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Abstract

Wavelength division multiplexed optical communication systems will soon become
an integral part of commercial optical networks. A crucial new function required in
WDM networks is wavelength conversion, the spectral translation of information-
laden optical carriers, which enhances wavelength routing options and greatly im-
proves network reconfigurability. One of several techniques for implementing this
function is four-wave mixing utilizing ultra-fast intraband nonlinearities in semicon-
dutor optical amplifiers.

The effects of input power, noise prefiltering and semiconductor optical amplifier
length on the conversion efficiency and optical signal-to-noise ratio were examined.
Systems experiments have been conducted in which several important performance
characteristics of the wavelength converter were studied. A bit-error-rate performance
of < 107% at 10 Gb/s was achieved for a record shift of 18 nm down in wavelength
and 10 nm up in wavelength. Two cascaded conversions spanning a 40 km fiber link
at 10 Gb/s are also demonstrated for conversions of up to 9 nm down and up in
wavelength. The dynamic range of input signal power and its impact on the BER
performance were studied at 2.5 Gb/s for both a single-channel conversion and a
simultaneous 2-channel conversion. The crosstalk penalty induced by parasitic cross-
gain modulation in 2-channel conversion is quantified. The spectral inversion which
results from the conversion process is studied by time-resolved spectral analysis, and
its application as a technique for dispersion compensation is demonstrated.

Finally, the application of selective organometallic vapor-phase epitaxy for the
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formation of highly-uniform and densely-packed arrays of GaAs quantum dots is
demonstrated. GaAs dots of 15-20 nm in base diameter and 8-10 nm in height
terminated by slow-growth crystallographic planes were grown within dielectric-mask

openings and characterized by atomic force microscopy.
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Chapter 1

Introduction

Semiconductor optical amplifiers are of increasing interest for applications in broad-
band lightwave communication systems such as wavelength conversion and ultrafast
optical signal processing. In this thesis, broadband wavelength conversion by four-
wave mixing (FWM) in a semiconductor optical amplifier (SOA) is studied for appli-
cation in wavelength division multiplexed all-optical networks.

Chapter 2 is an introduction to four-wave mixing in a semiconductor optical am-
plifier. It contains an overview of both interband and intraband carrier dynamics in
an SOA and how they contribute to the four-wave mixing process. A simple theory
governing the nonlinear process is presented. FWM is found to be an effective anal-
ysis tool for studying the ultra-fast intraband dynamics of a semiconductor optical
amplifier.

Chapter 3 first presents an introduction to all-optical networks and the potential
role and benefit of wavelength conversion. The several conditions for optimizing the

wavelength converter performance based on FWM in an SOA are examined. The



conversion efficiency and optical signal-to-noise ratio as a function of input power
and ASE prefiltering are characterized and significant improvements are predicted by
increasing the length of the semiconductor optical amplifier. The SOAs used in this
thesis research are InGaAs/InGaAsP strained multiple quantum well traveling-wave
amplifiers operating at 1.55 pm.

Chapters 47 describe system experiments conducted using a wavelength converter
based on FWM in an SOA. Chapter 4 describes a wavelength conversion experiment
in which bit-error-rate (BER) measurements are performed on the converted signal.
The spectral range over which satisfactory BER performance is achieved (< 107°) at
10 Gb/s is characterized.

Chapter 5 describes a cascaded wavelength conversion experiment. Cascadability
is essential to practical implementation of any wavelength conversion technique. We
demonstrate a transmission link of two cascaded conversions spanning 40 km of single-
mode fiber at 10 Gb/s for up to 9 nm of wavelength shift.

Chapter 6 describes a simultaneous 2-channel conversion experiment. The dy-
namic range of the input signal is characterized in a single-channel conversion. The
results are compared to a similar experiment in the case of 2-channel conversion and
the crosstalk penalty is quantified at 2.5 Gb/s.

Chapter 7 describes an application of the spectral inversion which results from
the four-wave mixing wavelength conversion process toward dispersion compensation.
The spectral inversion between the input and the converted signal is measured by a

time-resolved spectral analysis experiment. Dispersion compensation by mid-span



spectral inversion demonstrates how the adverse effects of chromatic dispersion in
dispersive single-mode fiber on a chirped signal source can be overcome.

Finally, Chapter 8 presents an experiment on the formation of highly-uniform
and densely-packed arrays of GaAs quantum dots by selective epitaxy. GaAs dots
of 15-20 nm in base diameter and 8-10 nm in height terminated by slow-growth
crystallographic planes were grown within dielectric-mask openings by Chloride-based
selective organometallic vapor-phase epitaxy. The dots are characterized by contact-
mode atomic force microscopy.

In Appendix A, an optically preamplified receiver is described in context of bit-
error-rate measurements on the small optical powers of the wavelength converted
signal. The measured characteristics of the low-noise optical preamplifier used in the
experiment is presented qualifying the spectral dependence of the BER measurements
presented in Chapters 4-7.

Work presented here is contained in the following published articles and conference

proceedings [1]-[14].
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Chapter 2

Four-Wave Mixing in a

Semiconductor Optical Amplifier

2.1 Introduction

The first semiconductor lasers were demonstrated in 1962 by four research groups [1}-
[4]. These devices based on GaAs operated in pulsed mode at 0.88 ym. Semiconductor
lasers developed slowly in the early stages, however, significant strides have been
made in more recent years. In the 1980’s, semiconductor lasers assumed paramount
importance through their presence in consumer products like the compact disc players
and the laser printers. In 1979 silica fibers exhibiting low dispersion and low loss in
the wavelength regions near 1.3 ym and 1.55 um, respectively, had been developed
[5]. The development of semiconductor lasers operating at these wavelengths using
InGaAsP/InP material system were motivated by the need for compact and low-

power consuming optical signal sources. The sophisticated structures required in



demanding applications such as high-speed lightwave communication systems were
facilitated by the development of epitaxial techniques like molecular-beam epitaxy
and organometallic vapor-phase epitaxy which became available in the 1980’s. Today,
semiiconductor lasers with a modulation bandwidth of 30 GHz [6] and uncooled cw
operation at 170°C [7] have been demonstrated.

Research on semiconductor optical amplifiers (SOAs) started soon after the in-
vention of semiconductor lasers [8][9]. SOAs are typically classified into two groups:
Fabry-Perot amplifier and traveling-wave amplifier. All lasers act as Fabry-Perot am-
plifiers close to but before reaching lasing threshold. Due to the Fabry-Perot cavity
formed through the reflections at the facets, the gain Ggp is enhanced when the fre-
quency is resonant with the cavity, and thus the gain bandwidth is determined by
the bandwidth of this resonance. Ideal optical amplifiers without any feedback from
the facets are called traveling-wave amplifiers. For practical purposes, an SOA may
be called a traveling-wave amplifier if the gain ripple, i.e., the ratio of the maximum
to minimum value of Ggp does not exceed 3 dB. For this condition to be satisfied for
an amplifier with 30 dB gain, the required facet reflectivity is < 1.7 x 107%. These
reflectivities can only be achieved with considerable effort. Several techniques have
been demonstrated including multi-layer anti-reflection coating [10], angled-facet or
tilted-stripe structures [11][12], and buried-facet or window-facet structures [13].

In a high bit-rate, loss-limited fiber-optic communication system, periodic opti-
cal amplification is a simpler and less expensive solution than using optoelectronic

repeaters [14]. Although SOAs have been used as in-line amplifiers [15], Erbium-



doped fiber amplifiers (EDFAs) are the preferred choice in long-haul dispersion shifted
fiber [16] or dispersion managed fiber-optic links [17]. However, due to the small size
and the electrical pumping properties, SOAs remain attractive for many applications
involving optoelectronic integration such as photonic switching, optical interconnects,
and photonic integrated circuits for optical transmitters and receivers [18][19].

In this chapter, basic carrier dynamics of semiconductor optical amplifers with
characteristic time constants ranging from 100 fs to 1 ns are reviewed. The basic
physics of four-wave mixing in SOAs is also discussed, which provides an effective
frequency-domain technique to probe the ultra-fast intraband semiconductor dynam-

ics.

2.2 Semiconductor Carrier Dynamics

The most important property of a semiconductor optical amplifier is gain and its sat-
uration behavior. If we consider a cw input beam whose wavelength nearly coincides
with the gain peak, in most cases of interest, the gain per unit length can be assumed

to increase linearly with the carrier density N as [20]
g(N) = a(N — Ny), (2.1)

where a is the differential gain coefficient and Ny is the carrier density in the SOA
active region when transparency is reached. The carrier density N in the presence of

an injection current I and optical signal power P changes according to a carrier-rate



10

equation as

N I N g(N)
dt  qV 1, Ahw i (2.2)

where ¢ is the electron charge, V' is the active region volume, 7, is the spontaneous
carrier lifetime and A is the cross-section area of the waveguide mode. For times
much longer than 7;, a steady-state solution for N can be substituted into Eqn. 2.1,

and the optical gain saturates according to

a(Its/qV — Np) 9o
N) = = .
9(N) 1+ P/P, 1+ P/P,’ (2:3)
where the saturation power P is given by
Ah.
p =2 (2.4)
aTs

and where go = a(I7s/qV — Nyp) is the unsaturated small-signal gain coefficient.

The gain saturation by carrier depletion through stimulated emission represents
only the slowest dynamics in an SOA. In Fig. 2.1 are summarized the timescales as-
sociated with the different physical processes. If an impulse of occupancy at a given
localized energy is generated at time ¢t = 0 in a given band of a semiconductor, the
carrier occupancy equilibrates to a quasi-Fermi distribution by Coulomb scattering
with a characteristic time constant 7 ~ 100 fs. The carrier temperature, however, is
greater than that of the lattice. On a timescale of 7, ~ 1 ps, by emission or absorp-
tion of phonons, the carrier distribution relaxes to that of the lattice temperature.
And finally the carrier density relaxes by interband electron-hole recombination with

a characteristic timescale determined by the stimulated emission lifetime 7, ~ 200 ps.
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Timescales for Carrier Relaxation: Ty ~50-100fs
Th ~700fs -1 ps
Ts ~0.2-1ns

D(E) D(E) D(E) D(E)
t <7y T1<t< T4 Th<t<1Tg Tg<t

Figure 2.1: An illustration of the important timescales for carrier relaxation in a semicon-

ductor optical amplifer.

Thus, in addition to interband gain saturation, there are gain nonlinearities associ-
ated with the intraband processes with time constants 7; and 73, typically referred
to as spectral hole burning and dynamic carrier heating, respectively. These pro-
cesses are intrinsically weak, however, they are essential in realizing useful nonlinear

functionalities like wavelength conversion [21][22].

2.3 Terahertz Four-Wave Mixing Spectroscopy

Nondegenerate four-wave mixing (FWM) in semiconductor optical amplifiers has been
a topic of increasing interest over the past several years. A schematic illustrating the
experimental configuration is shown in Fig. 2.2. Two optical waves, pump (p) and

signal (s), whose fields are labeled E, and Ej, are input to the SOA. The choice for the
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Pump Input
Signal
A
Converted
Signal A
Detuning
Frequency
f T
f. f fg

Figure 2.2: Schematic illustration of the four-wave mixing configuration and the resulting

spectrum at the output of the semiconductor optical amplifier.

labeling is made in reference to application of FWM toward wavelength conversion.
The detuning frequency f of the input waves is given by f = f; — f,. At the output
of the SOA, are two additional waves. The converted signal wave at frequency f, =
2fp — s is generated by the scattering of the pump wave off a grating established in
the SOA in response to the beating of the pump and the signal wave. When the role
of the pump and the signal are reversed, the identical scattering process generates
the fourth wave shown.

The physical processes discussed in the previous section are responsible for the

dynamic index and gain gratings established in the SOA. The strength of the grat-
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ing and therefore the efficiency with which the converted signal can be generated as
a function of detuning frequency, depends on the relative strengths of the nonlin-
earities and the respective time constants for the different physical processes. The
idea of carrier density modulation and spectral hole burning resulting in nondegen-
erate four-wave mixing in an SOA was first investigated theoretically by Agrawal
based on a density-matrix formalism [23]. It was not realized experimentally until
the work of Tiemeijer [24] and later Kikuchi et al. [25] and Zhou et al. [26]-[28]. The
first experiment with detuning frequencies in excess of 1 THz was demonstrated by
Zhou et al. [27]. Nondegenerate FWM has also been demonstrated in semiconductor
lasers [29][30].

A comprehensive theoretical overview can be found in References [31] and [32].
In this section, a set of simple coupled equations and a highly abbreviated form for
the third order nonlinearities are used to describe the field evolution of the converted
signal in the SOA. Assume the following form for the guided waves of the copolarized

pump, signal and converted waves,
&j(2,t) = Ej(z) expli(k;z — w;t)] (2.5)

where j = p, s, c denote the pump, signal and the converted wave, respectively; and
{E;(z)} are the slowly-varying amplitudes of the three waves. Using procedures

similar to those of Agrawal [23] results in the following set of coupled equations

——"l)j (1 — ’LO!) — O Ep,s(z) (26)
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dEC(Z) 1 9o .
T 5 Tﬂp—:-) (1—ia)—a|E.(z)
—k(z) E}(2) E%(2) exp(iAkz) (2.7)

where P(z) is the total power in the SOA, « is the linewidth enhancement factor,
o is the internal loss of the SOA per unit length and Ak = 2k, — ks — k. is the
phase mismatch. The phase mismatch, however, can be neglected even for detunings
greater than 1 THz and a device length of 1 mm according to the measured value of
the group index dispersion [33]. Eqn. 2.6 simply describes the amplification of the
pump and the signal waves neglecting any power depletion of the pump due to FWM.
Due to the small conversion efficiencies, for detunings greater than a few tens of GHz,
the power in the converted wave can be neglected in P(z). For the converted wave,
the first term of Eqn. 2.7 again simply describes amplification and the second term
describes the generation of the converted wave by FWM proportional to the phase
conjugate of the signal wave. The coupling coefficient x(z) measures the strength of

the nonlinear mixing process and has the form

1 g 3. 1—ioyy, 1
== : 2.
wle) =3 e) mz_:l P, 1-2nfrm (2:8)

The indices m = 1, 2,3 are for carrier density modulation, dynamic carrier heating
and spectral hole burning, respectively. For each of the mechanisms, {a,,} are the
ratio between the real and the imaginary parts of the induced refractive index change,
and {P,,} and {r,,} are the saturation powers and time constants.

In the small-signal regime in which the saturation effects can be neglected, the
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% Q  Experimental Data
=, -10 = 3 Time Constant Fit
S
Qo
3

-20
o
E
o) 30t
n
3
N -40
©
£
o -50
pd

-60 * ’

10 100 1000 10000

Detuning Frequency [GHZz]

Figure 2.3: The normalized four-wave mixing converted signal power vs. positive and neg-
ative pump-signal detuning frequency and the theoretical fits according to Eqn. 2.9. A

20 dB/dec reference is shown as a dashed line. (Ref. [27])

converted signal power P, can be approximated by [27]

2

3 Om

2

= 1—-2nfr,

P.= PP, (2.9)

where P, and P, are pump and signal powers at the SOA output and {C,,} are
complex coupling coeflicients. The experimentally measured converted signal power
by high-sensitivity heterodyne detection can be fitted according to Eqn. 2.9. By
simultaneously fitting the data for both positive and negative detunings, one can
determine the relative strengths and the characteristic time constants of the different

mechanisms.
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In Fig. 2.3 is shown the normalized converted signal power vs. detuning frequencies
from —1.5 THz to 1.7 THz for a tensile-strained SOA biased at 100 mA [27]. The fits
according to Eqn. 2.9 are in excellent agreement with the data. The time constants
are 7; = 200 ps, 7 = 650 fs and 73 = 50 fs. The significant asymmetry in the
conversion efficiency for positive and negative detunings is attributed to the phase
interferences which occur among the various contributing mechanisms.

The parameters are consistent with the time-domain pump-probe measurements
using ultra-short optical pulses by Hall et al. [34][35]. Thus Terahertz four-wave
mixing spectroscopy has proven itself to be an effective complimentary technique to
time-domain measurements for probing the ultra-fast dynamics in a semiconductor
optical amplifier. In recent months, four-wave mixing spectroscopy has further been
demonstrated as an effective tool for studying the inter-well carrier transport in multi-

quantum well active regions of a semiconductor optical amplifier [36][37].
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Chapter 3

All-Optical Networks and
Wavelength Conversion by

Four-Wave Mixing

The expansion of wide-area networks consisting of high-speed all-optical transmission
links is driven by the rapidly increasing demand for large bandwidth applications
like the World Wide Web in addition to telecommunications. The demand for band-
width results not only from the increasing number of users, but more importantly
from the bandwidth demand per user. Until recently, the high data-rate all-optical
links have been based on a point-to-point architecture. However, to accommodate
the ever increasing traffic, one needs a sophisticated scalable network consisting of
optical cross-connects with active network management functionalities. Wavelength

division multiplexing (WDM) together with wavelength conversion, i.e., the spectral
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translation of information-laden optical carriers, is a well-suited architecture for this
purpose [1][2].

In this chapter, a general overview of the potential role of wavelength conver-
sion in a WDM network and its benefits are presented. Then, we examine in detail
a particular wavelength conversion technique based on four-wave mixing in a semi-
conductor optical amplifier. Practical issues regarding its application are studied. A
simple model is used to assess how input power and ASE prefiltering affect the fidelity
of the resulting wavelength converted signal, and improved converter performance is

predicted for a converter based on a longer semiconductor optical amplifier.

3.1 Wavelength Conversion in a WDM Network

State-of-the-art commercial terrestrial telecommunication systems operate at 10 Gb/s.
The new transoceanic links (Trans-Pacific Cable TPC-5) operate at 5 Gb/s and re-
cent field tests have demonstrated up to 25 Gb/s operation [3]. However, to access
the potential for more than 1 Tb/s capacity in the 1.5 um low-loss window in silica
fiber, simply increasing the single-channel data-rate is insufficient. A very effective
utilization of the fiber bandwidth can be made in the wavelength domain rather than
in the time domain in which multiple optical carriers at different wavelengths (wave-
length division multiplexing) are launched simultaneously on to a single fiber therby
increasing the aggregate capacity of a given link. In addition, wavelength can be
used to perform routing and switching functions. Key component technologies for

establishing such a network include passive splitters, space switches and wavelength
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Figure 3.1: Highly simplified architecture for global optical network showing three layers.

Wavelength converters improve wavelength routing flexibility and ease of scheduling access.

multiplexers/demultiplexers [4]-[6]. These components are becoming commercially
available for large-scale deployment.

In the past several years, there has been a growing concensus toward the use
of WDM in future networks. In 1996 three groups from Fujitsu, Lucent and NTT
demonstrated in the laboratory 1 Tb/s transmission using 10-55 wavelengths with
single-channel bit-rates ranging from 20 to 100 Gb/s [7]-[9]. In 1997 MCI has con-
ducted field tests in their existing terrestrial system over a route of 443 km using four
wavelengths at 10 Gb/s each [10].

In a WDM network, wavelength conversion serves a crucial function as illustrated
in Fig. 3.1. Suppose that in transmitting information on wavelengths Ay and A3 from
the metropolitan area network (MAN) on the left, one finds those wavelengths to be

in use on the trunk line at node A. With wavelength conversion, the information
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can be transferred to A\; and )4 and transmitted to the second MAN at node B
at which point the wavelengths can again be converted back to A and A;. This
simple illustration shows how wavelength conversion makes possible efficient reuse
of wavelengths, resolves possible wavelength contention and allows for distributed
network management based on local information. When the optical path involves
multiple such nodes, the effectiveness of wavelength conversion can be measured by
the improvements predicted in the throughput and network utilization by decreasing
the blocking probability [11][12].

There are many possible ways to accomplish the wavelength conversion function
as described in a recent review article [13]. The simplest approach is optoelectronic
signal regeneration, i.e., signal detection and subsequent modulation of a source at
the new desired wavelength. However, with optical amplifiers replacing regenerators
already in place, most network operators hope to avoid regeneration. The remaining
techniques are all-optical.

In a semiconductor optical amplifier, the amplifier gain can be modulated with an
input signal, thus encoding this gain modulation on a cw probe traveling through the
SOA at another wavelength [14][15]. The cross-gain modulation technique generates
a converted signal which is inverted in its intensity pattern. By incorporating SOAs
in both arms of a Mach-Zehnder interferometer and injecting an input signal through
one of the arms, the phase modulation associated with gain saturation in one arm
is converted to an amplitude modulation by the interferometer [16]. Cross-phase

modulation allows for high contrast modulation at the new wavelength. These two
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techniques, however, are limited to ASK (amplitude-shift key) modulation format
and bit-rates limited by the stimulated recombination lifetime.

Techniques based on nonlinear wave mixing, however, generate a converted signal
in which both the phase and amplitude information are preserved offering strict trans-
parency to the modulation format. Difference-frequency generation (DFG) using x(®
nonlinearities in passive quasi-phase-matched LiNbOj3 or AlGaAs waveguides has been
demonstrated [17][18]. Also, four-wave mixing in both semiconductor optical ampli-
fiers [19][20] and in silica fiber [21] has been used for wavelength conversion. However,
due to the long interaction lengths (> 1 km) necessary, FWM in dispersion-shifted
fiber is limited in its wavelength of operation to near the dispersion-zero wavelength
to minimize phase mismatch.

The techniques mentioned above have advantages and disadvantages in terms of
their intrinsic properties and maturity of the technology. The advantages of FWM
in an SOA include flexible tunability of the input and output wavelengths within
the gain bandwidth of the SOA, multi-channel operation, possibility of monolithic

integration and transparency to both the bit-rate and the modulation format.

3.2 Wavelength Conversion by Four-Wave Mixing in a

Semiconductor Optical Amplifier

In this section and in Chapters 4-7, the performance of wavelength converter based

on four-wave mixing in a semiconductor optical amplifier is studied in detail.
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Figure 3.2: Measured fiber-to-fiber gain at 1550 nm of a compressively-strained semicon-

ductor optical amplifer at 300 mA bias current, and a theoretical fit according to Eqn. 3.1.

3.2.1 Semiconductor Optical Amplifier Characteristics

The semiconductor optical amplifier used in this study is a compressively-strained
multiple quantum well amplifier 1 mm in length with straight anti-reflection coated
facets made by SDL, Inc. The device is fiber-pigtailed to single-mode fiber in a 14-pin
butterfly package. For all experiments, the temperature is stabilized to approximately
25°C.

The most important parameter characterizing an SOA is gain and its saturation
behavior. The fiber-to-fiber gain along the TE polarization, (gain for the TM po-

larization is negligible for a compressively-strained quantum well) is measured at
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1550 nm near the gain peak for input powers ranging over 30 dB. The unsaturated
small-signal fiber-to-fiber gain is approximately 22 dB as shown in Fig. 3.2. Also
shown is a theoretical fit in which the gain G = };((é)) is numerically computed accord-

ing to G = exp [fy(9(2) — o) dz] for an amplifier of length L = 1 mm, waveguide loss

oy and spatially dependent gain coefficient

Jo
g9(2) = TN (=) (3.1)

where go and P, are the modal gain coefficient and the saturation power. In the
simplest approximation in which the gain is a linear function of the carrier density,
B = 1 according to Eqns. 2.1 and 2.3. For a compressively-strained quantum
well, g(N) o« 1 — 2e~"M is found to be a better approximation, where M is a
parameter dependent on the number of quantum wells and the density of states
[22][23]. This, however, leads to a saturation behavior that can no longer be expressed
in the form g(P(z)) convenient for numercal calculations. The saturation behavior is
characterized by a more rapid saturation and this can be effectively modeled simply
by using 8 > 1 in Eqn. 3.1.

The parameters for the SOA estimated from Eqn. 3.1 and the measured data are
as follows: Fiber-SOA coupling loss of 2 dB for both the input and output facets,
saturation enhancement 8 = 1.2, waveguide internal loss coefficient of oy = 8.2 cm ™2,
saturation power of Py = 9.3 dBm and unsaturated gain coefficient of gy = 67.4 cm™*.

These parameters are used in subsequent calculations for modeling the conversion

efficiency and the optical signal-to-noise ratio.
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3.2.2 Wavelength Converter Optimization
Wavelength Converter Design

The wavelength converter based on four-wave mixing in a semiconductor optical am-
plifier is shown in Fig. 3.3(a). The pump source is a tunable, external-cavity semi-
conductor laser with approximately +3 dBm in-fiber power. The cw pump and the
input signal are combined in a fiber bi-directional coupler (BDC) after individually
going through a mechanical polarization controller (PC). The PCs are used to align
the polarizations of both the pump and the signal to the TE axis of the SOA. The
combined pump and signal are then amplified together in a high-power Erbium-doped
fiber amplifier (EDFA) with saturated output power of ~ 19 dBm, and subsequently
filtered in the passband of a 10 nm wide optical bandpass filter (ASE Prefilter). This
process of ASE prefiltering suppresses the ASE from the EDFA in the spectral re-
gion of the converted signal thus enhancing the optical signal-to-noise ratio of the
converted signal. The concept was first proposed and demonstrated by Zhou et al.
[24] using a fiber bragg grating as the filter element and subsequently by Shieh et
al. [25] using a wide bandpass filter. The filtered pump and signal are then coupled
into the SOA with approximately +13 dBm maximum total power. At the output of
the SOA, a 1 nm wide optical bandpass filter (OBF) is used to isolate the converted
signal from the pump and the input signals.

An optical spectrum at the output of the SOA is shown in Fig. 3.3(b) for a 20 nm
shift down in wavelength. The spectrum illustrates qualitatively the importance of

ASE prefiltering; the ASE level at the converted signal is reduced by > 10 dB from
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Figure 3.3: (a) The detailed configuration of a wavelength converter based on four-wave
mixing in a semiconductor optical amplifier. (b) The optical spectrum at the output of the

SOA for a 20 nm downshift measured into 0.1 nm resolution bandwidth.
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the ASE level in the passband of the ASE prefilter. The improvement is quantified

in the next section.

Input Power and ASE Prefiltering

Although x® nonlinearities in semiconductor optical amplifiers are 4-5 orders of
magnitude greater than in materials such as silica fiber, in a typical SOA with length
~ 1 mm, careful optimizations have to be made in order to achieve sufficient converted
signal power and signal-to-noise ratio. At a given point along the SOA the converted
signal generated is proportional to optical powers PgumpPsignal. However, pump, signal
and the converted signal are being amplified along the SOA. In the small signal regime
in which the SOA is not saturated, the efficiency can be approximated by using the
pump and signal powers at the output of the SOA [26] because the optical powers
are at their maximum at this point. However, when the SOA is operated in a heavily
saturated regime with less than 5 dB gain, the accurate computation of the conversion
efficiency requires solving numerically Eqns. 2.6 and 2.7 to properly account for the
nonlinear interaction along the complete length of the SOA.

To study in detail the impact of the input power on the fidelity of the converted
signal and to quantify the benefits of ASE prefiltering mentioned in the previous
section, a simple measurement is made. A cw signal from a distributed-feedback
(DFB) laser at 1558.5 nm is input to the wavelength converter shown in Fig. 3.3(a)
with a variable attenuator inserted after the ASE prefilter to vary the optical power

input to the SOA. The pump wavelength is set for a 6 nm downshift of the signal and

the ratio of the pump-to-signal power is maintained at 6 dB. The optical spectrum
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Figure 3.4: Experimental (open symbols) and theoretical (solid line) optical SNR as a
function of total input power. The two cases, with and without ASE prefiltering, are

shown.

at the output of the SOA is examined as the total input power is varied for the two
cases of with and without the ASE prefilter.

As the input power is increased, the converted signal power also increases. In
addition, as the SOA becomes saturated, the ASE generated by the SOA is reduced.
A quantity which effectively describes the fidelity of the resulting converted signal is
the optical signal-to-noise ratio (SNR). In an optically preamplified receiver system
which is no longer limited by the thermal-noise of the photodetector, optical SNR
sets an absolute limit to the lowest bit-error-rate that can be achieved [27]. The ASE

noise level is measured into 0.1 nm resolution bandwidth about the converted signal.
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In Fig. 3.4 is shown the experimentally measured optical SNR with and without an
ASE prefilter. The ASE spectral density in the region of the converted signal at the

output of the SOA is given by
Sou(; = GSIH + ’I’Lsp(G - 1)h1/ (3-2)

where Sy, is the ASE input, G the gain of the SOA and ns, the spontaneous emission
factor. At the small input powers gain is large and thus S,y is dominated by the
second term regardless of whether ASE prefiltering is used. However, at the large
input powers, the ASE generated by the SOA (second term) is reduced thus the
amplified input ASE (first term) becomes dominant without the application of an
ASE prefilter. At the total input power of 14 dBm, this difference is approximately
7 dB as shown in the figure.

The optical SNR is modeled using Eqns. 2.6 and 2.7, and Eqn. 3.2. The sponta-
neous-emission factor ngp is a function of the inversion in the SOA or equivalently
the saturated gain coefficient. This can be taken into account in a simple form by
normalizing ns, according to

_ 9o
Nsp (g) = nsop E

where g is an average gain coefficient along the length of the SOA given by

1 (L 9o

T ————————-—1 N (f}.gs%l)ﬁ dz. (3.3)

g:

The calculated optical SNRs using the parameters determined for the SOA in the

previous section and nd, = 2.8, are shown as a solid line in Fig. 3.4.
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Semiconductor Optical Amplifier Length

We have examined how the performance of a FWM wavelength converter can be
maximized in two ways. First, one would like to operate with the highest input
powers available to increase the strength of the nonlinear interaction. Second, ASE
noise in the spectral region of the converted signal at the input should be minimized
by ASE prefiltering. These optimizations are carried out outside the SOA.

Optimization can also be achieved within the SOA device itself. To achieve high
optical powers in the SOA, the saturation power P, should be maximized and the
internal waveguide loss a; should be minimized. These optimizations, however, are
already an integral part of fabricating a high performance semiconductor optical am-
plifier. For application in the wavelength converter, we examine the benefits of a
longer device. In Fig. 3.5(a) is shown the predicted optical SNR for SOA lengths
ranging from 0.5 mm to 3.0 mm. The calculation is for an operating point of +14 dBm
total in-fiber input power with ASE prefiltering. The optical SNR of 30.6 dB for a
1 mm long device is shown as a reference. In Fig. 3.5(b) are shown the conversion
efficiency and the optical SNR referenced to their respective values in a 1 mm device.
An improvement of almost 7.5 dB in SNR for a 3 mm device is predicted. The dif-
ference between the conversion efficiency and optical SNR improvements results from
the additional noise that is generated and amplified in a longer SOA.

The improvement in optical SNR is especially important in the cascading of the
wavelength converters as will be discussed in Chapter 5. These predictions have not
yet been verified, however, due to lack of longer SOAs having identical active layer

structures.
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Chapter 4

Wavelength Conversions up to

18 nm at 10 Gb/s

4.1 Introduction

In a high bit-rate digital communication system, the system performance is quantified
by the bit-error-rate (BER). In the previous chapter, the optimization of wavelength
conversion by four-wave mixing (FWM) in a semiconductor optical amplifier (SOA)
was presented with respect to the related quantity, the optical signal-to-noise ratio
(SNR). In the system experiments described in Chapters 4-7, the final measure of
the converter performance is quantified using the bit-error-rate. Although a BER

15 may be desired for data communication applications, in

performance of < 10~
general BER = 107° is accepted as the threshold for “error-free” transmission.

BER performance for several different techniques of wavelength conversion has

been studied with respect to conversion range and wavelength operating points. Wave-
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length conversion in a tunable semiconductor laser by cross-gain modulation has been
demonstrated at 10 Gb/s over 30 nm [1], in a passive quasi-phase-matched AlGaAs
waveguides by difference frequency generation at 2.5 Gb/s over 6 nm [2], in an SOA
by cross-gain modulation at 20 Gb/s for up and downshifts of 10 nm [3] and by
cross-phase modulation in an SOA interferometric converter at 5 Gb/s for up and
downshifts of 13 nm [4]. By four-wave mixing in an SOA, Tatham et al. [5], have
demonstrated 20 nm downshift at 622 Mb/s and Ludwig et al. [6], 4 nm conver-
sion at 10 Gb/s. However, no comprehensive study has been made of the maximum
wavelength shift possible at these high bit-rates. Furthermore, to our knowledge, this
study is the first to conduct BER studies on wavelength upshifts by FWM in an SOA.

In this chapter the conversion bandwidth of a four-wave mixing semiconductor
optical amplifier wavelength converter is characterized. Conversion of 10 Gb/s signals
with bit-error-rate performance of < 10~° is demonstrated for record wavelength

downshifts of up to 18 nm and upshifts of up to 10 nm [7].

4.2 Experiment

A schematic of the experimental setup to characterize the converter performance
is shown in Fig. 4.1(a). A 10 Gb/s Hewlett-Packard bit-error-rate tester (BERT)
consisting of a clock source, pattern generator, BER analyzer and a microwave tran-
sition analyzer is used for signal generation, error detection and eye diagram analysis.
A non-return-to-zero (NRZ) pseudo-random bit stream (PRBS) from the BERT is

amplified and used to drive a LiNbO3 Mach-Zehnder external modulator (MOD) at
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Figure 4.1: (a) A schematic of the experimental setup for wavelength conversion at 10 Gb/s.
(b) The optical spectra of the input signal and the wavelength converted signals for wave-

length down and upshifts at 2 nm intervals measured into 0.1 nm resolution bandwidth.



41

10 Gb/s. The optical signal source, a distributed feedback (DFB) laser, is input to the
modulator at the proper polarization by using a mechanical polarization controller
(PC). The modulated signal is then amplified and filtered with an Erbium-doped
fiber amplifier (EDFA) optical bandpass filter (OBF) pair to compensate for the in-
sertion loss of the modulator. The signal is then input to the wavelength converter
indicated by the shaded box. The detailed configuration of the converter has already
been described in Chapter 3. A 80/20 bi-directional coupler is used for the pump and
the signal, and the converter is operated with approximately +13 dBm total power
(maximum available) into the SOA biased at 300 mA. The pump-to-signal power
ratio measured at the output of the SOA is maintained at 6-8 dB. The converted
signal at the output of the wavelength converter then goes through a variable atten-
uator (ATT) and a 10/90 tap. The received power of the converted signal into the
preamplified receiver is measured at the tap into a 0.5 nm bandwidth using an opti-
cal spectrum analyzer. Finally, the converted signal is detected with a preamplified
receiver consisting of a two-stage low-noise EDFA optical preamplifier, a 1 nm OBF,
a 11 GHz p-i-n receiver and a 6 GHz electrical amplifier. The amplified electrical
signal is then used for error detection and eye diagram analysis.

The converter performance is characterized for wavelength shifts both down and
up at 2 nm intervals. In Fig. 4.1(b) are summarized the spectra of the input signal
(dotted line) and the converted signals (solid line) at the output of the SOA for
wavelength downshifts of 2 to 18 nm and for upshifts of 2 to 10 nm. The converted

signals shown are the range over which BER performance of < 107° is achieved. For
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the downshifts, the DFB signal source has a wavelength of 1558.5 nm. The ASE in
the region of the converted signals is approximately constant except for the 2 nm shift
resulting from the shape of the ASE prefilter. The decrease in conversion efficiency
for increasing wavelength shifts can be seen in the decreasing optical SNRs ranging
from 32 to 24.5 dB into 0.1 nm bandwidth. For the upshifts, the signal source has a
wavelength of 1541.5 nm and the optical SNRs of the converted signals range from
27.1 to 20.5 dB. For a wavelength shift of equal magnitude, the conversion efficiency
is over 3 dB lower for the upshift case. This asymmetry in the conversion efficiency
which results from the interference among the different mechanisms participating in
the FWM process [8] limits the overall wavelength range of the converter operation
to that set by the maximum wavelength upshift.

Qualitatively, the converter performance can be seen by examining the eye dia-
grams. Fig. 4.2 shows eye diagrams for the unconverted signal at 1558.5 nm and
the converted signal downshifted by 18 nm. The converted eye is clearly open and
there is almost no visible additional noise. The lower part of the figure shows the
unconverted signal at 1541.5 nm and the converted signal upshifted by 10 nm. There
is a small amount of additional noise evident at the ‘1’ level, however, the eye still
remains clearly open.

Quantitatively, the system performance of the wavelength converter is studied
by examining the BER versus received power curves and determining the receiver
sensitivity, i.e., the received power necessary to achieve BER = 107°. In Fig. 4.3 are

shown representative BER curves for wavelength downshifts of 2, 10 and 18 nm and
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Figure 4.2: Eye diagrams at 10 Gb/s of the unconverted and converted signals for a 18 nm

downshift (top) and a 10 nm upshift (bottom).

for upshifts of 2, 6 and 10 nm. The experimental data shown is for a PRBS 27 —

pattern. Longer patterns have been examined, however, power penalties are smaller
than 0.3 dB for PRBS patterns of length up to 2% — 1. For the 2 nm shifts, the
suppression of the pump wave at the converter output by the OBF is insufficient to
prevent significant degradation of the receiver sensitivity. With a single filter, there

is a received power penalty of approximately 3 dB compared to the other wavelength
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shifts. By addition of an extra OBF at the SOA output in the wavelength converter
for the case of 2 nm shift, the receiver sensitivity is improved by about 2 dB, bringing
it to within 1 dB of the other curves. In the cases of maximum up and downshifts,
there is a slight flooring of the BER curves due to the decreased optical SNR of the
converted signal. The floor occurring at BER = 7x 107! is more evident for the 10 nm
upshift due to the smaller optical SNR. Also, there are slight differences in the slopes
of the BER curves for the different wavelength shifts which result from the spectral
dependence of the optical preamplifier in the preamplified receiver (Appendix A). Due
to this spectral dependence, to accurately assess the penalty in the conversion process,
a proper baseline, i.e., the BER curve of an unconverted signal at the converted
wavelength is required. Due to the fixed wavelength of the DFB laser used as the
input signal source, a proper baseline can not be measured.

In conclusion, the wavelength converter characterized in this work has demon-
strated conversion of 10 Gb/s signals over a record span of 18 nm. The enhanced
performance is believed to result from the use of high SOA input power in conjunction
with ASE prefiltering. The demonstration of both upshift and downshift capability,
effectively shows how the converter may be used to shift among any WDM channels

spanning a 10 nm spectral range.
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Chapter 5

Cascaded Wavelength Conversions

at 10 Gb/s

5.1 Introduction

For a single wavelength conversion using four-wave mixing in a semiconductor optical
amplifier, minimal degradation in system performance has been demonstrated previ-
ously at bit-rates of up to 10 Gb/s [1][2]. However, a signal path in an all-optical
network will contain multiple crossconnects making cascadability of any wavelength
conversion technique indispensable to practical implementation in a WDM network.
Cascadability has already been demonstrated by cross-gain modulation in an SOA at
2 Gb/s by Wiesenfeld et al. [3] and in a wavelength-tunable semiconductor laser at
10 Gb/s by Yasaka et al. [4]. Recently, Pedersen et al., has demonstrated 10 cascaded
conversions in a recirculating loop using an interferometric wavelength converter based

on SOAs at 10 Gb/s [5].
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In this chapter, the first demonstration of cascaded wavelength conversion in a
semiconductor optical amplifier by four-wave mixing is presented. Bit-error-rate per-
formance of < 107° at 10 Gb/s is achieved for two conversions of up to 10 nm down
and up in wavelength. For two wavelength conversions of 5 nm down and up, a power
penalty of 1.3 dB is measured. A system of two wavelength converters spanning 40 km

of single-mode fiber is also demonstrated [6]-[8].

5.2 Experiment

The schematic of the experimental setup is shown in Fig. 5.1(a). The detailed con-
figuration of the FWM wavelength converter, simply labeled wavelength converter
1 and 2 in the shaded boxes, are identical to the configuration used in Chapter 4.
The ASE prefilter used in converters 1 and 2 have 10 and 16 nm FWHM, respec-
tively. The semiconductor optical amplifier in converter 2 is an identical 1 mm long
compressively-strained multiple quantum well SOA biased at 300 mA.

The source for the input signal is provided by a DFB laser at 1558.7 nm and modu-
lated externally at 10 Gb/s using a LiNbO3 Mach-Zehnder modulator. In wavelength
converter 1 the signal is downshifted in wavelength, and in wavelength converter 2
the signal is upshifted by an equal amount ranging from 4 to 10 nm. At the output
of converter 1, the converted signal is amplified and filtered using an EDFA-OBF
combination. In the experiment, a single laser source is divided in power to provide
the pump waves for the two converters. In order to reduce the interference between

the pump wave for converter 2 and the residual pump wave from converter 1 due to
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incomplete suppression achieved by filtering, an extra OBF is used. The 40 km trans-
mission link spanning the two converters consists of 40 km of dispersive single-mode
fiber (SMF) and an EDFA-OBF pair to compensate for the propagation losses. The
converted signals are detected using a preamplified receiver, and the signal generation
and error detection are done using a Hewlett-Packard 10 Gb/s bit-error-rate tester
as previously described. In Fig. 5.1(b) are shown the optical spectra measured into
0.1 nm resolution bandwidth at the output of the SOAs in wavelength converter 1
and 2 for a 4 nm wavelength shift down and up, respectively. The pump is labeled P,
the original signal S, the converted signal S* and the twice-converted signal S**.
The system performance of the converters are evaluated using a 10 Gb/s pseudo-
random non-return-to-zero (NRZ) pattern of length 23! —1. To assess the degradation
in system performance resulting from the wavelength conversion, BER vs. received
power curves are measured after wavelength conversion 1 and wavelength conversion 2
with and without the 40 km transmission. In Fig. 5.2 are shown the BER data for
the above cases corresponding to a 4 nm shift. Also shown is a baseline curve of the
unconverted signal. We note that the converted signal after conversion 1 has a better
BER performance. This results from the spectral dependence of the EDFA used
in the preamplified receiver, and the DC operating point of the external modulator
which is adjusted for maximum performance of the second conversion. The fixed
wavelength of the DFB source does not allow for the measurement of a proper baseline
for wavelength conversion 1. However, for the twice-converted signals, because they

correspond exactly to the unconverted signal in wavelength, the BER data can be
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directly compared to the baseline shown.

The above experiment is conducted for wavelength shifts ranging from 4 to 10 nm
at 1 nm intervals by varying the pump wavelength. To quantify the overall system
performance, we measure the receiver sensitivity, i.e., the received power necessary to
achieve BER = 107°. In Fig. 5.3 are summarized the results of the experiment. Due to
the increasing difficulty associated with suppressing the pump wave from conversion 1
for shorter wavelength shifts, the minimum in the sensitivity for conversion 2 does not
occur at the shortest wavelength shift where conversion efficiency and optical SNR
are maximum. For the longer wavelength shifts, the sensitivity degrades due to the
decreasing optical SNR. For the case of conversion 2 with 40 km transmission, the
additional decrease in the optical SNR resulting from the extra amplification stage
further degrades the sensitivity, and for a 10 nm shift, an error-rate of 10~° could not
be achieved. The power penalties for the optimum performance at a wavelength shift
of 5 nm are 2.2 and 1.3 dB for conversion 2 with and without 40 km transmission,
respectively.

At a 10 nm wavelength shift, cascadability is limited to two conversions, one
down and one up in wavelength. This is consistent with the limits due to the lower
conversion efficiency for wavelength upshifts characterized in Chapter 4. Although
the experiment was limited to two conversions, a simple model which accounts for the
optical SNR degradation in the wavelength converter and subsequent amplification
without considering possible signal distortion resulting from the conversion process,

predicts significantly higher cascadability limits for repeated downshifts or for shorter
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wavelength shifts [8]. More importantly, according to the simple model, the number
of possible cascaded conversions is almost directly proportional to the conversion
efficiency. Therefore, possible improvements in the conversion efficiency resulting
from a longer SOA may be essential in the future for making FWM wavelength
converters a field deployable technology.

In conclusion, we have demonstrated the cascadability of wavelength conversion
by four-wave mixing in a semiconductor optical amplifier. For an externally mod-
ulated signal at 10 Gb/s, a bit-error-rate performance of < 10™° and small power
penalties were achieved for wavelength shifts ranging from 4 to 10 nm. A transmis-
sion experiment was conducted using 40 km of single-mode fiber and small additional
degradation in the BER performance was found. The results indicate the feasibil-
ity of wavelength conversion by FWM in an SOA for application in an all-optical

wavelength-switched network.
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Chapter 6

Crosstalk Penalty in Simultaneous

2-Channel Wavelength Conversion

6.1 Introduction

In a wavelength division multiplexed (WDM) system, it may be desirable to wave-
length convert multiple channels at different wavelengths simultaneously in a single
converter significantly reducing the number of components and cost. Simultaneous
multichannel conversion may also find application in optical signal processing in which
the information is encoded using several wavelengths in parallel.

In this chapter we study the application of four-wave mixing (FWM) in a semi-
conductor optical amplifier (SOA) for simultaneous 2-channel wavelength conver-
sion. Multichannel conversion by FWM has been demonstrated previously. Schnabel
et al. [1], has demonstrated conversion of 10 channels having a 9 GHz spacing and

140 Mb/s FSK modulation by approximately 2 nm, and Lacey et al. [2], 4 channels
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having a 2 nm spacing and 2.5 Gb/s ASK modulation. By FWM in dispersion shifted
fiber, Inoue et al. [3], has demonstrated conversion of 3 channels of 70 GHz spacing
and 622 Mb/s FSK modulation by approximately 8 nm. Recently, Yoo et al. [4],
has demonstrated conversion of 8 channels of 2 nm spacing by difference frequency
generation (DFG) in a quasi-phase-matched passive AlGaAs waveguide.

An important issue in all multichannel wavelength conversion techniques is pos-
sible crosstalk among the WDM channels. This issue presents a greater problem in
semiconductor optical amplifiers than in optical fibers or passive AlGaAs waveguides
because of parasitic cross-gain saturation. In wavelength conversion of ASK modula-
tion format signals by FWM, an inverted modulation is imposed on the cw pump by
the modulation in the signal power. This parasitic cross-gain modulation imposed by
one channel provides an effective crosstalk mechanism in which a second channel ex-
periences a modulation in its conversion efficiency. The problems associated with the
above effect have been alluded to previously [2]. Here, a systematic study of its im-
pact on the system performance of the wavelength converter is studied by conducting
bit-error-rate (BER) experiments for a range of pump-to-signal power ratios.

The penalty associated with signal crosstalk in 2-channel wavelength conversion
by FWM in an SOA is quantified. A strained layer semiconductor optical amplifier is
used to wavelength convert two 2.5 Gb/s ASK channels (1.5 nm channel spacing) by
6 and 9 nm. For an SOA operated in deep saturation, a penalty of > 6 dB compared
to the case of single-channel conversion is measured for a pump-to-signal power ratio

of 8 dB [5].
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6.2 Experiment

The schematic of the simultaneous 2-channel wavelength conversion experiment is
shown in Fig. 6.1(a). The detailed configuration of the FWM wavelength converter
shown in the shaded box is identical to the configuration used in Chapter 4 with one
minor change; the polarization controllers (PCs) for the two input signals immediately
follow the DFB lasers to independently control the polarization of the 2 channels.
The two signal channels are provided by high-speed DFB lasers directly-modulated
at 2.5 Gb/s. The two channels are combined in a 50/50 bi-directional coupler and
then passed through a variable attenuator. The total power of the combined pump
and input signals coupled into the SOA biased at 300 mA is approximately +13 dBm.
The polarization state of the pump and both signals is set to the TE polarization of
the compressively-strained SOA.

Fig. 6.1(b) shows a typical optical spectrum observed at the output of the SOA
measured with a 0.1 nm resolution bandwidth. The spectrum shows the two input
channels labeled 1 and 2, their respective converted signals 1* and 2*, and the pump P.
The pump is set to 1536.6 nm and the channels 1 and 2 are at wavelengths 1541.1 and
1539.6 nm, respectively. The input signals are shifted by 9 and 6 nm in wavelength.
Also visible in the spectrum are additional parasitic FWM products.

Bit-error-rate measurements are performed on both channels using PRBS of length
27—1 and 23! —1. The two channels are modulated by PRBS data and its complement
provided by the bit-error-rate tester. The two signals experience different delays due

to the different lengths of the SMA cables and optical fiber, which help to simulate
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Figure 6.1: (a) A schematic of the experimental setup. (b) Optical spectrum measured into

a 0.1 nm resolution bandwidth at the output of the SOA. The spectrum shows the two

input channels 1 and 2, their respective converted signals 1* and 2*, and the pump P.



62

two independent signals at the input of the SOA. To study the penalty induced by
crosstalk in 2-channel wavelength conversion, BER measurements are also made for a
single-channel conversion using DFB1 alone for comparison. Measurements are made
at various pump-to-signal power ratios of each individual channel at the output of the
SOA (simply referred to as p/s ratio). The minimum p/s ratio of 6 dB is limited by
the output powers of the DFB lasers and the choice of bi-directional couplers used in
the setup to optimize conversion efficiency and optical SNR of the converted signal.

Qualitatively, the effect of crosstalk by parasitic cross-gain modulation can be
easily seen in the eye diagrams. In Fig. 6.2 are shown two eye diagrams for small (a)
and large (b) p/s ratios. For a small p/s ratio, the modulated power of the signal
is a large portion of the total optical power in the SOA and therefore cross-gain
saturation effects on the pump are significant. The eye diagram for p/s = 8 dB shows
two distinct levels for a ‘1’ bit; the higher level corresponding to when the other
channel (in this case, DFB2) is a ‘0’ bit and the lower level resulting from a decrease
in the conversion efficiency due to the compression of the pump gain when the other
channel is a ‘1’ bit. The two levels are very distinct at small p/s ratios and merge
for sufficiently large p/s ratios where the modulated power in the SOA becomes less
significant.

Quantitatively, the effects of crosstalk can be seen in the bit-error-rate vs. received
power curves shown in Fig. 6.3. Representative curves for PRBS 27 —1 of the following
cases are shown: l-channel conversion with DFB1 and 2-channel conversion with

DFB1 and DFB2. For the largest p/s ratio of 18 dB (open symbols), there is only a
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Figure 6.2: Eye diagrams showing the eye closure due to the parasitic cross-gain modulation
in 2-channel wavelength conversion. Two limiting cases in pump-to-signal power ratios are

shown. (a) p/s = 8 dB, (b) p/s =18 dB.
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Figure 6.3: Bit-error-rate vs. received power for 1-channel and 2-channel wavelength con-
version at 2.5 Gb/s for PRBS of length 27 — 1. Representative curves are shown for p/s = 8

and 18 dB. A baseline is also shown for DFB1.

slight difference among the three cases. However, for the smallest p/s ratio of 8 dB,
the difference between 1 and 2-channel conversion is significant and the penalty for
the 2-channel conversion is as large as 6 dB compared to that of a single-channel
conversion.

To summarize the effect of crosstalk on the system performance, Fig. 6.4 plots the
receiver sensitivity for the above cases as a function of p/s ratio for both PRBS 27 —1
and 23! — 1. A significant penalty of > 6 dB is measured for 2-channel wavelength

conversion at the lowest p/s ratio of 6 dB compared to the case of single-channel
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Figure 6.4: Receiver sensitivity (BER = 107°) vs. pump-to-signal power ratio for 1-channel
and 2-channel wavelength conversion at 2.5 Gb/s. Pattern length dependence is also shown

for PRBS 27 — 1 and 23! — 1.

conversion. At higher p/s ratios (> 15 dB), the 2-channel and 1-channel sensitivities
parallel each other and the difference for all cases is < 2 dB. The significant penalty
we measure is consistent with the results presented in Ref. [2], as the p/s ratio in
that work is greater than 15 dB. The difference in performance of DFB1 and DFB2
in 2-channel conversion is partly a result of the inferior performance of DFB2 even in

the case of a single-channel conversion.
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6.3 Discussion

For a single-channel conversion, the sensitivity degrades by only 1.5 dB over the range
of p/s ratios and the pattern length dependence is small (< 0.5 dB). For p/s < 15 dB,
the converter performance, as quantified by the receiver sensitivity, is relatively con-
stant demonstrating a dynamic range of input signal power of approximately 10 dB.
To assess the sources of penalty, a simple model for the preamplified receiver is used
to calculate BER. The model takes into account the slight variation in the gain of the
EDFA preamplifier as a function of input power. For the single-channel conversion,
the model predicts a degradation in sensitivity of 2.0 dB for the range of experimental
p/s ratios, in good agreement with the experimental results. This degradation results
from the reduction in the optical SNR of the converted signal with increasing p/s ra-
tio. The pump-to-signal ratio at which measurable penalty occurs is a function of the
conversion efficiency and the ASE noise in the optical bandwidth of the converted
signal in the SOA, or equivalently the optical SNR. For an SOA converter of higher
efficiency in combination with ASE noise prefiltering, the sensitivity will remain flat
to a greater value of p/s ratio.

For the 2-channel conversion, there is a further degradation in the sensitivity
resulting from at least three mechanisms. First, because the gain of the EDFA in the
wavelength converter is saturated, the power in the additional channel reduces the
pump power resulting in a decrease in the conversion efficiency and the optical SNR
of the converted signal. This results in ~0.3 dB degradation in sensitivity for the

complete range of p/s values. Second, additional penalty results from the cross-gain
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modulation of the pump by the signal channels in the SOA. The lower level for the
‘I’ bit seen in the eye diagrams induces penalty because there is less power at the
‘I’ level given the same average received power into the receiver. The compression
of the ‘1’ level to ~60 % at p/s = 8 dB is consistent with the measured cross-gain
modulation on the pump. Finally, the presence of a second channel also induces
additional noise, i.e., the noise power on the converted signal is enhanced when there
is power in the second channel. The mechanism by which this occurs has also been
verified experimentally as being due to cross-gain saturation. In a similar experiment
using a mixed-strained SOA for polarization independent gain, we have measured the
additional noise power on the pump and the converted signal in the presence of the
second channel, both for parallel and perpendicular polarization states to the first
channel. The noise power enhancement in the converted signal is measured to be a
factor of ~1.8 for p/s = 8 dB at both polarization states. Based on this empirical data,
the model predicts a penalty of 5.7 dB above that of a single-channel conversion at
p/s = 8 dB, which is in good agreement with the experimental data. The above three
mechanisms have been identified as contributing factors to the additional penalty seen
for 2-channel wavelength conversion. The pattern length dependence in the case of
2-channel conversion is accentuated due to the intersymbol interference (ISI) between
the two channels.

In conclusion, we have measured the adverse effects of crosstalk by cross-gain
saturation on the BER performance of simultaneous 2-channel wavelength conversion

by FWM in a semiconductor optical amplifier. The receiver sensitivity degradation
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has been quantified for two 2.5 Gb/s ASK channels wavelength converted by 6 and
9 nm. For large pump-to-signal power ratios (> 15 dB), the 2-channel conversion
performance is similar to that of the single-channel conversion. However, for small
pump-to-signal power ratios (~ 8 dB), a significant penalty of up to 6 dB compared

to that of a single-channel conversion is observed.
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Chapter 7

Dispersion Compensation

7.1 Introduction

The chromatic dispersion of standard single-mode silica fiber (zero dispersion at
1.3 pm) is approximately 17 ps/nm/km placing a severe limit on the maximum
transmission distance for high bit-rate systems operating at 1.55 ym. In recent years,
dispersion compensation techniques have been developed to enable high bit-rate trans-
mission over installed fiber links comprising mostly of standard dispersion fiber. The
various techniques include prechirping by current injection into the laser diode signal
source of an externally modulated system [1], by reflection from a chirped fiber bragg
grating [2] and by transmission in fiber bragg grating outside the reflection band [3].
Periodic use of dispersion compensating fiber with negative dispersion slope has also
been used to manage dispersion [4]. Optical phase conjugation (spectral inversion) by
four-wave mixing also provides a mechanism for achieving dispersion compensation

as first proposed by Yariv et al., in 1978 [5].
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In this chapter, spectral inversion in wavelength conversion by four-wave mixing in
a semiconductor optical amplifier is evaluated using a time-resolved spectral analysis
technique. Multiple patterns are examined before and after undergoing wavelength
conversion [6]. The resulting spectral inversion is then applied toward dispersion com-
pensation of a directly-modulated DFB laser signal at 10 Gb/s by mid-span spectral

inversion in an unrepeatered 120 km transmission in dispersive fiber.

7.2 Time-Resolved Spectral Analysis

In a semiconductor gain medium, optical intensity modulation changes the carrier
density inducing both gain and refractive index modulation. As a result, the wave-
length of the optical wave passing through the device becomes chirped. The impact of
the chirp resulting from wavelength conversion techniques based on cross-gain mod-
ulation in an SOA [7] and in tunable semiconductor laser [8] on transmission in fiber
has been studied previously. However, no direct measurements of the chirp induced
from the wavelength conversion process based on four-wave mixing in a semicon-
ductor optical amplifier have been made. Here we use time-resolved spectral analysis
(TRSA) [9] to evaluate the chirp of a directly-modulated DFB laser at 10 Gb/s before
and after wavelength conversion.

The experimental setup is shown in Fig. 7.1. A 10 Gb/s non-return-to-zero pattern
is used to directly modulate a DFB laser. For the unconverted signal, the output of
the DFB laser is passed through a narrow bandpass filter (a Hewlett-Packard optical

spectrum analyzer (OSA) with optional monochromator output) and detected using



72

(a) (b)

ASE Prefiter

DFB

i

Pattern
Generator

OBF EDFA

Microwave hpOSA
Transition ’ 11GHz p-i-n _N
Analyzer Receiver 4 Bagiclit%a;ss

Figure 7.1: (a) Experimental setup for time-resolved spectral analysis of the spectral inver-
sion resulting from four-wave mixing in a semiconductor optical amplifier. (b) Ilustration

of the chirped spectrum and the narrowband filter for unconverted and converted signals.

a 11 GHz DC-coupled p-i-n receiver after amplification by an EDFA-OBF pair. The
chirped spectrum of a directly-modulated DFB laser and the filter are illustrated in
top portion of Fig. 7.1(b). The OSA provides an accurately-tunable filter of 0.08 nm
bandwidth that is stepped across the spectrum at 0.005 nm increments. The resulting
pattern from a spectral slice is analyzed by a microwave transition analyzer with a
temporal resolution of ~3 ps. Typically up to 120 spectral slices across a chirped
spectrum are compiled creating a map of the spectral power distribution as a function
of time. The identical procedure is then applied to the signal wavelength converted

by 6 nm as illustrated in Figs. 7.1(a) and (b). The measurements are repeated for
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several different 8 bit patterns.

The results for the 1001 1100 pattern are summarized in Fig. 7.2. The top panel
shows the 10 Gb/s intensity pattern of the input signal. The bottom panel shows
the average wavelength as a function of time for the input signal and the converted
signals for pump-to-signal power ratios of 3 and 9 dB. The wavelength chirp is most
significant on the rising and falling edges of the intensity pattern where carrier density
changes most rapidly in the DFB laser. Qualitatively, the spectral inversion of the
wavelength conversion process, i.e., the reflection of the wavelength chirp about a
horizontal line, is easily seen.

Quantitatively, the wavelength chirp increases from 1.2 A before to 1.7 A after
the wavelength conversion for the p/s = 3 dB case. The modulated optical power
is ~50 % of the total maximum power in the SOA and thus significant additional
chirp is induced in the conversion process. For the p/s = 9 dB case where the
modulated optical input power is only a small fraction of the total power, although
there is no measurable overall chirp increase, there are nonetheless small distortions
to the spectral inversion. The distortions can be minimized by further increasing the
p/s ratio, however, ~9 dB is a practical limit in order to achieve satisfactory BER
performance after wavelength conversion. For patterns ranging from an isolated 1
followed by seven 0’s to its complement, the increase in the total chirp is 6-44 %.

In this section, we have utilized time-resolved spectral analysis to measure the
spectral inversion properties of wavelength conversion by FWM in an SOA. The

wavelength chirp is approximately reversed by the conversion process, however, due
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Figure 7.2: The top panel shows the complete bit pattern of 1001 1100. The bottom panel
shows the average wavelength as a function of time for the unconverted and the converted

signals for pump-to-signal power ratios of 3 and 9 dB. For the 3 dB case, a significant

increase in wavelength chirp is measured.
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to the gain and phase modulation in the SOA from the modulated input signal, the

overall chirp is increased.

7.3 Dispersion Compensation by Mid-Span Spectral

Inversion

In a typical directly-modulated DFB laser source, the wavelength shifts to the blue
(shorter wavelength) on the rising edge and to the red (longer wavelength) on the
falling edge. This is in fact the case for the DFB laser used in the experiment as
measured in the previous section (Fig. 7.2). Operating at 1.55 um in the region of
anamolous dispersion (8" = % < 0) for a dispersive single-mode fiber (SMF), the
shorter wavelength travels faster thus broadening the pulse by propagation. However,
for a reversed chirp, i.e., wavelength shift to the red on the rising edge and to the
blue on the falling edge, the group velocity dispersion of the fiber would compress
the pulse. Therefore, by chirp reversal resulting from optical phase conjugation at
the midpoint of the transmission link, the chromatic dispersion is compensated for
and the pattern is regenerated to its original shape. The second order dispersion
does, however, remain uncompensated. The above technique of compensation by
mid-span spectral inversion (MSSI) has been demonstrated using four-wave mixing
in dispersion shifted fibers by Watanabe et al. [10], and in a semiconductor optical
amplifier by Tatham et al., at 10 Gb/s for a directly-modulated DFB laser [11].

In this section we illustrate how mid-span spectral inversion can be used to achieve

120 km transmission of a directly-modulated DFB at 10 Gb/s. The experimental
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Figure 7.3: Experimental setup for dispersion compensation by mid-span spectral inversion

for two transmission segments of 60 km.

setup is shown in Fig. 7.3. The directly-modulated DFB signal is transmitted through
60 km of dispersive SMF and amplified to compensate for the propagation losses. Fol-
lowing wavelength conversion, the converted signal is amplified and launched through
an identical 60 km of SMF. The pump-to-signal power ratio is set to 9 dB to minimize
distortions to the spectral inversion process.

In Fig. 7.4 are shown the eye diagrams for PRBS 27 — 1 and the 1001 1100 pat-
tern at various stages of 120 km transmission. After 60 km transmission, both the
eye diagram and the pattern have significantly degraded. After 120 km transmission

without any compensation, the eye diagram is completely obliterated and the iso-
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Figure 7.4: Eye diagrams of PRBS 27 — 1 and pattern 1001 1100 at 10 Gb/s for 0, 60 and
120 km transmission without compensation and 120 km transmission with compensation

by mid-span spectral inversion.
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lated ‘1’ bit in the 8 bit pattern has essentially disappeared. However, for 120 km
transmission with MSSI, the open eye diagram and the general shape of the 8 bit
pattern are recovered. The pattern regeneration, however, is not perfect compared to
that measured at 0 km transmission. This results mainly from the imperfect spectral
inversion of the wavelength converter as measured in the previous section, and from
the fact that the converted signal wavelength ().) is different from the input signal
wavelength (X;) thus the group velocity dispersion 8”(A\;) # B”()\.). For an ideal
spectral inversion, however, compensation can be optimized by satisfying the rela-
tionship 8”(As)L1 = B”(A;)Le where L; 5 are the lengths of the fiber segment before
and after spectral inversion, respectively [5].

The BER performance is measured on the regenerated PRBS 27 — 1 pattern after
120 km transmission by MSSI. A penalty of 3.5 dB is measured relative to the BER

performance after wavelength conversion without any transmission in dispersive fiber.
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Chapter 8

Formation of Highly-Uniform and
Densely-Packed Arrays of GaAs

Dots by Selective Epitaxy

8.1 Introduction

Semiconductor diode lasers are the key components at the center of many consumer
technologies, e.g., compact disc players, laser printers and fiber optic communication
systems. The continued research on these devices is not only motivated by their
technological importance, but by the ability to study new interesting phenomena.
This is especially true in the case of quantum well lasers.

The modern double heterostructure semiconductor lasers in which higher bandgap
semiconductor material provides a potential well confinement for the electrons and

holes in the active layer of the laser were proposed in 1963 [1][2]. In the early 1970’s



82

scientists contemplated what might happen when these confined active layers became
extremely thin. With the advent of crystal-growth techniques such as molecular-beam
epitaxy (MBE) and organometallic vapor-phase epitaxy (OMVPE), with atomic-scale
compositional control along the growth direction, it became possible to fabricate
structures with active layers on the order of 100 A in thickness exhibiting quantum-
confinement effects. The benefits of such devices, referred to as quantum well lasers,
can be understood by examining the density of states as illustrated in Fig. 8.1. In a
bulk semiconductor, the density of states increases as the square root of the energy,
however, in quantum wells, the increase is step-like. High gain requires population
inversion of energy levels with a high density of states. In a bulk laser, this condition
can be achieved only after filling the lower lying energy states. However this is un-
necessary in a quantum well laser, and results in a lower threshold current and higher
differential gain. Other advantages include lower internal loss, higher modulation
bandwidth and lower chirp.

The natural extension of quantum well lasers is to develop technologies which
would enable equivalent control in the lateral directions perpendicular to the growth
direction. Such a capability would greatly enhance the possible structures that can
be fabricated, in particular, quantum wires and dots, structures of quantum con-
finement in two and three dimensions, respectively. These structures have attracted
considerable attention for their potential in improving optoelectronic devices. Their
incorporation into the active layer of a laser diode have been predicted to provide

significant improvement in performance [3][4]. The further narrowing of the density
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Figure 8.1: The density of states functions for (a) bulk semiconductor material, (b) quantum

well, (¢) quantum wire and (d) quantum dot.
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of states function with increasing quantum confinement as illustrated in Fig. 8.1(c)
and (d) result in reduced threshold currents and linewidths for laser diodes based on
quantum wires or dots.

A variety of approaches for fabrication of such nanostructures have been studied:
lithographic patterning of an existing quantum well structure [5][6], impurity-induced
disordering using ion-beam implantation [7] and strained-induced island formation
[8][9]. The first two techniques suffer from damaged surfaces or lack of interface con-
trol, and the third technique is limited to appropriately strained material systems.
Selective epitaxy, which refers to the laterally controlled growth of epitaxial mate-
rial within openings of a masking material has also produced promising results. In
particular, highly-organized dot structures exhibiting excellent uniformity and good
luminescence efficiency have been formed by selective epitaxy [10]-[12].

In this chapter, the formation of highly-uniform and densely-packed arrays of
GaAs dots by selective epitaxy using diethylgallium chloride and arsine is described.
The arrays of GaAs dots as small as 15-20 nm in base diameter and 8-10 nm in

height are characterized using contact-mode atomic force microscopy [13].

8.2 Organometallic Vapor-Phase Epitaxy

The technique utilized for the fabrication of nanometer-scale structures in GaAs is
selective organometallic vapor-phase epitaxy (OMVPE). The OMVPE reactor used
in the experiment is briefly described in this section along with a description of the

selective OMVPE chemistry.
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8.2.1 OMVPE Reactor Configuration

The OMVPE reactor system used in the experiment is an AIXTRON 200/4 located in
the Microdevices Laboratory (MDL) of the NASA Jet Propulsion Laboratory (JPL).
The basic modules comprising the reactor system are shown schematically in Fig. 8.2.
Although complex, the reactor system can be partitioned into several basic modules:
computer control module with digital and analog controls, carrier and hydride gas and
organometallic source handling, the deposition chamber, and the exhaust treatment.

The computer control module is a windows-based graphical environment. Due to
the complexity and the number of flow and pressure control elements, an integrated
control system is critical to the operation of the reactor. This control environment
also provides in software and hardware safety logic to prevent accidental injury to the
operator, e.g., an interlock preventing the opening of the deposition chamber without
purging the chamber with nitrogen.

In the gas and source handling section, the carrier and hydride gases, and the
organometallic (OM) materials are mixed together in the gas switching manifold.
The H, carrier gas, purified by a heated palladium diffusion cell, is used to transport
the organometallic vapors. The hydride source for GaAs is a 50:50::AsH3:H,. The
precision control by use of mass flow controllers and properly designed gas manifolds
allows the ability to make abrupt compositional shifts.

In the deposition chamber, a substrate is placed on a graphite susceptor which
is heated by infrared lamps to temperatures of up to 800°C. The small amounts of

OM material and hydride gases in the carrier gas decompose thermally and deposit
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Figure 8.2: Schematic of the basic modules of the AIXTRON 200/4 OMVPE reactor system

at the NASA Jet Propulsion Laboratory.
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epitaxial layers on the substrate. The depleted gases and the solid byproducts of
the gas-phase chemistry are then exhausted out of the chamber and filtered by the
pressure control system.

The gaseous waste exhausted from the pressure control system must be treated
due to the presence of acutely toxic gases such as AsHj and residual organometallic
materials. In the AIXTOX scrubbing system, the exhaust gas stream is treated with
an acidic solution of bromate or iodate salts. The hydride gases are oxidized into
water-soluble acids. The treated gas stream of hydrogen is then exhausted by the

main exhaust system of the building,.

8.2.2 Selective OMVPE of GaAs

Selective epitaxy of GaAs, i.e., the preferential deposition of epitaxial material within
the mask openings, can be achieved in organometallic vapor-phase epitaxy using
silicon nitride (SizNy4) or silicon dioxide (SiO;) as the masking layer. Conventional
OMVPE growth of GaAs uses trimethylgallium (TMGa) as the organometallic source
and arsine (AsHj) as the hydride source. In this chemistry, however, poor selectivity
results. Typically polycrystalline material deposits over the dielectric-mask area in
addition to the epitaxial deposition within the openings. The GaAs growth process
for this chemistry, the complete reaction and the surface reaction, respectively, is as

follows [14]:

(CH3)3Ga + AsH3 = GaAs+3CHy

CH3Ga+ AsH = GaAs+ CH, (81)
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The poor selectivity results from the surface reaction. There is no mechanism for the
Ga atom to return to the gas phase once nucleation has taken place over the masked
area.

The use of alternative halogen-based organometallic precursors such as diethyl-
gallium-chloride (DEGaCl), however, have been shown to result in no deposition on
the dielectric-mask area under appropriate conditions [15]. The complete reaction

and the surface reaction for this process are as follows [16]:

(CgHg,)gGaCl -+ ASH3 = GaAs+ HCl+2 C2H6

GaCl+ AsH <= GaAs+ HCI (8.2)

The possible selectivity results from a reversible surface reaction. The GaAs deposi-
tion on the dielectric can be reversed under the appropriate conditions in the presence
of HClI back into the gas phase of GaCl and AsH. This technique has been applied suc-
cessfully previously in the fabrication of submicron wire and dot structures [15][16].
The selective chemistry using novel OM sources, provides a technique to achieve com-
plete selectivity using a conventional OMVPE reactor for deposition of high-quality

epitaxial structures.
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8.3 Dot Formation by Selective Epitaxy

8.3.1 Fabrication Process

Using the selective OMVPE chemistry described, GaAs nanostructures are fabri-
cated. A schematic illustrating the fabrication process is shown in Fig. 8.3. The sub-
strates prepared for this study contained a 2 pm Si-doped Alg3Gag 7As layer and a
10 nm undoped GaAs cap layer, both deposited by low-pressure OMVPE on Si-doped
(100) GaAs substrates. A dielectric masking layer of silicon nitride was deposited by
plama-enhanced chemical vapor deposition on the substrates and then annealed under
an arsine ambient at typical OMVPE growth conditions. The thickness of the an-
nealed silicon nitride layer was approximately 15 nm before lithographic patterning.
A 40 pm x 40 pm arrays of dot openings with center-to-center spacings of 100 nm
were patterned into the silicon nitride layer by high-resolution electron-beam lithog-
raphy and reactive-ion etching in CF, plasma. The electron-beam dosages used for
the lithography were varied to produce variations in the dot-opening sizes among 12
different arrays.

The growth of the arrays of GaAs dots were performed in an AIXTRON 200/4
OMVPE reactor. The growth precursors for organometallic-chloride (III) and the
hydride (V) were diethylgallium-chloride (DEGaCl) and arsine (AsH3), respectively.
The DEGaCl bubbler temperature was maintained at 17°C and the vapor-phase V/III
ratio was maintained at > 100. The patterned samples were annealed under an
AsHj3/H,; ambient at the growth temperature of 700°C for 10 minutes prior to the

actual growth and no dopants were intentionally introduced.
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Figure 8.3: Schematic illustration of the basic fabrication procedure for selective dot growth.
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8.3.2 Characterization and Analysis by Atomic Force Microscopy

The arrays of GaAs dots were imaged by contact-mode atomic force microscopy
(AFM). The AFM operating parameters were optimized to image these small dot
structures. The contact force chosen for the etch-sharpened silicon AFM probes was
an empirical compromise between fast tip-wear and tip lift-off. For the AFM tip to
closely track the surface features, the probe feedback gains were maximized and slow
scan rates and small scan areas were used. Each AFM image took approximately
20 minutes to complete. The acquired AFM image data were plane-fitted to remove
the effects of thermal drift and small tilt from the sample and/or the AFM. No other
image processing procedures were applied to enhance the image data.

Plane views and three-dimensional views of the arrays of GaAs dots were generated
using the AFM. Fig. 8.4 contains three plane-view AFM images of the GaAs dots
from different arrays. The apparent sizes of the dots are: (a) 22 nm, (b) 35 nm and
(c) 57 nm. Fig. 8.5 contains two three-dimensional view AFM images of the same
arrays of GaAs dots corresponding to Figs. 8.4(b) and (¢). These AFM images of the
arrays of GaAs dots illustrate that the dots are highly uniform and densely packed
within each array. By analyzing the AFM image data, the areas of individual dots
within each array were determined. The normalized standard deviations of the areas
of individual dots were 16 % for the array illustrated in Fig. 8.4(a), 10 % for the array
in Fig. 8.4(b), 8 % for the array in Fig. 8.4(c) and 6 % for the arrays with the largest
dots. In addition, these images confirm that the GaAs deposition is entirely selective

under these growth conditions. No deposition occurred outside of the dielectric-mask
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Figure 8.4: Atomic force micrographs in plane view of arrays of (a) small, (b) medium and
(c) large GaAs dots after OMVPE growth. The scan area is 200 nm x 200 nm. The height

is represented in grayscale. The dot center-to-center spacing is 100 nm.
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openings.

After the initial AFM imaging, the samples were etched in a low-bias-voltage
CF4/0; plasma to remove the silicon-nitride layer. In Fig. 8.6 are shown two three-
dimensional view AFM images of the arrays of GaAs dots after the removal of the
silicon nitride. The arrays shown correspond to the arrays of Figs. 8.4(a) and (b). The
apparent sizes of the dots are (a) 44 nm and (b) 55 nm. These images are noisier than
the previous images. The possible reasons include chemical contamination resulting
from the use of solvents to take the samples off the AFM mount, and uneven etching
and /or surface roughening from the plasma etching process.

The height and the base diameter of the GaAs dots, with the silicon-nitride layer
removed, were measured for the different arrays. The results are summarized in
Fig. 8.7(a) along with the best-fit line. The z-intercept of the fit is not at zero
base diameter, but at ~29 nm. This results from the finite radius of curvature R
of the AFM probe tip. In Fig. 8.7(b), its effect on the accurate imaging of small
dot structures is illustrated. The z-intercept of the best-fit line at ~29 nm agrees
well with the manufacturer’s specifications for the probe tip radius of curvature of
10-30 nm.

The slope of the best-fit line being ~0.48 indicates that the growth of the dots is
self-limited most likely by 45° planes or (110)-type crystal planes. The (110) planes
have been identified as the slow-growth crystal planes previously for this growth
process [15][16]. The experimental data, correcting for the limitations due to the

AFM tip radius of curvature, indicate that the dots are as small as 15-20 nm in base
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(b)

Figure 8.5: Atomic force micrographs in three-dimensional view of arrays of (a) medium
and (b) large GaAs dots after OMVPE growth. The scan area is 500 nm x 500 nm and

height range is 40 nm.
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(b)

Figure 8.6: Atomic force micrographs in three-dimensional view of arrays of (a) small and
(b) medium GaAs dots after removal of silicon nitride. The scan area is 500 nm X 500 nm

and height range is 40 nm.
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Figure 8.7: (a) Plot of GaAs dot height vs. base diameter measured after the silicon nitride
removal. A best-fit line is also shown with an z-intercept of 29.4 nm and a slope of 0.48.
(b) Idealized schematic illustrating the effect of finite radius of curvature R of the atomic

force microscope probe tip on a dot structure with 45° facets and base width D.
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diameter and 8-10 nm in height.

In conclusion, the formation of highly-uniform and densely-packed arrays of GaAs
dots by selective epitaxy using diethylgallium-chloride and arsine has been demon-
strated. Completely selective GaAs deposition within dielectric-mask openings is

achieved at these small size-scales.
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Appendix A

Low-Noise Erbium-Doped Fiber

Preamplifier

A.1 Optically Preamplified Receiver

Rare-earth ion doped fiber amplifiers became practical in the late 1980’s with the
improved technology for the fabrication of low-loss doped optical fibers [1]. Erbium-
doped fiber amplifiers (EDFAs) have attracted the most attention because they oper-
ate near 1.55 pm, the wavelength region of lowest loss in a silica optical fiber. EDFAs
have found many applications in fiber-optic communication systems. With excellent
amplification characteristics, such as high gain, large bandwidth and low crosstalk,
EDFAs have been applied as power amplifiers, in-line amplifiers and optical receiver
preamplifiers. In this appendix, its use in the last application is discussed. Optical
preamplification increases signal strength resulting in typically an order of magnitude

improvement of the receiver sensitivity [2].
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Preamplified Receiver
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Figure A.1: Schematic of optically preamplified receiver.

A schematic of an optically preamplified receiver is shown in Fig. A.1. The criti-
cal elements that make up the preamplified receiver are: EDFA preamplifier, optical
bandpass filter (OBF), p-i-n receiver, electrical amplifier and a SONET filter. The
10:1 splitter is used to allow for simultaneous measurement on two different instru-
ments. The electrical components and the p-i-n receiver for optical-to-electrical con-
version are commercially available components optimized for use in lightwave com-
munication systems. The first component in the preamplified receiver, an EDFA
preamplifier, was built in the laboratory. In this section, the figure of merit of the op-
tical preamplifier is characterized and its impact on the bit-error-rate measurements

are discussed.

A.1.1 Noise Figure of EDFAs

Amplifiers degrade the optical signal-to-noise ratio (SNR) of the signal due to the

amplified spontaneous emission (ASE) added during the amplification process. The
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SNR degradation is quantified by a parameter F,, referred to as the noise figure,

— (SNR‘)m
Fn == z‘é‘m, (Al)

where SNR refers to the electrical SNR after the optical signal is detected using
a photodetector. Although F,, depends on various parameters of the detector, to
quantify the quality of the optical preamplifier, one often assumes an ideal detector
limited only by shot noise.

Consider an amplifier with amplification G (Pyy = GPy). At the input, the SNR
for a shot-noise limited signal is given by

{()? _ _(RPn)’ B

SNR)n = = = 34(RPwAT ~ SwAf

(A.2)

where (I) = RP,, is the average photocurrent, R = g/hv is the unit quantum effi-
ciency responsivity of a photodetector, 02 = 2¢(RP;,)Af is the shot noise into the
detector bandwidth Af. For the amplified signal, one must take into account the
spectral density of the added spontaneous emission noise Sasg = nsp(G — 1)hv. The
spontaneous-emission factor ng, has a value > 1 taking on the minimum value when
the population inversion of the amplifier is complete (all atoms in the excited state).
For the amplified signal, the beating of the ASE with the signal produces added
current fluctuations at frequencies within the detector bandwidth (ogg_asg). The

electrical noise power can be written as,

0® = 02 + 0% _ase = 2¢(RGPy)Af + 4(RGPy)(RSase)Af. (A.3)
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The SNR of the amplified signal, for G > 1, is then given by

(I)>  (RGP,)?* _ GPR

out = o2 02 - 4SASEAf

(SNR) (A.4)

The noise figure can now be obtained by substituting in Eqns. A.2 and A.4 into

the definition of noise figure. With a final substitution for Sagg, we obtain
Fy = 2ng,(G — 1) /G = 2ng,. (A.5)

This equation shows that even for an ideal amplifier (ns, = 1), the degradation factor
of the SNR by amplification is 2 (or 3 dB). For application in optical communication
systems, an optical amplifier with as low an F, as possible is desired. Typically F,
can be as large as 6-8 dB, however, with proper design, a value near the theoretical

limit can be achieved.

A.1.2 Bit-Error-Rate and Receiver Sensitivity

For a digital communication system, the overall system performance is quantified by
the bit-error-rate (BER). The probability of error at the decision circuit is determined
by the amount of fluctuation in the detected current around the average values I; and
Iy corresponding to a ‘1’ or a ‘0’ in the bit stream. The quality of different optical
receiver systems can be compared using what is commonly referred to as the receiver
sensitivity. A receiver is said to be more sensitive if it is able to achieve the same
BER performance with less optical power. The following three cases are of interest:
1. quantum limited detection, 2. thermal-noise limited detection and 3. optically

preamplified detection.
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For a truly shot-noise limited detection involving only a very small number of

photons and electrons, the receiver sensitivity or the average received power necessary

for a BER = 107 is given by [2][4]

Proe = NyhvB/2 (A.6)

according to Poisson statistics where N, is 20 photons and B is the bit-rate. At
10 Gb/s, P = —48.9 dBm. This is a theoretical quantum limit. More typically
receivers are limited by thermal noise 04 = (4kgT/Rr)Af. Assuming or to be the

dominant noise source, the receiver sensitivity can be calculated from the following:

BER = -;-erfc(Q/x/i)

_ Il“IO __RI—Drec
01+ 0o oT .

(A7)

For a receiver consisting of a p-i-n receiver and the subsequent electrical amplification
with o ~ 5 x 1071 \/Af and a bit-rate of 10 Gb/s, P, = —17.7 dBm where the
electrical bandwidth Af is assumed to equal B/2.

For an optically preamplified receiver, the noise power can be written as o2 =
0% + 02 + 025, _ase + Oase—ase + 02 asg Where the noise sources are thermal noise,
signal shot-noise, signal-ASE beating noise, ASE-ASE beating noise and ASE shot-

noise. The two dominant terms are

U:ig—ASE = 2(Q7C*Y)2FnPlAf/h’/

Tasp-ase = (GGF)*DvopAf (A.8)

where F; is the noise figure of the optical preamplifier and Av,y is the optical filter

bandwidth at the output of the optical preamplifier to minimize the total ASE enter-
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ing the detector. The noise currents for the ‘1’ and the ‘0’ bit are approximated by

01 = (03¢ ase + Oase-asg)/? and 0p = oasp_asg. The receiver sensitivity is
Prec = WP, Af|Q” + Q(2 Avi / B)'?]. (A.9)

For values of Avey/B = 10, Fy, = 4 dB and B = 10 Gb/s, the receiver sensitivity
Prec = —40.0 dBm, within 10 dB of the quantum limit. Thus using this technique
improvements of 10-20 dB in the receiver sensitivity can be achieved over a thermal-

noise limited receiver. In one experiment [5] a receiver sensitivity of —37.2 dBm was

achieved at 10 Gb/s.

A.2 EDFA Preamplifier Used in the Experiment

It has been shown in the previous section how system performance can be significantly
improved by the use of an optically preamplified receiver. For the BER measurements
presented in this thesis, due to the small available optical powers of the wavelength
converted signal, a preamplified receiver is essential. The optical preamplifier was
constructed for this purpose.

The schematic of the low-noise two-stage EDFA is shown in Fig. A.2(a). The
design is motivated by an effort to build a high performance amplifier using only one
980 nm pump laser with approximately 100 mW of available power. For this purpose,
a two-stage single-pump design is used. The two stages are separated by an isolator
at the midpoint. Two 980/1550 nm WDMs (WDM2 and WDM3) are used about the

isolator to bypass the unabsorbed 980 nm light to the second stage. In the case of a
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cascaded amplifier system, the noise figure is given by [6][7]

Fy
FSf = Fyy + 222, (A.10)
Gy

Therefore, with sufficiently high gain G; in the first stage, the impact of F,, on the
overall noise figure is minimized. Thus it is critical that the noise performance of the
first stage is optimized. For this reason, forward 980 nm pumping is used in conjuc-
tion with a short 11 m segment of AT&T HE-980 Erbium-doped fiber to maximize
the inversion in the first stage. The gain of the first stage is ~15 dB sufficient to
accommodate a higher noise figure in the second stage. Low-noise moderate amplifi-
cation of the first stage is then followed by a 20 m second stage which effectively acts
as a “power amplifier.”

The gain and noise figure performances are summarized in Fig. A.2(b). The
unsaturated gain ranges from 26 to 44 dB over the wavelengths 1530-1560 nm. The
strong spectral dependence of the amplifier deserves a note in its application in a
receiver system; the improvement that the optical preamplification provides varies
depending on the wavelength of the signal, as observed in the experimental results
presented in this thesis. In a commercial system, a gain-flattened amplifier, in which
the spectral dependence of the gain is equalized, is preferred. A common technique
for gain flattening is by use of a long-period fiber bragg grating [8][9]. Also shown in
Fig. A.2(b) is the measured noise figure of the amplifier. The optical technique for
measuring the noise figure is described in Ref. [10]. The noise figure is approximately
4 dB for the complete wavelength range. The saturated output power of the amplifier,

which is limited simply by the total 980 nm pump power available, is +11.5 dBm over
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Figure A.2: (a) Schematic illustrating the detailed configuration of the low-noise, two-stage
Erbium-doped fiber amplifier. (b) As a function of wavelength, the measured small signal
gain and noise figure for an input power of approximately —35 dBm and 180 mA pump

bias.
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the complete 1530-1560 nm wavelength range.

Using this amplifier in the receiver system, a sensitivity as low as —35.2 dBm has

been achieved at 10 Gb/s.
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