussed above.
The balanced design of the UNI helps to reduce the effects of long-lived refractive
index changes. However, as we saw in Chapter 2, at high data rates, long-lived gain
changes cause pattern-dependent amplitude modulation of the output pulses. These
effects are undesirable and limit the switching operation of the UNI.

There are a number of ways that these effects can be reduced. For instance, the
carrier lifetime may be reduced using high bias currents. An I~%3 dependance of the
carrier lifetime in semiconductors has been observed [38]. This effect is attributed to
nonradiative recombination such as Auger recombination in the diode. Alternatively,
the upper state lifetime may be reduced using an optical holding beam in the device
[39]. However, the best recovery times that have been observed using these techiniques
are on the order of 10 ps. This would limit switching rates to < 100 Gbits/s.

Here, we consider ways to reduce the effects of long-lived carrier population density
by reducing the carrier population changes induced by optical pulses in the UNI. To
this end, we may employ passive semiconductor waveguides or semiconductor optical

amplifiers biased at transparency as nonlinear materials in the UNI.

3.6.1 Passive Devices

In a passive semiconductor waveguide, the signal and control pulses are below the
bandgap of the semiconductor. As a result, there are no changes in the carrier pop-
ulations due to linear absorption or stimulated emission. Hence, the long-lived gain
and refractive index changes due to carrier population density changes are reduced.
Nonlinear index changes in these devices are generally attributed to the optical Stark
effect [40] and to carrier heating arising from free carrier absorption and two-photon
absorption. Since the signals are below band, however, they do not experience gain

changes due to the carrier heating.
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Third order nonlinearities in passive InGaAsP waveguides have been studied for
wavelength conversion via four-wave mixing [41, 42, 14, 43, 44]. These experiments
have demonstrated high conversion efficiencies indicating the presence of a large third-
order nonlinear susceptibility, |x(®)|. Taking into account the nonlinear loss coefficient,
these measurements indicate a nonlinear refractive index on the order of 10~*cm?/W
for below-band signals. ’

Rauschenbach and LePage have demonstrated the potential use of passive waveg-
uides for all-optical switching [45). They demonstrated a 0.87 phase shift in a SAI
using near bandgap nonlinearities in a passive AlGaAs waveguide. Their experiments
reveal a switching window of about 1.4 ps in the passive waveguide. This is consistent
with the recovery time expected for nonlinearities due to carrier heating.

It should be noted that two-photon absorption can have detrimental effects in
passive waveguides. Because the nonlinearity in these devices is fairly small, high op-
tical intensities are required for optical switching. At high intensities, TPA can cause
significant losses and limit the nonlinear interaction length. This limits the conver-
sion efficiency in FWM experiments [43]. Two-photon absorption limits switching
performance by increasing the carrier population density. These carriers recombine
due to spontaneous emission on a time scale of ~ 1ns. Hence, TPA can cause long-
lived index changes which limit the data rate in optical switches. This spontaneous
emission time in passive semiconductor waveguides may be reduced by introducing

defects in the active region through proton bombardment [44].

3.6.2 Transparency Point

Alternatively, one can reduce the carrier population density changes by using a semi-
conductor optical waveguide biased at the transparency point. Recall from section
3.2 that the gain in a semiconductor is dependent on the energy of the incident pho-
tons. When the photon energy is equal to the difference in the quasi-Fermi energies
for the conduction and valence bands, there is no net stimulated emission or absorp-
tion. This is referred to as the transparency point. In Figure 3-4, we saw that the

quasi-Fermi energies of electrons and holes vary with the injected carrier population.
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Figure 3-11: Transparency wavelength as a function of the injected carrier population
density.

The separation in the quasi-Fermi energies determines the wavelength of photons at
the transparency point. Figure 3-11 shows the relationship between the injected car-
rier population density and the transparency wavelength. Since the injected carrier
population density is determined by the current through the diode, we can vary the
transparency wavelength by changing the bias on the diode.

When the SOA is biased for transparency ét a particular wavelength, pulses at
that wavelength travelling through the device cause no net changes in the carrier
population density. K. L. Hall has verified that the nonlinear index and gain changes
occuring at the transparency point are solely due to ultrafast effects such as carrier
heating and two-photon absorption [12]. These effects are fully recovered after a few
picoseconds. In an all-optical switch, one might consider placing the control pulses at
the transparency wavelength to ensure that the nonlinear effects of these pulses have
recovered within one bit period.

Measurements of InGaAsP diodes biased at the transparency point indicate the

presence of a large nonlinear refractive index. K. L. Hall has measured an instanta-
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neous nonlinear refractive index of ny = ~1.5 x 10~'2cm?/W for copolarized pump
and probe pulses using heterodyne pump-probe technique [12]. Observing self-phase
modulation in the frequency domain have also been used to measure the nonlinear
refractive index at the transparency point [46, 47].

Semiconductors biased at the transparency point have reccntly demonstrated po-
tential for all-optical switching applications. All-optical switching using an MQW
SOA biased at transparency has been reported in a terahertz optical asymmetric
demultiplexer (TOAD) [13]. They demonstrate a 2 ps switching window when the
amplifier is biased at the transparency current, indicating that the long-lived refrac-
tive index changes due to changes in the carrier population density are negligible.

Thus, we see that semiconductors may be useful as nonlinear materials in all-
optical switches. Their low dispersion reduces pulse broadening and walkoff. The
high nonlinear refractive index of semiconductors allows switching at low powers with
compact waveguides. While the long-lived refractive index changes that accompany
carrier population density changes can inhibit switching, these effects can be reduced

by using passive waveguides or biasing a semiconductor at the transparency point.
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Chapter 4

Device Characterization

As discussed in Chapter 2, there are several characteristics of a nonlinear material
which determine its suitability for use in the ultrafast nonlinear interferometer (UNI).
Since signal pulses in the UNI are divided into two orthogonally-polarized pulses for
propagation through the nonlinear material, birefringence in the material is detri-
mental to device operation. Large nonlinearities allow for switching with low control
pulse powers. Additionally, although the effects of long-lived nonlinear responses are
reduced by the single-arm interferometer design of the UNI, a fast nonlinear response
is desired to minimize the effects of long-lived gain changes. Materials with small
dispersion are needed to reduce distortion of short pulses travelling through the UNI,
allowing for cascadability.

In this chapter we discuss techniques for analyzing each of these properties in
semiconductor waveguides. We begin with a description of the apparatus used for
measuring the transparency current in a semiconductor optical amplifier (SOA). This
is used to ensure that the SOA’s used in subsequent tests are biased at transparency.
Next we present a spectral-interferometric technique that is currently being employed
for optical characterization of materials [48]. We describe how spectral interferometry
(SI) may be used to measure nonlinear phase changes, dispersion and modal disper-
sion in semiconductor waveguides. We present the results of SI measurements of a

nonlinear phase shift in semiconductor waveguides biased at transparency.
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Figure 4-1: Experimental apparatus for measuring transparency current in a semi-
condcutor laser amplifier.

4.1 Measurement of Transparency Current

To measure the transparency current for a particular signal wavelength in an SOA,
we measure the voltage across the diode when the signal is incident on the device [49)].
If the signal is in the absorption regime, it generates carriers due to net stimulated
absorption as it propagates through the device. If the signal is in the gain regime,
it causes a decrease in the carrier population density due to net stimulated emission.
These changes in the carrier population densities can be measured by observing the
voltage across the diode in response to the incident optical signal. Figure 4-1 shows
the experimental apparatus for measuring the transparency current in a SOA. The
SOA is biased with a current, I. Light from the optical source is chopped at a
frequency, f. Differential voltage changes across the semiconductor at the frequency
f are measured by a lock-in amplifier. The bias current may then be adjusted to
minimize the detected voltage on the lock-in amplifier. When the differential voltage
measured by the lock-in is 0, there are no net carrier population changes due to
stimulated emission or absorption and the semiconductor is biased at transparency.
Recently, an intensity dependence of the transparency current has been observed
[50]. These variations are attributed to nonlinear absorption processes in the diode.
In a switching experiment, we bias the SOA so that the control pulses are at the
transparency point (see Chapters 2 and 5 for more information on switching). The

intensity of these pulses is varied until a 7 phase shift is observed in the signal pulses.
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Figure 4-2: Measured differential voltage due to stimulated absorption and emission
in a semiconductor optical amplifier as a function of the bias current in the amplifier.

An intensity dependence in the transparency current would therefore have detrimental
effects on our switching experiments, as the transparency current would change as
the control pulse intensity is varied. To quantify these effects, we have measured the
transparency point at intensities which are typical in our switching experiments. The
semiconductor optical amplifier used was a commercially available bulk semiconductor
fiber-coupled device. Figure 4-2 shows the induced voltage change across the diode
as a function of the bias current for control pulses with peak intensities of 1.1 W,
0.66 W, and 0.33 W. Here, the pulses are generated by a gain-switched distributed-
feedback laser used as the control source in a switching experiment. We see that the
transparency current is nearly identical for all three pulse intensities. Thus, we can
assume that the variation in the transparency current as we vary the intensity of the

control pulses in our experiments is negligible.
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Figure 4-3: Generic Mach-Zehnder Interferometer.

4.2 Spectral Interferometry

Interferometry is an important technique used for studying optical systems. For
example, in Chapter 2 we discussed the application of a nonlinear Mach-Zehnder
interferometer in an all-optical switch. Figure 4-3 shows a Mach-Zehnder interfer-
ometer. Light entering the interferometer on the left is split between the two arms.
After propagating through the two arms, the light is recombined, or interfered, at
the output. Propagation differences between the two arms may be observed in the
interference pattern at the output. If the effective path length differences between
the two arms of the interferometer are less than the coherence length of the optical
source, interference fringes may be observed in the space-time domain. When the path
difference is much greater than the coherence length of the source, these fringes are
not observable. However, fringes can be seen in the frequency domain [51, 52]. The
interference between two temporally delayed optical fields in the frequency domain
is analogous to the beating hetween two different frequencies in the time domain.
This spectral interference may be observed for effective path length differences much
longer than the coherence length of the source.

In recent years, spectral interferometry (SI) has attracted much interest. It offers
a relatively simple technique for observing a variety of propagation phenomena over
a wide range of wavelengths. SI has recently been used for measurements of length
and refractive index [53, 54], dispersion [55, 56], birefringence [26], and nonlineari-

ties [57] in optical waveguides. SI has also been used for time-resolved pump-probe
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observations of material parameters [58].

In this section, we will discuss the application of spectral interferometry to the
study of materials for all-optical switches. First, we describe the short-pulse laser
source used in these experiments. Then, we present methods for measuring the non-
linear refractive index, dispersion, and birefringence in semiconductor waveguides
using SI techniques. We also present measurements of the nonlinear refractive index

in a semiconductor optical amplifier biased at transparency.

4.3 Pulse Source

Spectral interferometry can be used for directly measuring effects such as dispersion
over many wavelengths simultaneously. Performing these measurements requires an
optical source with broad bandwidth. In the past, many studies have been done
using white light sources (for example, [52, 53, 54, 55, 56]). White light sources are
attractive because they are relatively inexpensive. However, the advent of additive
pulse mode-locked fiber lasers has made short-pulse lasers more available. These lasers
have a very large spectral bandwidth. They also have high peak powers, making them
useful for studies of nonlinearities.

The laser source for the spectral interferometry experiments performed in this the-
sis is a stretched-puise additive-pulse mode-locked erbium-doped fiber laser [59, 60].
This laser is shown in Figure 4-4. The crbium-doped fiber in the ring provides gain
for wavelengths around 1.55 pym. The erbium is excited using a MOPA pump laser
at 980 nm. This laser provides around 700 mW of coupled power to the laser cav-
ity. The polarization sensitive isolator in the airgap provides unidirectional operation
and works with the birefringent plate to provide a band-pass filter for the cavity. The
stretched-pulse laser is passively mode-locked. The half-wave plate and quarter-wave
plate on the exit end of the open air gap create an elliptical polarization state for
pulses entering the fiber. The elliptical polarization is rotated due to third-order non-
linearities in the fiber. The lowest loss in the cavity is obtained when the ellipse is

rotated so that the major axis is aligned with the polarizer in the open air gap. Since
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Figure 4-4: Stretched-pulse laser used in spectral interferometry experiments.
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Figure 4-5: Spectrum from output port of stretched pulse laser. The solid line is the
unfiltered output spectrum. The dashed line is the output spectrum when a 4.93 nm

filter is used.

the polarization rotation is intensity dependent, the waveplates may be adjusted to
provide pulsed operation, where the highest intensities occur. In single-pulse opera-
tion, the pulse repetition rate is about 38 MHz.

The rejection port of the polarizing beam splitting cube in the air gap is used as an
output port. Typically, the average powers from this port is around 40 mW. Pulses
exiting from this port have a very broad bandwidth as seen in Figure 4-5 (solid
line). When coupled into an optical fiber, the high intensity and large bandwidth
of these pulses lead to severe pulse distortion due to the nonlinear and dispersive
characteristics of the fiber. To reduce these problems, we use a birefringent filter at the
output of the laser. Additionally, dispersion shifted fiber is used when transmission
over long distances is required. Figure 4-5 (dashed line) shows an example of the
filtered spectrum when a 4.93 nm filter is used. Rotating the filter provides wavelength
tunability.

Because of the long lengths of dispersive fiber in the cavity, pulses at the output

of the stretched-pulse laser are not typically transform-limited. Figure 4-6 shows an
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Figure 4-6: Autocorrelation of a 640 fs pulse from the stretched-pulse laser with a
4.93 nm filter at the output.

autocorrelation of a pulse when a 4.93 nm filter is used at the output. Assuming a
Gaussian pulse shape, the FWHM of this pulse is 640 fs. Pulse widths in the cavity
vary greatly due to the dispersion of the different fiber types [61]. Further pulse
compression at the output may be accomplished using dispersion compensating fiber
at the output. Pulses as short as 77 fs have been observed from stretched-pulse lasers
[62]. However, since the experiments discussed here do not require extremely short

pulses or high intensities we do not attempt to compensate for the linear chirp in the

pulses.

4.4 Nonlinear Refractive Index

Spectral interferometry may be used to directly measure the nonlinear phase shift
associated with an instantaneous nonlinear refractive index, n;. One method for
performing this measurement is diagrammed in Figure 4-7. Observations are made
of the spectral interference between two temporally separated optical pulses, a pump

pulse and a reference pulse, before and after propagation through a nonlinear material.
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Figure 4-7: Method for measuring the nonlinear refractive index of a material using
spectral interferometry.

In the frequency domain, the interference of the two pulses causes a modulation on
the pulse spectrum. The reference pulse is low intensity and experiences little phase
shift in the nonlinear material. The pump pulse is high intensity and accrues a
nonlinear phase shift due to self-phase modulation as it travels through the nonlinear
material. As we shall show, this phase shift causes a corresponding phase shift in
the modulation of the spectrum of the two pulses. This phase shift may be directly
measured by varying the pulse intensities in the nonlinear material. This information
may be used to determine the magnitude of the instantaneous nonlinear refractive
index in the nonlinear material. This method has recently been used to observe phase
shifts due to third-order nonlinearities in optical fiber [57]. Here, we demonstrate its
use in characterizing semiconductors.

To better understand how this measurement works let us consider the two pulses
before and after propagating through the nonlinear material. Before the nonlinear
material, we assume that the reference pulse is identical to the pump pulse and scaled

by a factor o < 1. The total electric field may be written as:
E(t,z =0) = E(t)e? + aE(t — T)efwot-T) (4.1)

where E(t) is the slowly varying pulse envelope, wy is the center frequency of the

pulses, and T is the temporal separation between the two pulses. In the frequency
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Figure 4-8: Frequency domain interference for two Gaussian pulses. The FWHM for
these pulses is 1 ps. The temporal spacing between the pulses is T = 5 ps. The
scaling factor is a = 0.25.

domain,
E(w,z =0) = E(w — wp)(1 + ae™T) {4.2)

where F(w) is the Fourier transform of the pulse envelope, E(t). The detected inten-

sity is then,
I(w,z =0) = |E(w — wp)|*[1 + &® + 2a cos(wT)]. (4.3)

Thus, the observed spectrum of the two puises has the same shape as the single pulse
spectrum, |E(w — wp)|? only there is a cosine modulation on top of the spectrum.
The frequency of the modulation in the frequency domain is related to the temporal
separation of the two pulses, Q = 27 /T. The depth of the modulation is determined
by the scaling factor, &. An example of the calculated interference of two Gaussian

pulses in the frequency domain is shown in Figure 4-8.
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After travelling through the nonlinear material, the pulses acquire an intensity
dependent phase shift. For simplicity, here we assume that the reference pulse has no

nonlinear phase shift. So, in the time frequency, we have:

E(',z=L) = [B(w - wo) * ®n(w, L) + aB(w — wo)e ™ *T]e~#()L,
(4.4)

Here, #(w) is the propagation constant and ®,,(w) is the Fourier transform of the time
dependent nonlinear phase shift in the pump pulse, e=7¢®). We have assumed that
the nonlinear and dispersive effects of the waveguide may be treated separately. This

is only true when the group velocity dispersion and higher order dispersion terms are

small.

To gain a better intuition for the effects of the nonlinear phase shift on the output
spectrum, let us first consider the effect of a uniform phase shift, ¢, in the reference

pulse. In this case, the frequency dependent phase shift is a delta function:
P(w) = e 91§(w). (4.5)
Then,
E(w,z = L) = E(w — wp)[e7 % + aeT)e~AWIL (4.6)
The observed spectral intensity is then:
I(w,z= L) = |E(w — w)*[2 + 2a.cos(wT — ¢a)]- (4.7)

Thus, we see that there is a corresponding phase shift of ¢, in the modulation of the
observed pulse spectrum. Figire 4-9 show the interference between the two Gaussian
pulses considered in Figure 4-8 when the pump pulse has acquired a uniform phase

shift of 7.

As was discussed in Chapter 2, the nonlinear phase shift due to an instantaneous
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Figure 4-9: Frequency domain interference for two Gaussian pulses. The FWHM for
these pulses is 1 ps. The temporal spacing between the pulses is T = 5 ps. The
scaling factor is @ = 0.25. The pump pulse has acquired a uniform phase shift of =

relative to the reference pulse.

nonlinear refractive index, no, is given by:
2
Gl = Tnsz (4.8)

where ) is the signal wavelength, I is the intensity, and L is the effective length of
the device, accounting for linear loss. By measuring the phase shift at two different
intensities, we can solve for the nonlinear refractive index:
A(A¢nl)
= —— 4.
"= (AL (4.9
where A¢, is the differential phase shift measured for a corresponding change in

intensity, Al.
Figure 4-10 shows the setup used to generate the two temporally separated pulses
needed for the nonlinear refractive index measurements. A pulse from the stretched-

pulse laser enters from the left. After traveling through a single-polarization fiber
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Figure 4-10: Setup for creating two temporally separated pulses used in spectral
interferometry experiments.

isolator, the pulse is linearly polarized. The birefringent fiber (BRF) at the output of
the polarizer is spliced at 45 degrees to the polarization axis of 18 m of BRF. This fiber
is dispersion shifted to reduce pulse distortion. The group velocity difference between
the two axes of the BRF leads to a pulse separation of about 1.40 ps/m. Hence,
at the output of the BRF, there will be two equal-intensity, orthogonally-polarized
pulses separated by 25 ps. These two pulses are then coupled into free space. A half-
wave plate allows rotation of the two polarizations before passing through a polarizer.
After passing through the polarizer, both pulses are linearly polarized in the same
direction. The relative heights of the two pulses may be modified by adjusting the
half-wave plate in the air gap. Finally, the two pulses are coupled back into fiber
where they pass through a variable attenuator before going to the device-under-test
(DUT).

Figure 4-11 shows the spectral interference and autocorrelation of the two pulses
from the pulse source. From the autocorrelation, we immediately see that the pulses
are separated by T = 23 ps. The height of the autocorrelation pulses may be related

to a in the following manner:

(4.10)

a =

D(0) — /D(0) — 4D%(r)
2D(

7)

where D(t) is the autocorrelation function and 7 is the time between the two pulses.
Hence, we find for this measurement, o = 0.08. This is clearly small enough that we
can ignore the nonlinear phase shift in the reference pulse for small phase shifts in the

pump pulse. Note that the measurements of T and « are confirmed by measurement
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of the depth and period of the interference in the spectral domain.

The phase shift in the spectral modulation was measured as the intensity of the
pump and reference pulses was increased. The results of these measurements are
shown in Figure 4-12. Taking into account the pulse width and repetition rate shown
above, we find that these measurements correspond to a nonlinear refractive index
|ne| ~ 4 x 10~2cm?/W. This value is consistent with previously reported measure-

ments of ny in semiconductors [12, 46].

4.4.1 Other Effects

The analysis above made a number of assumptions which may affect its accuracy.
First, we assumed that the phase shift in the pump pulse was uniform over the entire
pulse. In general, this is not the case as the phase shift is intensity dependent and
the pulse intensity is not uniform across the pulse width. Thus, the phase shift in
the pump pulse is actually time dependent. This leads to modifications of the pulse
spectrum due to self-phase modulation. These modifications must be considered when
measuring the interference of the two pulses in the frequency domain.

Let us consider the effect of self-phase modulation on a Gaussian pulse. Before

propagation through the device, the pulse envelope is:
t2
E(t) x exp(—ﬁ—g). (4.11)
The time-dependent nonlinear phase shift is proportional to the intensity of the pulse,
t2
P (t) ox eXp(—ﬁ) (4.12)
0

This leads to a nonlinear frequency shift across the pulse:

d¢nl t2
wni(t) & — Fral texp(——i,—of) (4.13)

For large phase shifts, the differential phase shift across the pulse leads to spectral

broadening. The pulse spectrum for various values of the peak phase shift is shown
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Figure 4-11: Spectral interference and autocorrelation of two pulses used in experi-

ment.
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Figure 4-12: Measurements of phase shift in frequency domain versus average power
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Figure 4-13: Spectral broadening due to self-phase modulation in a Gaussian pulse.

76



-20 0
Frequency Phase/n

Figure 4-14: Spectral broadening due to self-phase modulation in a Gaussian pulse.
Here, the nonlinear refractive index change is assumed to have a recovery time of 600
fs

in Figure 4-13. We should note that the peak phase shift in a Gaussian pulse can
be inferred from observations of spectral broadening due to SPM. This has been
used to measure the nonlinear refractive index in semiconductors [46, 47], and optical
fibers [63]. However, this method is difficult to use when only small peak phase
shifts are attainable. Additionally, non-instantaneous refractive index changes lead
to asymmetric spectral broadening. Figure 4-14 shows the spectral broadening of a
1 ps pulse when the nonlinear refractive index has a recovery time of 600 fs. We
see non-instantaneous refractive index changes make it more difficult to distinguish
between the spectra for small phase shifts.

We have done simulations 0 study the effect that self-phase modulation has on
spectral interference measurements of the nonlinear phase shift. Figure 4-15 shows
the interference of two Gaussian pulses when the effects of SPM are included. In this
simulation, the two pulses have a FWHM of 1 ps. The delay between the pulses is 5
ps. The pump pulse is 100 times more intense than the reference pulse (e = 0.1). The

graph show the intensity spectrum for peak phase shifts of 0, 7/2, and , in the pump
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Figure 4-15: Simulation of interference of two Gaussian pulses. The pulse width is
1ps and the temporal separation is 5 ps. The scaling factor is & = 0.1. Interference
patterns are plotted for peak phase shifts of 0, pi/2, and «.

pulse. Clearly, the peak phase shift does not directly correspond to the phase shift
in the spectral modulation as it did in the case of a uniform phase shift. Moreover,
the modulation on the spectrum may no longer be easily extracted by subtracting
the individual spectra of the two pulses before propagation through the nonlinear
material.

We have also performed simulations on the correspondance between the observed
phase shift in the spectral modulation and the actual peak phase shift in the control
pulse. These simulations are shown in Figure 4-16. Again, we have considered the
interference between two 1 ps Gaussian pulses that are temporally separated by 5 ps.
The scaling factor is & = 0.1. The observed phase shift is calculated by following the
peak of the central interference fringe in the spectrum as the peak phase shift due to
SPM is increased. Initially, the peak is at w = wy. As the peak phase shift increases,

the peak shifts by Aw(¢peax). By measuring Aw, we calculate the observed phase
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Figure 4-16: Simulation of observed phase shift in spectral modulation versus peak
phase shift due to self-phase modulation for two 1 ps Gaussian pulses. The pulses are
separated by 5 ps and have scaling factor, o = 0.1.

shift in the spectral modulation by
Adoos = AT (4.14)

In the figure, we have shown Ad¢eps for peak phase shifts between 0 and 47. The
deviation between the actual phase shift and the observed phase shift increases as the
actual phase shift increases. This simulation indicates that the observed shift is fairly
closely related to the actual phase shift. We are currently exploring other methods
for measuring the observed phase shift that may yield more accurate results.

It should also be noted that the placement of the reference pulse relative to the
control pulse affects the measured phase shift when materials with non-instantaneous
nonlinear responses are studied. In particular, long-lived nonlinear effects will not
be as noticeable when the reference pulse trails the pump pulse since both pulses
will experience these effects. In our experiments, the reference pulse was behind

the control pulse. However, since the amplifier was biased at transparency, there
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were no long-lived changes in the refractive index due to interband carrier dynamics
due to linear absorption and emission. The 23 picosecond delay between the pump
and reference pulses should have allowed plenty of time for the recovery of the various
intraband effects. It would be interesting to probe the nonlinear response of the diode
using a variable delay between pump and references pulses. Recording the spectral
interference between the two pulses for various delays and intensities would provide

a wealth of information on the spectral and temporal characteristics of third-order

nonlinearities.

4.5 OQOther Measurements

In Chapter 2, we discussed the effects of dispersion and birefringence on all-optical
switching in the UNI. Spectral interferometry may be used to easily measure bire-
fringence [26] and dispersion [55] in waveguides. Measurements of birefringence in
a waveguide may be made by observing two temporally separated, orthogonally-
polarized pulses before and after the birefringent waveguide. The interference of the
two pulses may be observed using a polarizer placed at 45 degrees to the two po-
larizations. For simplicity, we assume that these pulse have equal intensity. Also,
we assume that the intensity is low enough that nonlinear effects such as self-phase

modulation are negligible. Before, the waveguide, we may write the electric field as:
E(t,z = 0) = RE(t)e™** + §E(t — T)eot=T), (4.15)

After the waveguide, it is straightforward to show that the detected intensity spectrum

for the two interfering pulses is given by:
Iw,z=L) < |E(w — wp)[*[1 + cos(AB(w)L + wT)], (4.16)

where AQ is the difference in the dispersion constants for the two polarizations. This
constant is easily extracted by observing the interference spectrum for the two pulses.

Note that we can create the two orthogonally-polarized, equal-intensity pulses by
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Figure 4-17: Michelson interferometer used for directly observing the propagation
constant, G(w) in a semiconductor optical amplifier.

removing the polarizing beam splitting cube in the nonlinearity measurement setup
shown in Figure 4-10.

The birefringence measurements described above can only give information about
the difference between the dispersion constants of the two polarization modes. To
measure the dispersion in a single mode, the setup must be modified slightly. Figure
4-17 shows how a Michelson interferometer might be used to measure the dispersion
in a waveguide. Here, a single pulse entering on the left is split into two separate arms
in a polarizing beam splitting cube (PBS). Pulses in the upper arm travel through
the SOA and are reflected off of mirror M1. Pulses in the second arm travel through
free space and are reflected off of mirror M2. The two pulses are then recombined in
the PBS and detected at the output. If the dispersion constant in the SOA is f(w)
and the difference in lengths of the two arms is Al, then it is straightforward to show

that the detected spectrum of the recombined pulses is given by:
2 Al
I(w) x |E(w — wp)|*[1 + cos(28(w)L + 2w—c—-)]. (4.17)

Hence, the dispersion of the waveguide over the bandwidth of the optical pulses
is directly measured by observing the frequency-domain interference pattern at the

output.
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Chapter 5

Switching Experiments

The device characterization experiments described in Chapter 4 indicate that non-
linearities in semiconductor optical amplifiers (SOA) may be useful for all-optical
switching. In this chapter we discuss the use of these devices in all-optical switching
demonstrations. We begin with a general overview 6f the experimental setup used.
Then we describe the various pulse sources used in the experiments. Finally, we

present several switching demonstrations using SOA in the UNI.

5.1 Experimental Setup

The experimental setup for the switching experiments is shown in Figure 5-1. The
signal and control pulse repetition rates are determined by two phase-locked RF
synthesizers. Note that the repetition rates of the signal and control need not be the
same. For example, we can invert a 10 Gbits/s control stream using a 20 Gbits/s
signal clock. The signal pulses pass through a variable delay line (a variable length
open-air gap), then propagate through the polarization-sensitive delay (PSD) in the
UNI to produce ﬁwo temporally separated orthogonal pulses. The variable delay line
is adjusted so that the control pulse overlaps with exactly one of the orthogonal signal
pulses.
The data generator is an Anritsu MP1761B Pulse Pattern Generator. It is capable
of generating psuedo-random bit strings of up to 23! — 1 bits at rates up to 12.5 GHz.
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Figure 5-1: Experimental setup for switching demonstrations. Optical paths are
indicated by solid lines. Electrical paths are indicated by dashed lines.
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The RF output from the data generator is used to modulate the control pulse stream
in an electro-optic modulator. The modulated control stream is then amplified in an
Erbium-doped fiber amplifier, providing average powers up to 250 mW. The amplified
pulses then travel through the SOA in the UNI.

After traveling through the SOA, the orthogonal signal pulses are recombined
temporally in a second PSD before being interfered in a polarizer. At the output of
the UNI, the control pulses are filtered using a fiber-coupled tunable birefringent filter.
The signal pulses are then detected on a 45 GHz photodetector. The output from
the photodetector is viewed on a Tektronix 11800 series high-speed digital sampling
oscilloscope that is triggered on the pattern repetition signal from the data generator.

The oscilloscope lias a 50 GHz bandwidth (7 ps rise time).

5.2 Pulse Sources

We used three different pulse sources in the switching experiments reported in this
thesis. Gain-switched lasers provided pulses at 10 GHz. A commercial soliton source
manufactured by PriTel provided pulses at 12.5 GHz. A soliton-compression source
was used for pulses at 100 GHz. The following sections describe each of these sources

and provide autocorrelations of the output pulses.

5.2.1 Gain-switched Laser

A gain-switched laser pulse source is made by directly modulating the bias current
to a distributed-feedback laser. In our experiments, we used 10 GHz sinusoidal mod-
ulation from an RF synthesizer to gain-switch the DFB. The pulses generated by
this technique have a significant chirp due to carrier population density changes in-
duced by modulation of the bias current. Consequently, the pulses produced are not
transform-limited and have a FWHM of > 30 ps. While the chirp is not entirely
linear, significant linear pulse compression can be obtained by propagation through a
length of dispersion compensating fiber. We used 400 m of dispersion-compensating

fiber to obtain compress the pulses from the gain-switched laser to 12 ps. An auto-
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Figure 5-2: Autocorrelation of pulse from DFB laser modulated at 10 GHz before
and after compression in 400 m of dispersion compensating fiber. The FWHM is 32
ps before compression and 10 ps after compression

correlation of a pulse from the DFB before and after compression is shown in Figure

5-2.

5.2.2 PriTel Soliton Source

We also used a commercial soliton source produced by PriTel in our experiments.
This laser is a single-polarization fiber laser with a sigma configuration [64]. The
cavity length in this laser is actively stabilized using a phase-locked loop to align the
output pulses with the clock oscillator signal. This source produces pulses at rates
up to 20 Gbits/s. The pulses are wavelength-tunable over the entire gain bandwidth
of the Erbium-doped fiber. Figure 5-3 shows the autocorrelation of a 3.6 ps pulse

produced by the PriTel source operating at 12.5 GHz.
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Figure 5-3: Autocorrelation of 3.6 ps pulse from PriTel Soliton source operating at
12.5 GHz.

5.2.3 Soliton Compression Source

The soliton compression source used in these experiments generates a 100 GHz soliton
pulse stream by nonlinear compression of the beat signal between two optical carriers
[65]. A schematic of the source is shown in Figure 5-4. The source laser is a semicon-
ductor diode with a center wavelength of 1543 nm. The output from this source is
modulated by an electro-optic modulator driven by a 50 GHz radio-frequency synthe-
sizer. The modulator bias is set at the transmission null using a bias-control circuit.
As a result, for small RF drive signals around this null, the transfer function of the
modulator is approximately parabolic. Hence, for a 50 GHz RF drive, the output is
modulated at 100 GHz. After the modulator, the 100 GHz modulated signal is ampli-
fied and sent through a length of dispersion-tailored fiber (DTF). The DTF consists
of alternating lengths of standard fiber and dispersion shifted fiber. This “comb-like”
design provides a discrete simulation of an exponentially decreasing dispersion in the
fiber and leads to soliton compression of the pulses. To reduce the effects of stimu-

lated Brillouin scattering in the DTF, a small phase modulation is produced in the
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Figure 5-4: Soliton compression source schematic.

signal laser using a 50 MHz RF drive and a bias-T.
The output from the soliton source is a pulse stream at 100 GHz. Figure 5-5 shows

the autocorrelation of a pulse from the soliton-compression source. The FWHM for

this pulse is 2 ps.

5.3 Switching Results

In this section we discuss three different switching experiments. In the first experi-
ment, we demonstrate the long-lived gain changes caused by changes in the carrier
population density when the SOA is biased in the absorption and gain regimes. These
results are compared to the operation of the SOA at the transparency point. In the
second experiment, we demonstrate the patterning of individual bits that is apparent
in the gain regime. In the third experiment, we show the operation of the UNI acting

as an AND gate when the SOA is biased at the transparency point.

5.3.1 Interband Effects

The purpose of this experiment is to demonstrate the long-lived effects of the carrier
population density changes inherent in the operation of the SOA in the gain or absorp-

tion regimes. In this case, the soliton compression source is used for the signal pulses.
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Figure 5-5: Autocorrelation of a 2 ps pulse from the 100 GHz soliton compression
source.

These pulses have a center wavelength of 1543 nm. The 100 GHz pulses produced by
this source are well beyond the bandwidth of the photodetector and oscilloscope. So,
individual pulses are not resolved in the oscilloscope traces. This makes the effect of
the lower rate control pulses more clearly resolved. The control pulses are provided
by modulating the 12.5 GHz pulses from the PriTel soliton source with a pattern of
10000000. Thus, every eighth control pulse was ON giving an effective control pulse
repetition rate of 1.5625 GHz. The control pulses are centered at 1538 nm. Two 2
nm birefringent filters at the output of the UNI reduce the control pulse power to
more than 20 dB below the signal power.

The UNI is biased ON. So, in the absence of a control pulse, the signal pulse
should propagate through to the output. The presence of a control pulse should
induce a phase shift on one of the signal pulse components and switctch off*the
recombined signal output pulse. These interferometric changes are not visible on the
oscilloscope. However, the changes in gain are visible. Figure 5-6 shows the results of
this switching demo. The first trace shows the output when the SOA is biased in the

absorption regime (15 mA bias current). Here, the control pulses increase the carrier
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Figure 5-6: Switching demonstration showing effects of carrier population changes in
various operation regimes.

population density. As we saw in Chapter 3, increasing the carrier density increases
the gain for the signal pulses. The recovery time for this change in gain corresponds
to the spontaneous emission time for the semiconductor. In the gain regime (100
mA bias current), the opposite effect occurs. Incident control pulses decrease the
carrier population density through stimulated emission. A corresponding decrease in
gain is seen in the signal pulse stream. The recovery time for this change in gain is
related to the carrier injection rate due to the bias current. The third trace shows the
output when the control pulses are at the transparency point for the SOA. Here, the
long-lived gain changes are nonexistent. A slight decrease in gain is observed for each
control pulse. This is attributed to phase changes leading to destructive interference
in a single signal pulse and gain changes due to carrier heating in the SOA. The

recovery time for these changes is not clearly resolved by the oscilloscope.
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Figure 5-7: Amplitude modulation in the output signal due to gain suppression.

5.3.2 Patterning in Gain Regime

Next, we looked at the effects of gain suppression when the SOA is biased in the gain
regime. Again, the signal source was the 100 GHz soliton compression source at 1543
nm. The control source was the 12.5 GHz PriTel soliton source at 1538 nm. The
amplifier was biased in the gain regime (100 mA bias current). For this experiment,
the UNI was biased OFF. So, in the absence of a control pulse, the signal pulses
were not visible at the output. In this configuration, the output is the logical AND
of the signal and control inputs. Figure 5-7 shows the results of this experiment.
The first trace shows the output signal when the control pattern was 11110000. The
output stream shows the effect of gain saturation. Since the bit period is less than the
recovery time for the carrier population changes induced by the control pulses, the
four consecutive bits at the output are gradually decreasing in height. The second
trace shows the output for a control input of 11010000. This time, the absence of a
control bit in the 3rd slot allows the gain to recover slightly. So, the fourth pulse is

larger than the third.
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5.3.3 Transparency

We have also demonstrated all-optical switching at 10 Gbits/s using an SOA biased
at the transparency point [66]. The signal and control pulses in this experiment were
provided by two synchronized 10 GHz gain-switched DFB lasers. For this experiment
the placement of the signal and control pulse wavelengths was an important consid-
eration. The SOA used in this experiment was a commercially available fiber-coupled
amplifier. The packaged amplifiers tend to have worse coupling between the fibers
than the free space amplifiers. This, together with the losses inherent with operating
near the transparency point makes it difficult to observe signal pulses at the output
of the UNL Thus, it is preferable to have a signal wavelength that is longer than the
control wavelength. Then, the signal pulses will still experience gain in the amplifier
when the control pulses are at the transparency point. For this reason, we chose a
signal wavelength of 1551 nm and a control wavelength of 1547 nm. The signal pulse
widths were 11.3 ps and the control pulse widths were 10.4 ps. When the amplifier
was biased at the transparency point for the control pulses, the total insertion loss
for the signal pulses was 11.5 dB.

The signal pulses in this experiment were unmodulated. That is, they were es-
sentially a 10 GHz clock source. The control pulses were modulated with a 10 GHz
bit-pattern of length 2" — 1. When the UNI is biased OFF and the control pulses turn
the signal pulses ON, the output is the logical AND of the signal and control pulse
streams. In this case, since the signal pulse stream is unmodulated, the output pulse
pattern is identical to the control pulse pattern and the switch acts as a wavelength
converter. On the other hand, if the UNI is biased ON and the control pulses turn
the signal pulses OFF, signal pulses will be observed at the output in the absence of
control .pu\lses. This is a logical INVERT of the control pulse stream.

Figure 5-8 shows control pulse stream (top trace) and signal pulse stream (bottom
trace) for a logical AND operation in the UNI. With the amplifier biased at trans-
parency, we obtained a 7 phase shift in the signal pulses when the control pulse peak

powers were approximately 1 W, corresponding to a switching energy of 10 pJ. We
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Figure 5-8: Switching demonstration at transparency point.

believe that this is the first demonstration of high-speed all-optical switching in an
SOA biased at transparency.

There is still some amplitude modulation in the output signal stream. There are
several possible reasons for this. First, note that there is also some modulation in the
height of the control pulses. This is due to the fact that the bias on modulator for
the control pulses was slowly drifting. Additionally, it was very difficult to maintain
the proper polarization bias in the UNI. The switched output was very sensitive to
changes in the polarization of the signal pulses. These changes would occur over
a period of seconds after the proper bias point was found. We found that it was
impossible to maintain the proper bias for periods long enough to perform switching
analysis other than a single scope trace. An active stabilization scheme for the various

biases in the setup is clearly required in order to further characterize the performance

of these devices.



5.4 Discussion

The troubles encountered when trying to switch at the transparency point suggest
that gain-effects may be playing an important role in the switching demonstrations
that have been done using the UNI. It was very easy to set the polarization controllers
to achieve switching when the amplifier was biased in the gain regime. However, at
the transparency point, the correct bias point was difficult to find and even harder to
maintain. Under these conditions, it was not possible to perform bit-error-rate tests
to accurately assess the switching performance of the device.

In fact, it is possible to perform AND and INVERT operations in the UNI using
only gain effects. To perform an AND function, the UNI is biased OFF. Here, in the
absence of a control pulse, the two orthogonally polarized components of the signal
pulse at the output polarizer have a phase difference of 7. Hence, the pulses are
switched OFF through destructive interference in the polarizer. Intense control pulses
can saturate the gain of the SOA, allowing only one of the orthogonal, temporally
separated signal components to pass through the device. Now, there will no longar
be destructive interference at the output polarizer as only one of the signal pulses will
arrive at the output. Since the output polarizer is aligned at 45 degrees to the pulse
polarization, half of the pulse power passes through the polarizer and is observed at
the output. This will appear to be a switched ON pulse. However, the peak intensity
will be only 1/4 of the expected peak intensity wheﬁ only nonlinear index changes
are considered.

Similarly, we can perform a logical INVERT using only gain effects in the UNI.
Here, we align the output polarizer so that only one of the signal pulse polarizations
passes through. Gain saturation in the SOA can again be used to switch the signal
pulse in this polarization OFF. Now, the pulse will not be seen at the output. While
this effect does not employ the interferometric properties of the UNI, it is difficult
to distinguish from true interferometric switching in the UNI. In fact, since the im-
plementation of the UNI used in these experiments is in fiber, the polarization state

of the signal pulses immediately before the output polarizer is unknown. So, it is
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entirely possible that the switching results that we have seen in the past are due to
the gain effects described above, rather than phase effects.

This explanation seems likely for two reasons. First, as we discussed above, switch-
ing was very difficult when the control pulses were at the transparency point. Only
with very high control pulse powers, were we able to observe switching of the sig-
nal pulses. In the gain regime, on the other hand, good contrast ratios were easily
obtained with low control pulse powers. This is consistent with the possibility tnat
the switching may be largely due to gain effects. Additionally, the relative ease with
which the proper bias point is found in the gain regime suggests that the effect may
not be very polarization dependent. In the methods described above for obtaining
AND and INVERT operation, small changes in the polarization state do not signifi-
cantly affect switching operation. However, at the transparency point, we found that
the switching characterization was very sensitive to the bias settings. This is expected
when the switching effect is due to a nonlinear phase shift and the pulses must be
interfered at the output. Further investigation of the UNI should be performed to

determine whether gain effects dominate the switching performance.
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Chapter 6

Conclusions

We have discussed the effects of time-dependent nonlinear responses, dispersion, bire-
fringence, and losses on all-optical switches. In particular, we have shown that long-
lived refractive index and gain changes can lead to intersymbol interference in inter-
ferometric switches. The ultrafast nonlinear interferometer (UNI) offers a solution to
the problem of long-lived refractive index changes. However long-lived gain changes
remain a problem.

Semiconductors are a popular choice for nonlinear materials in optical switches.
The nonlinear response in semiconductor waveguides is typically quite large. How-
ever, pump-probe experiments have shown that carrier population dynamics in semi-
conductors lead to long-lived nonlinear gain and refractive index changes. To reduce
these effects, we consider biasing semiconductor optical amplifiers at the transparency
point, where control pulses in the UNI induce no net changes in carrier populations.

We have demonstrated the use of a spectral interferometric technique to measure
the nonlinear response in semiconductor waveguides. This technique allows direct
observation of the nonlinear phase shift due to self-phase modulation (SPM) in a
waveguide. We used this technique to measure the nonlinear response in a bulk
InGaAsP SOA biased at transparency. The magnitude of n, we measure is comparable
to previous measurements based on pump-probe experiments and observations of
spectral changes due to SPM. We demonstrate that a = phase shift is achievable in

these devices, indicating potential for all-optical switching in the UNIL
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We have demonstrated the effects of carrier population changes in an SOA. In the
UUNI, we have observed the effects of gain recovery times in the gain and absorption
regimes. These recovery times are much longer than the bit period for switching
experiments at rates above 10 Gbits/s. There, long-lived effects result in amplitude
modulation on the output pulses from the UNI that is dependent on the control pulse
pattern. We have shown that when the SOA is biased at the transparency current
for the control wavelength, the long-lived gain changes due to carrier population
dynamics are eliminated. At this bias point, the recovery time for gain changes is less
than 1 ps. This recovery time suggests potential for switching at rates well beyond
100 Gbits/s.

We have demonstrated all-optical AND and INVERT operation in the UNI at 10
Gbits/s. However, the results of this experiment do not offer conclusive evidence of
the possible advantages of operating at the transparency point. The high losses at
the transparency point compared to the gain regime are certainly a disadvantage.
Additionally, it was observed that maintaining the bias of the signal polarization
in the UNI was very difficult near the transparency point. This suggests that gain
effects, which are reduced at the transparency point, may be playing a large role in
switching demonstrations in the gain regime. Further investigation of the effects of
long-lived gain and refractive index changes in the UNI are required before practical

application of the switch in a network can be considered.

6.1 Future Work

As we have discussed above, spectral interferometry is a very attractive technique
for measuring a wide range of device characteristics. Here, we have demonstrated a
method for directly observing a nonlinear phase shift in an optical pulse by observing
its interference with a reference pulse in the frequency domain. However, we found
that because of the effects of self-phase modulation, the actual peak phase shift of the
pulse was not the same as the observed shift in the spectral modulation. Further study

of this technique may provide a better method for inferring the actual peak phase
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shift in an optical pulse based on the observed shift in the interference spectrum.

Additionally, we have not considered the effects of non-instantaneous nonlinear-
ities on the observed spectral interference between two pulses in our measurements.
A long-lived nonlinear response in the semiconductor waveguide due to an intense
pump pulse may affect a subsequent reference pulse, reducing the observed phase
shift in the pump pulse. Observations of these effects may be made by using a pump-
probe spectral interferometry technique where the interference spectrum is observed
for various temporal delays between the reference and pump pulses. Such a technique
can provide much information about the spectral and temporal characteristics of the
material nonlinearities.

We have discussed ways in which spectral interferometry may be used to make
direct measurements of the dispersive and birefringent properties of a waveguide. In
Chapter 2, we demonstrated that both birefringence and dispersion in a waveguide
can have detrimental effects on the operation of the UNI. Hence, it would be use-
ful to characterize these properties of a waveguide before attempting to use it in a
switch. Traditional methods for measuring dispersion and birefringence are difficult
and time-consuming. Spectral interferometry offers the possibility of developing a
single apparatus which can be used to easily measure the dispersive, birefringent, and
nonlinear characteristics of a waveguide.

Previous analyses of switching operation in the UNI have neglected the effects of
long-lived gain changes in the nonlinear material and assumed that switching was
mainly due to nonlinear phase changes in the interferometer. Our results suggest
that this may not be the case. Further study of these effects in the UNI is required.
For example, high repetition-rate pump-probe experiments may be performed on
semiconductor waveguides and the UNI to explore the effects of gain saturation at
high bit rates.

We have not had much success with passive devices in the UNI. The small nonlin-
earity and large losses in these devices make it difficult to achieve a m phase shift in a
signal pulse. As the control pulse intensity is increased, nonlinear absorption becomes

a considerable problem. To overcome these problems, one may consider a “hybrid”
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design where the control pulses have energies above the semiconductor bandgap while
the signal pulses are below the bandgap. In this design, the control pulse induced
gain changes would not affect the below-band signal pulses. However, the associ-
ated refractive index changes extend below the band. Therefore, we can potentially

demonstrate interferometric switching that is due solely to refractive index changes.
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