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Abstract

Four-wave mixing in semiconductor gain media from GHz to THz detuning rates
was used as a frequency-domain technique for analysis of carrier relaxation mecha-
nisms having relaxation times extending from nanosecond to femtosecond time scales.
Measurements of four-wave mixing in various semiconductor traveling-wave amplifiers
were performed for detuning frequencies as large as 1.7 THz. Ultrafast intraband
mechanisms having relaxation time constants of 650 fs, in agreement with dynamic
carrier heating, and of less than 100 fs, in agreement with intraband carrier-carrier
scattering, were determined in the measurements.

A novel cross-polarized four-wave mixing technique was also developed to study
the inter quantum well carrier transport process in quantum well amplifiers. A semi-
conductor optical amplifier having a structure of alternating tensile and compres-
sively strained quantum wells was used. Polarization selection rule of the strained
quantum wells enables selective excitation and probing of adjacent quantum wells
according to polarization, thereby enabling study of inter-well carrier transport. A
one-dimensional diffusion model was developed to illustrate the different transport
efficiencies for carrier number and temperature modulations, thereby qualitatively
explaining the experimental data. The inter-well carrier number transport rate in the
device measured was determined to be greater than 100 GHz.

Four-wave mixing in semiconductor optical amplifiers was also studied as a wave-
length conversion technique. Conversion efficiency over spans up to 65 nm was mea-

sured, and wavelength conversion with gain was also demonstrated. It was found



vil

theoretically and confirmed experimentally that the conversion efficiency varies with
the cube of the saturated amplifier gain. Noise characteristics of four-wave mix-
ing wavelength converters and their dependence on various device and operational
parameters were also studied. Noise reduction by introducing a filter between the
preamplifier and the mixer was demonstrated and significant noise reduction was
achieved. Finally, wavelength conversion of modulated signals at data rates of 2.5

Gb/s and 10 Gb/s was demonstrated.
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Chapter 1

Introduction

Semiconductor optical amplifiers (SOA’s) are of increasing interest for applications
in broadband lightwave communication systems such as broadband wavelength con-
version and ultrafast optical signal processing [1]. It is interesting to note that most
of these applications are not due to the SOA’s amplifying nature, but rather due to
their nonlinearities. While the linear characteristics of these devices have been well
understood, their nonlinear properties are not yet well established.

In this thesis, four-wave mixing experiments in SOA’s and accompanying theory
are presented which explore intraband dynamics of semiconductor active layers and
inter quantum well carrier transport dynamics. Broadband wavelength conversion us-
ing four-wave mixing in SOA’s is also studied for applications in future multichannel
lightwave communication networks. Results concerning conversion efficiency, noise
properties, and system impact are presented. The SOA’s used in this thesis research
are InGaAs/InGaAsP strained multiple quantum well traveling-wave amplifiers op-

erating at 1.5 pm. This is the most important communication band since it is where



silica fibers exhibit minimum attenuation (~ 0.2 dB/km) and where high-performance
Erbium-doped fiber amplifiers are available [2].

Chapter 2 is an introduction to semiconductor lasers and amplifiers. It contains
basic semiconductor laser physics necessary to understand the four-wave mixing spec-
troscopy work described in this thesis.

In Chapter 3, the theory governing the four-wave mixing process in SOA’s is
presented which accounts for contributions to four-wave mixing from both interband
and intraband dynamics. Coupled-amplitude equations are solved and an analytical
expression for four-wave mixing signal strength is obtained.

Chapter 4 describes four-wave mixing experiments in which four-wave mixing sig-
nal spectra are measured at detuning frequencies up to 1.7 THz. Analysis of these
signal spectra reveals ultrafast intraband dynamics in agreement with dynamic carrier
heating and intraband carrier-carrier scattering processes.

Chapter 5 describes a novel cross-polarized four-wave mixing technique that we
developed to study inter quantum well carrier transport. The experimental data are
qualitatively explained by noting the different transport efficiencies for carrier number
and temperature modulations. In addition, the inter-well carrier number transport
rate in the device measured is determined to be greater than 100 GHz.

Chapter 6 first presents an introduction to fiber-optic communications and on-
going efforts for next generation multiwavelength all-optical networks. This review
is intended to help explain the application of SOA four-wave mixing wavelength con-

version described in this chapter. Results concerning the conversion efficiency over



spans up to 65 nm, as well as a demonstration of wavelength conversion with gain
are presented. Issues concerning the noise properties of four-wave mixing wavelength
converters are also addressed. Finally, a demonstration of wavelength conversion
of modulated signals at data rates of 2.5 Gb/s and 10 Gb/s is described and the
experimental results are discussed.

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

proceedings [3]-[21].
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Chapter 2

Semiconductor Lasers and

Amplifiers

2.1 Introduction

Optical amplification and feedback are two essential requirements for lasing oscilla-
tion. In semiconductor lasers, amplification is accomplished by an electrically pumped
active region sandwiched in the middle of a p-n junction, and in the simplest laser
device, i.e., Fabry-Perot laser, feedback is provided by the reflection of the cleaved
facets of the laser chip. More sophisticated feedback structures have also been devel-
oped for better laser performance, for example, distributed-feedback (DFB) devices
are lasers in which optical feedback, as the name implies, is not provided by the lo-
calized facet mirrors but by a built-in grating that is distributed throughout the laser
cavity.

The semiconductor material systems for laser fabrication are generally of two main



types, the GaAs/GaAlAs system and InP/InGaAsP system. GaAs/GaAlAs devices
typically have lasing wavelengths in the range 0.7 — 0.9 pym while InP/InGaAsP
devices generally lase at longer wavelengths within the 1.1 — 1.6 ym range. The longer
wavelength lasers are important for long-haul optical communication because at these
wavelengths silica fibers have extremely low attenuation (as low as 0.2 dB/km at 1.55
pm). Other material systems have been investigated extensively in recent years for
laser operation in other regions of the optical spectrum, for example, in the visible
spectrum for applications in medical diagnostics, bright displays and high-density
optical data storage and also for replacement of bulky and expensive solid and gas
lasers.

Laser operation of a semiconductor p-n junction device was first demonstrated
by four independent research groups within six weeks of one another in 1962 [1]-
[4]. Initially, due to the severe heating problems caused by the high lasing threshold
current, lasing action could only be generated continuously at low temperature or in
pulsed operation at room temperature, and device lifetimes were also short. Since that
time, semiconductor lasers have developed at a remarkable pace [5]-[8]. Fabrication
technology and device design have progressed to the point where highly reliable lasers
with extrapolated room temperature lifetimes of a century are routinely produced.

Because of their low cost, reliability, low power consumption, and capability for
high-speed modulation, among other features, semiconductor lasers are technolog-
ically attractive sources of coherent optical radiation for a variety of applications.

Most notably, semiconductor lasers are playing an integral part in the ever-expanding



lightwave communication industry. One of the most important characteristics for
semiconductor lasers used in lightwave communication systems is the direct modula-
tion bandwidth. Part of this thesis studies two physical mechanisms that can limit
semiconductor laser modulation bandwidth: ultrafast intraband dynamics and inter
quantum well carrier transport.

When the cleaved facets of a semiconductor laser are anti-reflection coated, the
device is referred to as a semiconductor optical amplifier (SOA). Two types of SOA’s
can be distinguished, Fabry-Perot amplifier and traveling-wave amplifier. The former
is essentially a laser biased above transparency but below lasing threshold. The result
is an amplifier having a series of narrow bandpasses with the resonant-enhanced gain
as the envelope. With the latter, on the other hand, great care is exerted to make
the reflectivity of both facets as low as possible, typically as low as 107* — 107°. The
device will amplify the incident signal in a single pass through the active region, thus
with little cavity-resonance effects in the gain spectrum.

Research on SOA’s dates back to the 1960’s, soon after the invention of semi-
conductor lasers [9],[10]. However, it was only during the 1980’s that SOA’s were
developed for practical applications, largely motivated by potential applications in
lightwave communication systems [11]-[15]. Early studies were conducted on Fabry-
Perot amplifiers [9]-[11], but more recent research has concentrated on traveling-wave
amplifiers [16]-[18]. Several ways of suppressing the end reflectivity have been demon-
strated to obtain traveling-wave operation. These include multi-layer anti-reflection

coating [16], angled facet [17], and window facet structures [18].
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SOA’s have been used as pre-amplifiers [19] and in-line amplifiers [20] in a number
of lightwave transmission system experiments. They have also been employed to
overcome distribution losses in the local area network applications [21]. However,
SOA’s, initially developed for optical amplification, have in recent years largely given
up the role in the 1.5 pm communication window to Erbium-doped fiber amplifiers
which are far superior as optical amplifiers [22]. SOA’s have nevertheless found other
“unconventional” applications to which a large body of research has been devoted
in recent years [23]-[26]. These efforts include using SOA nonlinearities to achieve
important functionalities for lightwave communication systems such as broadband
wavelength conversion [23],[24], all optical clock recovery [25] and ultrafast optical
signal processing [26]. In addition, SOA’s are important components in photonic
integrated circuits [27].

In this chapter, optical gain in semiconductors is reviewed. Gain nonlinearities,
which are responsible for nonlinear applications of SOA’s, and the physical processes
associated with these nonlinearities, i.e., dynamic carrier heating and spectral hole

burning, are also analyzed.

2.2 Optical Gain in Semiconductors

The wave function of an electron in a given band (conduction or valence) in semicon-

ductors can be written as

We(r) = 7~Lc,vk(r)eik‘r (2.1)
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where the subscripts ¢ and v denote for conduction and valence bands, respectively,
and .,k (r) has the periodicity of the crystalline lattice. The “propagation” constant

k is quantized and its components are given by

2mm
k; =
7 L_]

(2.2)

where j = z,y, z; m is an integer; and L; is the length of the crystal in the j direction.
The k space volume for each electronic state is thus 8x3/V where V is the crystal’s
physical volume. The number of electronic states per band for a value of k between

k and k + dk is given by

2
p(k)dk = ’%dk (2.3)

where a factor of two has been added accounting for the two spin states of electrons
for each k eigenvalue.
Using the parabolic band approximation

K2k2
- 2m*

E(k) (2.4)

where m* is the effective mass and the energy E is measured from the band edge

extremum, the density of states per unit energy interval can be readily expressed as

1 dk 1 [2m:,\*?
,Oc,v(E) = Vpc,v(k)zl—E’ = -2—7;3 < : ) E1/2 (25)

The above expression gives the density of states for 3-dimensional (3-D) electrons
and holes, i.e., available k-states in the 3-D space are counted. In quantum well
structures, where electrons and holes are confined to planes of motion, we instead

count the 2-dimensional (2-D) availability of k-states and find that the 2-D density
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of states (per unit energy and unit area) can be expressed as

m*

pz,?)(E) = Z CQ)H(E - Enc,v) (26)
n=1 Th

where H(z), the Heaviside function is equal to unity when = > 0 and is zero when
z < 0, and where E,, is the eigen energy value for the n'® transverse quantum state
in the conduction or valence band.

The density of states defines how many states exist for a given energy interval
E — FE + dE. The probability that a given state is actually occupied by an electron

is governed by the Fermi-Dirac law

1
HE) =1 + e(B-Ep)/kpT

(2.7)

where Ey is the Fermi energy, kg is the Boltzmann’s constant and T is the temper-
ature. In thermal equilibrium, a single Fermi energy applies to both conduction and
valence bands. Under conditions in which the thermal equilibrium is disturbed, for
example, by electrical pumping, two separate Fermi levels Ey, and Ej,, called quasi-
Fermi levels, are used for each of the bands. In this case the electron density N and

hole density P can be written as

N = [ f(B)pE)E (2.8)
P = [T 1B (B)E (2.9)
To calculate the optical gain for a semiconductor system, we start from a two-level

discrete atomic or electronic medium. Let us assume that the population densities of

lower and upper levels are V; and N, respectively, and the energy difference between
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the two levels is fiwg. The complex susceptibility of such a system can be found using

the density matrix formalism and it is given by [28]

P2 To(Ny — Ni)[(wo — w)Tp — 4]

th[l —+ (w — w0)2T22] (210)

X(w) = -

where 4 is the momentum matrix element and 75 is a phenomenologically introduced
dephasing time.

In a direct-gap semiconductor, the minimum in the conduction band and the max-
imum in the valence band occur at the same value of the wave vector k. Since the
photon carries negligible momentum compared with the carrier momentum hk, radia-
tive transitions occur between electrons and holes of essentially same wave vectors.
In the case of such a semiconductor system, modification to the density inversion
(N2 — Ny) can be achieved by first considering the contribution from electrons with
a value of the wave vector between k and k 4+ dk. Their contribution to the density

inversion is found to be

d(N2“N1) - V'O( )dk{fc( )[1_fv(Eb)] _fv(Eb)[l_fc( )]}

= Co(R)KIT(E) ~ fu(B) (2.11)

where E, = h?k?/2m? and Ej, = h?k?/2m} are the energy levels corresponding to the
wave vector value k in the conduction and valence bands, respectively. Substituting
Eq. (2.11) for (N — Np) in Eq. (2.10) gives the total complex susceptibility in a

semiconductor

V/ Z;ﬁ _:uo; 23;3271%[1‘«:( o) = fo(Ey)]p(K)dk (2.12)
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We note that there exists the following relation
hwo = (E.+ E,) — (Ey — By) = Eg+ K°k*/2m.; (2.13)

where E,, E, are energy levels of the conduction band minimum and the valence band
maximum, respectively; F, = E, — E, is the band gap; and m; is the reduced mass
given by the relation m*~! = m*™' + m*~!. Using Eqgs. (2.3) and (2.13), we change
the independent variable of Eq. (2.12) to wp and obtain the following expression for

the complex susceptibility

1 o0 (UJO - W)TQ —1

; .
- T o
xw) eohi JE /1 # (o) Tops(wo) 14 (w— wp)?T%

[fc(wﬂ) - fu(WQ)]dwo (214)

where we have introduced the joint density of states p;(wp), which is given by

1 /2m;
pj(wo) '-——< 7

= o2

)3/2 (w0 — Ey/B)" (2.15)

In addition, the explicit expressions for the Fermi functions appearing in Eq. (2.14)
are given by

1

felwo) = — 2.16
e(wo) | 4+ ol (Ao~Bq)+ Bo=Byc] k5T (2.16)

folwo) = ! (2.17)

14 o T (hwo—Eg)+ By—Ey) /kpT

It follows that the gain constant can then be expressed as

1) = —Tmix()
k= e Tydwy
= et Jo 1 o) (W)l felwo) = folwo)l] o —wprz 21

where n is refractive index of the semiconductor material and k£ = wn/c is the wave

number of the incident optical field at optical frequency w/2w. Since w and E,;/k are
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on the order of 10" s~!, and 7T, ! is typically on the order of 103 s7!, — L2
2 1+ (w—wo)?Ty

can be approximated as 76(w — wp) when the integral in Eq. (2.18) is evaluated. This

leads to

2 m*\ 3/2
1) = 1o () @ = Bofm)21£ulw) = Fow)] (219)

In a similar fashion, we can derive the gain constant for a pumped quantum well

structure having a well thickness of L,. It is given by

7P (w) = ffjth [felw) - (wnf:l H[w ~ (By+ Bne+ En)] - (220)

Egs. (2.19) and (2.20) give a clear physical picture of optical gain in semiconduc-

tors. The necessary condition for net gain (7 > 0) in either case is that

fe(lw) — fu(w) >0 (2.21)
If we use the Fermi functions given by Egs. (2.16) and (2.17), the condition becomes
Efc — Efv > hw (222)

Egs. (2.19) and (2.20) also indicate that the gain profile depends sensitively on
many parameters. First, it depends on the carrier density N, which determines the
quasi-Fermi energies for the carriers via Egs. (2.8) and (2.9). These quasi-Fermi en-
ergy levels, in the context of the Fermi functions, determine the occupancy probability
and is used in Egs. (2.19) and (2.20) to calculate the gain. The carrier density can be
varied by electrical injection or optical excitation. Under a given pumping condition,
the carrier density can be calculated by solving a rate equation, as will be presented

in the following section.
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The gain profile also depends sensitively on the carrier temperature, which affects
the Fermi distribution functions, as expressed in Eqgs. (2.16) and (2.17). In the next
section, saturation of semiconductor optical gain due to carrier temperature increase

will be discussed.

2.3 Gain Saturation and Nonlinearities

Gain saturation, an important property of semiconductor lasers and amplifiers, can
be understood using the rate equation analysis. The carrier density N at an injected
current I and in the presence of optical power P can be obtained by solving the rate
equation

dN I N ~(N) 9
— - _ 2Ry 2.2
da qV 1, Ahw P+DV'N (223)

where ¢ is the electron charge; V is the active layer volume, 7, is the spontaneous
carrier lifetime, y(N) is the gain constant per unit length as given by Eq. (2.19)
or Eq. (2.20), A is the cross-section area of the optical guided mode and D is the
carrier diffusion coefficient. This rate equation can be derived from the density matrix
formalism combined with the rate equation approximation and can also be understood
intuitively from the viewpoint of carrier number bookkeeping.

In the case of semiconductor optical amplifiers, the carrier density IV is also a
function of longitudinal location z. The solution of the above equation is complicated
because of the presence of the diffusion term. The main effect of the carrier diffusion
is to wash out the carrier gradient in the longitudinal direction. To a good degree

of approximation, this term can be ignored in the case of traveling-wave amplifiers.
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The carrier density N thus satisfies the simpler rate equation

dN I N (N)
- M p 2.24
dad qV 1, Ahw (224)

To simplify the solution of Eq. (2.24), the optical gain is assumed to vary linearly

with the carrier density N, i.e.,
A(N) = a(N = Ny) (2.25)

where a is the differential gain and Ny is the carrier density at which the active region
becomes transparent. Under the condition of steady operation, i.e., injection current

I and optical power P are constant, the carrier density is found to be

IT,/qV + NoP/ P,
— 2.2
1+ P/P, (2.26)
where P is the saturation power given by
p, = AW (2.27)
aTg
Gain saturation behavior can thus be expressed
a(Itgs/qV — N

Y(N) =a(N — No) = /g ) _ VoS (2.28)

1+ P/P,
where o = a(I7,/qV — Np) is the unsaturated optical gain in absence of input optical
field, and where we have introduced a saturation factor S, which is a function of z
and is given by

1

5 = 1 Pay/R,

(2.29)

Physically, the gain saturation is caused by stimulated emission through which

carrier density is reduced by the input optical field. This saturation phenomenon,
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usually referred to as interband gain saturation, has been extensively studied and
well understood. There exists yet another type of gain saturation, resulting from
various intraband processes. In this case, the occupation probability of the carriers in
each energy band, rather than the actual carrier population, is altered by the input
optical field. This leads to intraband gain saturation, also known as the nonlinear gain
effect which is often phenomenologically represented by a nonlinear gain coefficient
€p, as defined in the relation y(N, P) = y(N,0)/(1 + ¢,P).

Intraband processes that cause gain nonlinearity typically include dynamic carrier
heating and spectral hole burning. Dynamic carrier heating results from stimulated
emission, which removes “cold” carriers close to the band edges, and free-carrier ab-
sorption, which transfers carriers to high energies within the bands. These nonthermal
carriers thermalize among themselves via the intraband carrier-carrier scattering pro-
cess on a time scale of < 100 fs. The hot carrier distributions relax to the lattice
temperature by emission of optical phonons with a characteristic time constant of
~ 1 ps. For a fixed carrier density N, heating the carrier distribution will compress
the optical gain, as can be understood by using Eq. (2.19) or Eq. (2.20), resulting in
gain nonlinearity. The physical processes of dynamic carrier heating and gain profile
change are illustrated in Figure 2.1.

Spectral hole burning, on the other hand, refers to a spectrally local gain reduction
due to the input optical field. Stimulated emission removes carriers at states in the
band corresponding to the photon energy. The carriers in neighboring states can

not completely replenish the removed carriers due to finite intraband carrier-carrier
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Figure 2.1: Illustration of physical processes involved in dynamic carrier heating and spectral

hole burning.
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scattering time (< 100 fs), which sets the time scale on which non-Fermi carrier
distributions are restored to equilibrium. This process creates a “hole” in the carrier
distribution in the k-space and, consequently, a spectral hole in the gain profile. This
is also illustrated in Figure 2.1.

Gain nonlinearities caused by intraband dynamics are intrinsically weak and gain
reduction is usually much less than 1%. Such a small gain reduction barely affects
the laser characteristics under continuous operation; however, owing to their ultrafast
nature (< 1 ps), intraband dynamics can greatly affect semiconductor laser dynam-
ics, including noise properties and modulation dynamics [29]. For example, nonlinear
gain introduces an additional damping to the relaxation oscillation in semiconductor
laser modulation, severely limiting the maximum modulation bandwidth. In addition,
these gain nonlinearities cause undesirable cross-talk for wavelength multiplexed sig-
nals in semiconductor optical amplifiers. On the other hand, however, they can be
utilized to realize ultrafast switching, wavelength conversion and other useful nonlin-

ear functionalities [23]-[26].
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Chapter 3

Four-Wave Mixing in

Semiconductor Optical Amplifiers

3.1 Introduction

Nondegenerate four-wave mixing in semiconductor optical amplifiers (SOA’s) has
been a topic of increasing interest over the past few years. Four-wave mixing has
been demonstrated as an effective frequency-domain tool to probe ultrafast semicon-
ductor dynamics [1]-[5]. It has also be studied for applications in lightwave systems,
including wavelength conversion [6]—[8], all-optical demultiplexing of high bit-rate
time-division-multiplexed signals [9] and all-optical conversion from time-division-
multiplexing to wavelength-division-multiplexing [10].

Physical mechanisms responsible for four-wave mixing are interband gain satura-
tion, arising from stimulated emission, and intraband gain nonlinearities, resulting

from intraband dynamics. In the former case, carrier density is modulated by the op-
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tical beating of pump and probe, while in the latter case, the carrier density remains
unchanged but intraband occupancy probability is modulated. Both mechanisms can
create dynamic gain and index gratings along the amplifier length. The subsequent
scattering of pump and probe fields from these gratings results in the generation of
two new side bands. This is the basic process of four-wave mixing in SOA’s.

In the next section, the theory concerning four-wave mixing in SOA’s is presented
which includes contributions to four-wave mixing from both interband and intraband
dynamics. Experimentdl investigation of using four-wave mixing to probe ultrafast

intraband dynamics will be presented in the next chapter.

3.2 Theoretical Analysis

Four-wave mixing in a semiconductor medium generated by intraband occupancy
modulation was first analyzed by Agrawal [11]. His theory, based on the density-
matrix equations, included contributions from interband carrier density modulation
and spectral hole burning. A recently published paper by Uskov et al. [12], also based
on density-matrix approach, included both carrier heating and spectral hole burning.
In this chapter, we use some results from the above referenced work and put our
emphasis on an analytical solution to the coupled equations. We also address some
practical issues such as the phase matching condition.

Let us assume that the pump, probe and the four-wave mixing signal all have the

same polarization, and that these guided waves are given by

Ei(z,t) = Ej(z) exp [i(kjz — w;t)] (3.1)
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where j = p, g, s denote pump, probe and four-wave mixing signals, respectively; and
{E;(2)} are the slowly-varying amplitudes of the three waves.

The interband and intraband photomixing of pump and probe waves in the active
layer will of course influence the propagation of the four-wave mixing signal wave, as
well as the pump and probe waves themselves. We can describe the propagation of
these waves by means of coupled-amplitude equations. Assuming the validility of the
slowly-varying-amplitude approach, and following procedures similar to those used in
Agrawal’s treatment [11], we find that the slowly varying amplitudes must obey the

following set of coupled equations

dEfiZ(Z) % 90 S(2) (1 — ia) — ] Bpg(2) (3.2)
dE(z) 1 :
o, = 5 [905(2) (1 —ia) — ] By(z)

—k(z) E2(2) E;(z) exp(iAkz) (3.3)

where we have introduced a wave-number mismatch Ak = 2k, — k, — k; and a four-
wave mixing coupling coefficient x(z). In addition, gy is the unsaturated optical gain
per unit length, with its wavelength dependence neglected. go is related to the gain
constant 79 by go = [y, with I' being the optical confinement factor. « is the
linewidth enhancement factor; «; is the SOA’s nonsaturable internal loss per unit
length; and P(z) is the total optical power at position z in the waveguide.

Eq. (3.2) is a simple amplification rate equation where we have neglected the
power depletion of pump and probe waves, since, for detuning frequencies larger than
a few tens of GHz, the power transfer is negligible in comparison to the power in the

pump and probe themselves. In Eq. (3.3), while the first term is the normal amplifi-
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cation term, the second term is a nonlinear mixing term giving energy coupling from
pump and probe to the four-wave mixing signal frequency. The coupling coefficient
k(z) measures the strength of this nonlinear mixing precess, and it is related to the
conventional third-order nonlinear coefficient x©® by & = —z%\/@ x®.

The coupling coefficient k(z) is of central importance to this theoretical analysis.
To simplify the analysis, we treat the three contributing mechanisms — carrier density
modulation, dynamic carrier heating and spectral hole burning — as three independent

processes. k(z) can then be decomposed as

3
K(z) = 3 K;(2) (3.4
j=1
with 7 = 1, 2, 3 denoting carrier density modulation, dynamic carrier heating and
spectral hole burning, respectively.

Although a formal justification of this assumption is possible based on the density
matrix formalism [12], the separation of the three mechanisms can be justified intu-
itively by noting that, first, all interactions measured are in the small-signal regime in
our four-wave mixing studies and, secondly, each relaxation mechanism results from
bath damping from distinct, independent baths (k; — photon continuum, x5 — phonon
continuum, and k3 — carrier eigenstate continuum).

The first and third terms in Eq. (3.4) are due to carrier density modulation and
spectral hole burning, respectively. They can be found by solving the density matrix
equations and evaluating the induced polarization at the four-wave mixing signal

frequency [11]. Their expressions are given by

1 1—7;043' 1

m3(2) = 5 9005G) —p = T

j=1lor3 (3.5)
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where 7, = 7,5 is the effective carrier lifetime; o is the linewidth enhancement fact «;
P, is the interband saturation power Ps; and 73 and P; are the intraband population
relaxation lifetime and saturation power associated with spectral hole burning.

The spectral hole burning saturation power P; is related to the dipole matrix
element, the dipole dephasing relaxation time and intraband population relaxation
lifetime through the expression A?/u?Ty73 [11]. It is important to note that Pj is much
greater than the ordinary saturation power P, since, physically, the gain saturation
due to intraband processes is much weaker than the saturation induced in the carrier
density. The parameter a3 is the ratio of real and imaginary parts of the refractive
index change caused by spectral hole burning, and it should usually have a value
much smaller than unity [11]. Additionally, in Eq. (3.5) for j‘=3, we have made use
of the fact that the dipole dephasing relaxation time T3 is much shorter than the
intraband population relaxation time 73.

The second term in Eq. (3.4) represents the contribution from dynamic carrier
heating. Dynamic carrier heating includes at least two processes. The carriers are
heated through a combination of free-carrier absorption and stimulated emission, as
discussed in the previous chapter. These nonequilibrium carriers then thermalize
on a time scale of 73 < 100 fs, and in the meanwhile, the hot carriers relax to the
lattice temperature by emission of optical phonons. Because the heating and cooling
processes occur on very different time scales (~ 1 ps versus < 100 fs), we can treat
them as two distinctive processes: initial heating and subsequent cooling.

The cooling process, which can be regarded as a thermal process, can be char-
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acterized with a relaxation (cooling) time constant 7. However, it is intrinsically
more complicated to model the nonthermal heating process. Because our four-wave
mixing studies are in the small-signal regime, we can assign a “virtual” temperature
to the nonthermal carrier distribution and assume that the ¢ function response of
the initialization process follows (1 — e%/73), where 73 is the intraband carrier-carrier
scattering time constant.

The initial carrier heating process can then be described by the following equation

t T(tl) -

T(t) ~ T(~o0) = — | ﬂdu+H[;(qu%vFWth (3.6)

—0o Ty
where T'(t) is carrier temperature (electrons and holes are assumed to have same
temperature) and 7; is the lattice temperature. H is the heating coefficient, defined
as carrier temperature increase caused by unit optical power in unit time interval, and
it is determined by the contributing heating mechanisms. Eq. (3.6) can be reduced
to

d*T(t 1 1
), 1 1

dT(t) T@E)-T, ., P()
dtz D) T3) dt + 7273 o T3 (37)

Solving the above equation and following similar procedures as in the derivation

of k1(z), we obtain the expression for ky(2)

1 1—7;0[2 1 T3 1
= 2. 00S(2) - : I S _
ma(2) = 5 905() - —¢ (1——2'27rf7'2 T 1—i27rf7-3> (38)

where P, is the saturation power for the carrier heating effect and is related to the
carrier relaxation (cooling) time 75 and the differential gain with respect to the carrier
temperature. Like the saturation power associated with spectral hole burning P,

the saturation power P, is much larger than the ordinary saturation power P;. In
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addition, as is the ratio of the real and the imaginary parts of the refractive index
change induced by dynamic carrier heating. Both interband transitions and electron-
hole plasma absorption may contribute to this parameter.

We can now write an expression for x(2)

1 1-— ial 1 1- ’iCMz 1
= =.005(2) - . ,
w(2) 2 905(2) l: P 1—27fn + Py 1—i2nfr
1-— iag T3 1-— i()ég) 1
_ 2. . 3.9
+< P3 T2 P2 1-—1’271"](7'3} ( )

Physically, the first term represents carrier density modulation; the second term rep-
resents the relaxation (cooling) process of the dynamic carrier heating effect; the
third term represents the intraband carrier-carrier scattering process, with first part
for spectral hole burning and second part for the initial heating process associated
with the dynamic carrier heating.

To solve the differential equations, we first rewrite Eq. (3.2) as:

E, () = E,4(0) exp { /6 ’ % 908 (1) - (1 — icvy) — o] dzl} (3.10)

Substituting Eq. (3.10) into Eq. (3.3) gives

dE;z(Z) — % [905(2) - (1 — i) — ay] Es(2) — H(Z)Eg(O)E;(O)
[yt tvider)

Using the boundary condition E4(0) = 0, the solution to Eq. (3.11) is found to be

Ey(z) = —EX0)E(0) /Ozn(zl)exp[R(zl)zl]dzl

- exp {/OZ % [90S(2) - (1 —ioy) — oy dzl} (3.12)
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where R(z) is given by
1 =&
R(z1) = il5k = o+ — /0 905 (20)dzs (3.13)
1

Let us examine the integral [ k(z;)e®(*1)*1dz, which appears in Eq. (3.12). The
first part of the integrand k(z;) is proportional to S(z) as indicated in Eq. (3.9), and
is therefore a slowly-decreasing function of z;. The second part is an exponentially
growing function with a complex growth rate of R(z;), which, as indicated in Eq.
(3.13), is also a slowly varying function of z;. Therefore, the dominant contribution
to the integral comes from the interval near z; = z, and, when E(l) is evaluated, the
integrand can be approximated by «(I) exp[R(1)z]

Following the above approximations, E¢(l) is found to be

BBkl
0.23G + ikl

Eq(l) = (3.14)

where G = 10(loge) J[g0S(z) — oy]dz is the SOA’s saturated optical gain in dB. The
underestimation of the four-wave mixing signal E,(l) introduced by the approxima-
tions depends on the SOA saturation level, and it is usually negligible for moderately
saturated SOA’s.

The second term accounts for the phase mismatch caused by material dispersion
and waveguide dispersion. The phase mismatch can be expressed as

27r}‘2f2.%.l

AR ==5"""1

(3.15)

where %\-‘l is the group index dispersion. Using dd’f\ ~ —0.7 yum™~!, measured by Hall

et al. [13], and I = 650 um, the phase mismatch at f = 1.7 THz is estimated to be

—0.22, which can be ignored in comparison with the first term for a typical SOA gain
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of about 15 dB. Even for a detuning frequency up to 4 THz, the phase mismatch,
—1.21, can be ignored, since, as shown in Eq. (3.14), the four-wave mixing signal

power is proportional to [(first term)? + (Akl)?]~1.

3.3 Discussion

As indicated in Egs. (3.9) and (3.14), the four-wave mixing signal power as a func-
tion of detuning frequency gives essentially the frequency-domain response function of
the contributing semiconductor dynamics. Quantitative characterization of the four-
wave mixing spectra can therefore provide important information concerning these
dynamics. Previously, its time-domain counterpart, pump-probe measurement us-
ing ultra-short optical pulses [14]-[16] has been the only direct technique to probe
ultrafast dynamics in semiconductor active layers. Four-wave mixing spectroscopy
of semiconductor dynamics presents data in a form that is complementary to these
femtosecond studies, i.e. frequency-domain versus time-domain. Experimental imple-
mentation of this frequency-domain technique to probe semiconductor dynamics will
be detailed in the next chapter.

Physically, the term (l)E,(I)E;(l) in Eq. (3.14) represents the strength of the
dynamic gratings induced by optical beating of pump and probe fields. An additional
factor of E,(l) arises from the fact that the four-wave mixing signal is generated
through the scattering of the pump wave from these dynamic gratings. Since both
pump and probe experience an optical gain of GG, the SOA’s single-pass gain acts

three times in the expression for the four-wave mixing signal Eg(l). This point is
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critical to implementation of efficient broadband wavelength conversion in SOA’s.
We will experimentally illustrate this point in our experimental study of broadband

wavelength conversion described in Chapter 6.
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Chapter 4

Terahertz Four-Wave Mixing
Spectroscopy of Intraband

Dynamics

4.1 Introduction

As discussed in the previous chapter, four-wave mixing in semiconductor optical am-
plifiers (SOA’s) can be used as a spectroscopic tool for analysis of intraband dynamics
in semiconductor active layers. Important information regarding these dynamics such
as relaxation time constants can be extracted from analysis of measured four-wave
mixing signal spectra, i.e., four-wave mixing signal power versus detuning frequency.

Early four-wave mixing experiments were limited to detuning frequencies of a few
hundred GHz [1]-[3]. For example, in an experiment reported by Tiemeijer [1], the

four-wave mixing response was found to be consistent with carrier heating, but the
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equivalent temporal resolution of the experiment, related to the maximum detuning
frequency fiaz bY 1/ 27fmaz, was not sufficient to resolve spectral hole burning. In
another study [2], only spectral hole burning was inferred from the data, but no
time constant was determined, also owing to the limited detuning frequency in the
experiment.

The first four-wave mixing experiment that extended detuning frequencies into
THz regime was performed in our group [4]. The maximum detuning in this study
was as large as 1.7 THz, which corresponds to a sub-100 fs equivalent temporal res-
olution (94 fs). Contributions to four-wave mixing from both carrier heating and
intraband carrier-carrier scattering were observed for the first time. This chapter
presents the details of this experiment and a discussion of the experimental results.
Since then, a number of similar experiments with THz detuning frequencies have been
reported by other research groups and these studies also confirmed the simultaneous
presence of carrier heating and spectral hole burning [5],[6]. In addition, we have re-
cently developed a novel four-wave mixing configuration [7] to study inter-well carrier
transport in semiconductor quantum well amplifiers. This work will be detailed in

the next chapter.

4.2 Four-Wave Mixing Measurements

In order to perform four-wave mixing spectroscopic measurements in an SOA, there
are some basic experimental requirements that must be met. First of all, two single-

frequency lasers are needed for the pump and probe sources, and at least one of them
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must be tunable. In our four-wave mixing studies, we used 1.5 um, single frequency,
widely tunable Erbium-doped fiber ring lasers [8]. These ring lasers are unidirectional
laser oscillators in which fiber optical isolators are used to make the laser to operate
in one direction and two tunable fiber Fabry-Perot (FFP) filters are employed as both
wavelength selecting and tuning components.

Figure 4.1 illustrates the schematic diagram of the fiber laser structure and the
concept of cascaded narrowband (free spectral range 6 GHz, finesse 100) and broad-
band (free spectral range 4 THz, finesse 100) FFP filters. These two cascaded FFP
filters forced the laser to lase in a single longitudinal mode. Polarization controllers
and a pigtailed polarizer were used to control the polarization state of the laser,
as well as to eliminate the competition between different polarization modes. The
laser output was coupled out of the resonator through a fiber optic bidirectional cou-
pler. Typical output power was in the range of 1 ~ 2 mW, depending on the lasing
wavelength and pump power. The side-mode suppression and laser linewidth were
measured to be about 70 dB and 4 kHz, respectively [9]. By electrically tuning the
broadband FFP filter, the laser wavelength can be tuned over ~ 30 nm, corresponding
to the free spectral range of the broadband FFP filter. These characteristics make
these fiber lasers ideal sources for the four-wave mixing studies.

The SOA’s used in this four-wave mixing study were tensile strained or compres-
sively strained InGaAs/InGaAsP multiple quantum well traveling amplifiers operat-
ing in the spectrum of 1.5 pm. They were designed and fabricated by M. A. Newkirk

and B. I. Miller at AT&T Bell Laboratories [10],[11].
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The band diagram of the tensile strained amplifier [10] is shown in Figure 4.2.
The structure was grown by atmospheric pressure metalorganic vapor phase epitaxy
(MOVPE). The wells and barriers were approximately 160 and 270 A thick, respec-
tively. The wells were Ing 39Gag ¢ As and were under tensile strain of 1%. The barriers
were compressively strained InGaAsP (E,; = 0.95 eV) with about 0.15% of strain to
partially compensate the tension in the wells. After the growth of the wafers, optical
amplifiers were made using two additional MOVPE regrowths for blocking layers and
p-type cladding layers. The amplifiers had 650 gm long gain sections and 20 — 40 ym
long window sections at both ends adjacent to the facets. Single SiO layers were used
for anti-reflection coatings on the facets. The residual reflectivities of these amplifiers
were estimated to be about 8 x 1075. The small signal gain of this tensile strained
amplifier measured at several bias currents is also shown in Figure 4.2. High optical
gain (> 20 dB) for TM-polarized input was obtained and gain ripple was negligible
(< 0.2 dB). We also found in the measurements that the TE gain was very low, about
15 dB below the TM gain at 150 mA.

The compressively strained amplifier [11] was also grown using MOVPE. The base
wafer comprises a strain-compensated 1.5 ym wavelength multiple quantum well gain
layer on top of a 2800 A thick InGaAsP passive waveguide. A three quantum well
stack is composed of six 30 A thick InGaAs wells with 1.3% compressive strain sep-
arated by 125 A thick InGaAsP barriers (E, = 1.0 V) having 0.2% tensile strain.
The device used the semi-insulating planar buried-heterostructure configuration. 3

pm wide mesas were created by standard photolithography and wet chemical etching,
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followed by two MOVPE regrowths for current blocking, cladding and p-type con-
tacting layers. The compressively strained amplifiers had a similar window structure
for suppressing the facet reflectivity. The small signal gain at 1.55 pm for 150 mA
bias current was measured to be about 16.3 dB with negligible gain ripple.

A typical experimental setup for THz four-wave mixing spectroscopy is shown in
Figure 4.3. The optical outputs from the pump and probe fiber lasers were combined
using a 3 dB fiber coupler, and then coupled into the SOA using microscope objectives.
The optical power coupled into the SOA was about 250 uW. Two fiber polarization
controllers were employed to match the polarization state of input pump and probe
to a specific SOA polarization mode, i.e., TM polarization for the tensile SOA, TE
polarization for the compressive SOA. Two optical isolators were placed before and
after the SOA to eliminate feedback caused by the facets of the input and output
fibers, and also to serve as polarization selectors.

During the measurements, the pump laser wavelength was fixed at 1534 nm, while
the probe was tuned to vary the detuning frequency f. The four-wave mixing signal
was measured by a high-sensitivity heterodyne detection system, as illustrated in
Figure 4.3, in which the four-wave mixing signal was mixed with a tunable fiber
laser local oscillator using a beam splitter/combiner. This local oscillator was tuned
relative to the signal frequency to generate an IF beating note at the pin detector, and
the IF mixing frequency was maintained at a constant value of 4.00 GHz throughout
the measurements. This ensured that the frequency response of detection electronics

would not affect the measured results. The detected photocurrent was amplified
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by a microwave amplifier with 40 dB gain and then measured using a spectrum
analyzer (Tektronix 2782). The detuning frequencies were determined using an optical
spectrum analyzer (Hewlett-Packard 70950A). Optical powers of the pump, probe
and local oscillator were also measured, so that the measured four-wave mixing signal

could be normalized.

4.3 Analysis of Experimental Results

Using the experimental configuration as shown in Figure 4.3, the four-wave mixing
signal was measured for both the tensile and compressively strained SOA’s. The
largest detuning frequency in the measurements was 1.7 THz, limited only by the
tunability of one of the fiber lasers used in the experiment. The signal level at the
maximum detuning frequency was still 10 ~ 20 dB above the noise floor, owing to the
narrow linewidth and low intensity noise of the fiber lasers. The normalized signal
power as a function of detuning frequency is illustrated in Figure 4.4 where a tensile
strained SOA was measured, and in Figure 4.5 where a compressively strained SOA
was measured.

To understand the experimental data, we first need an explicit expression for
the four-wave mixing signal power as a function of the detuning frequency. Using
Egs. (3.9) and (3.14), the expression for the four-wave mixing signal power can be
written as

1 |2

1 -2 fr; (41)

3
PFWM:PPQPq | ZCJ

j=1

where P, and F, are powers of pump and probe at the SOA output; {C;} are complex
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coupling coefficients representing contribution to four-wave mixing from carrier den-
sity modulation, carrier heating and intraband carrier-carrier scattering, respectively.

They are given by

_goS(l)l 1- iOlj

C; = 0,460 P forj=1, 2
g()S(l)l (1 — ’iOé3 T3 1-— ia2>
_ , _ T 4.2
Cs 0.46G P B (42)

We then use Eq. (4.1) to fit the experimental data. The dashed line in Figure 4.4
represents the four-wave mixing response accounting only for carrier density modu-
lation, i.e., only the first term in Eq. (4.1) is used. As shown in Figure 4.4, this one
term fit apparently can not explain the measured data. The deviation of the measured
response from this one term fit indicates the presence of contributions from the in-
traband relaxation mechanisms. In addition, the asymmetric nature of the four-wave
mixing signal spectrum with respect to positive and negative detuning is believed to
result from phase interferences which occur between the various contributing mecha-
nisms. Since the positive detuning data show constructive interferences, we estimated
a relaxation time constant of about 650 fs for an ultrafast intraband mechanism using
the positive signal spectrum. We then fit the measured data with these two terms.
However, as shown in Figure 4.4, the two term response is insufficient to provide a
good fit over the whole signal spectrum. It was then found that a third term having
a lifetime of less than 100 fs was required to obtain a good fit.

Using Eq. (4.1), excellent fits were obtained for both positive and negative detun-
ing data with the same parameter set (as shown in Figure 4.4 for the three term fit).

The fitting parameters used in Figure 4.4 are as follows: 73 = 200 ps, 7, = 650 fs,
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13 = 50 fs, C, = 0.24, Cy = 0.0027¢2%° C5 = 0.00048¢**83. We note that there can
be an arbitrary global phase factor in the complex coupling coefficients, as can be
seen from Eq. (4.1).

The compressively-strained SOA data, shown in Figure 4.5, are also accompanied
by theoretical fits using Eq. (4.1). The fits were obtained using the same relaxation
time constants as for the tensile device, but using different complex coupling coeffi-
cients: C; = 0.24, Cy = 0.0027¢%2 72, C3 = 0.00023e***3. Very good fits were obtained
for both positive and negative detuning frequencies, as shown in Figure 4.5.

The time constant of 650 fs obtained in this study is in good agreement with
the results of previous measurements of carrier heating in both time-domain [1] and
frequency-domain [12],[13]. The time constant for the fastest intraband mechanism
used in the fit is 50 fs. However, it is important to note that the fit is relatively
insensitive to this parameter (empirically we can obtain good fits provided 73 < 100 fs)
because the time resolution, or equivalently, the detuning frequency, is still limited in
the measurements. Therefore, this time constant and its associated C parameter used
in the fit give somewhat qualitative information on the fastest mechanism. However,
the fact that a third term, having a time constant of < 100 fs, is required to obtain
a good fit clearly indicates the presence of additional ultrafast intraband processes.
They are believed to be related to intraband carrier-carrier scattering, i.e., spectral
hole burning and the initial thermalization of carrier heating, as discussed in our

theoretical analysis.
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4.4 Conclusion

Since gain and index gratings both contribute to the four-wave mixing process, the in-
terpretation of four-wave mixing experimental results is somewhat more complicated
than in the case of time-domain measurements, where gain and index contributions
can be separated [12],[13]. However, the different interference behaviors present in
positive and negative detuning signal spectra considerably facilitate theoretical anal-
ysis of the experimental data in four-wave mixing. Furthermore, the measurement
presents data in a form that is complementary to femtosecond studies, i.e., frequency-
domain rather than time-domain, and is inherently a small signal approach. This
latter point may explain the good agreement we find between a simple model and our

data.
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Chapter 5

Inter-Well Carrier Transport

Dynamics

5.1 Introduction

Carrier transport in quantum well lasers and amplifiers is a complicated and nonlinear
process which has been shown to affect both the static and dynamic performance
characteristics of these devices, including the maximum modulation bandwidth of
quantum well lasers [1]. Shown in Figure 5.1 is the conceptual band diagrams of a
bulk laser and a quantum well laser. In a bulk laser, carriers are injected directly
into the gain region where they participate in the lasing process. Gain nonlinearities
in bulk lasers are therefore essentially material dependent, through mechanisms such
as carrier heating and spectral hole burning. In contrast, gain region in a quantum
well laser is embedded in a large optical confinement region. To contribute to the

optical gain, the injected carriers have to take an additional step, i.e., reaching the
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bottom of the wells, as illustrated in Figure 5.1. This results in a structure-dependent
nonlinearity, often referred to as well-barrier hole burning [2].

Carriers in the well regions, confined in one dimension and having discrete energy
bands, can be considered as two-dimensional (2-D) carriers. Carriers in the confine-
ment and barrier regions could be treated quantum mechanically, for instance, by the
wave packet formalism [3]. For simplicity, however, these carriers are often treated
as three-dimensional (3-D) carriers whose transport is by diffusion and drift. The
classical treatment has been supported by a number of experimental studies, such
as photoluminescence [4], pump-probe [5],[6] and modulation response measurements
[7],[8]. The overall carrier transport process can thus be considered to include cap-
ture and escape of carriers between unconfined 3-D and confined 2-D quantum states
in the well regions, as well as diffusion and drift of 3-D carriers across the confine-
ment region and between wells in the barrier regions. The overall carrier transport
process is also conceptually illustrated in Figure 5.1. Since Rideout et al. [2] first pro-
posed a well-barrier hole burning model, a number of theoretical and experimental
investigations [4]-[11] have studied these processes.

As presented in the previous chapter, four-wave mixing in semiconductor traveling-
wave amplifiers has in recent years been demonstrated as an important frequency-
domain technique for study of carrier dynamics in semiconductor active layers [12]-
[17]. In this chapter, we describe the first investigation of inter-well transport using a
novel four-wave mixing technique that selectively excites and probes adjacent quan-

tum wells according to strain, thereby studying inter-well carrier transport [18].
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5.2 Cross-Polarized Four-Wave Mixing Experiments

The semiconductor optical amplifier (SOA) used in the measurement was an In-
GaAs/InGaAsP multiple quantum well traveling-wave amplifier operating at 1.5 pum
[19]. The active layer contains six alternating-strain (tensile and compressive) In-
GaAs quantum wells. It is known that the tensile wells provide predominantly TM
gain, while the compressive wells provide TE gain but have vanishing TM gain. The
scheme of both tensile and compressively strained wells in the same active region was
originally designed to eliminate the polarization sensitivity of the amplifier gain [19].
Indeed, the measured gain spectra indicate a gain insensitivity of less than 1 dB on
the average over the amplifier gain bandwidth.

Similar to the amplifiers described in the previous chapter, the alternating-strain
device was grown by atmospheric pressure MOVPE. As shown in Figure 5.2, the base
wafer comprises the tensile/compressive gain layer on top of a 3200 A thick InGaAsP
passive waveguide. The quantum well stack is composed of three 35 A thick InGaAs
wells with 1.0% compressive strain and three 160 A thick InGaAs wells with 1.0%
tensile strain. The wells are alternately tensile and compressive, separated by a 100
A thick lattice matched InGaAsP barrier (E, = 0.95 V). 620 um long active sections
were then defined by selective etching down to the Waveguidé layer. The device also
used the semi-insulating planar buried-heterostructure configuration. 2.5 ym wide
mesas were created by standard photolithography and wet chemical etching, followed
by two MOVPE regrowths for current blocking, cladding and p-type contacting layers.

The passive waveguide extends 15 um beyond the active section at each end. To
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minimize reflections from the cleaved facets, the passive waveguide was terminated to
form a 35 pm long window at the input and output. The facets were also antireflection
coated with a single SiO layer to achieve modal reflectivity < 1 x 10~%. At a bias
current of 150 mA, the amplifier was measured to have an optical gain of about 14.5
dB at 1.55 ym for both the TE and TM polarizations.

We made use of this special device structure to selectively excite and probe ad-
jacent wells according to polarization. As illustrated in Figure 5.2, input beam 1,
having optical frequency f; and a given polarization (either TE or TM), and input
beam 2, having optical frequency fs and a polarization at an angle of 45 degrees with
respect to beam 1, were coupled into the SOA. For the configuration shown in Figure
5.2, beating of the TM-polarized beam 1 and the TM component of beam 2 excites
carriers in the tensile wells through interband transitions. As a result, a TM-polarized
four-wave mixing signal at 2 f,— f; was generated. This conventional four-wave mixing
is referred here as co-polarized four-wave mixing. On the other hand, while carriers in
the compressively strained wells do not experience the optical beating because of the
polarization selection rule, the excited carriers in the tensile well regions can be trans-
ported to the neighboring compressive wells. The TE-polarized component of beam
2 then probes this transported carrier dynamic in the compressive wells, leading to
the generation of a TE-polarized four-wave mixing signal also at 2f, — f;. We refer to
this process as cross-polarized four-wave mixing. Since the cross-polarized four-wave
mixing process involves inter-well carrier transport, the observed difference between

the co- and cross-polarized signal spectra gives information about inter-well carrier
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transport. Measurements of co- and cross-polarized four-wave mixing can therefore
be used as a frequency-domain tool for analysis of the inter-well transport processes.

The experimental arrangement for this study was similar to what we have de-
scribed in the previous chapter except here the input beams were combined using a
beam splitter to allow independent polarization control. The co- and cross-polarized
four-wave mixing signals were measured using the same heterodyne detection system
as shown in Figure 4.3 in which the SOA output, after passing a polarizer (selecting
TE or TM polarization), was mixed with a tunable fiber laser local oscillator. Using
this experimental setup, we carried out co- and cross-polarized four-wave mixing mea-
surements in which either the tensile wells were selectively excited with TM-polarized
pumps, or the compressive wells were selectively excited with TE-polarized pumps.
Figure 5.3 shows the measured four-wave mixing signal powers, normalized by the
pump and probe amplitudes, plotted versus the detuning frequency fo — f; up to 1

THz for various pump-probe polarization configurations.

5.3 Analysis of Experimental Results

As shown in previous conventional four-wave mixing studies [12]-[17], contributing
mechanisms to four-wave mixing are interband carrier number modulation and intra-
band occupancy modulation. The former is characterized by the interband carrier
lifetime which is on the order of several hundred picoseconds in quantum well ampli-
fier devices. The latter typically includes dynamic carrier heating and spectral hole

burning. For the detuning frequencies measured in this measurement (up to 1 THz),
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four-wave mixing is dominated by carrier number modulation and carrier tempera-
ture modulation, i.e., the first two terms in Eq. (4.1) provide dominant contributions
to the four-wave mixing signal.

The cross-polarized four-wave mixing signal spectra, as shown in Figures 5.3(a)
and 5.3(c), are symmetrical at low frequencies with respect to positive and negative
detuning, in contrast to the co-polarized signal spectra which exhibit a steady asym-
metry, as shown in Figures 5.3(b) and 5.3(d). Since this asymmetry results from signal
phase interferences between the contributing four-wave mixing mechanisms, namely,
carrier number modulation and carrier temperature modulation in this study, the dif-
ference between the co- and cross-polarized four-wave mixing signal spectra indicates
that phase interferences are stronger in the case of co-polarized four-wave mixing
versus the case of cross-polarized four-wave mixing. This suggests that carrier num-
ber modulation and carrier temperature modulation experience different transport
efficiencies.

The inter-well carrier number transport can be approximately described as a three-
step process, as shown in Figure 5.1. First, 2-D carriers in the excited well are coupled
to the 3-D states in the same well through quantum capture/escape processes. These
3-D carriers are then transported to the nonexcited wells through the combined effect
of diffusion and drift. Finally, also through carrier capture/escape processes, the
transported 3-D carriers fall into the 2-D states in the nonexcited well, where they
contribute to the cross-polarized four-wave mixing signal. For carrier temperature

modulation, in addition to the above-mentioned processes, carrier-carrier scattering
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can also assist the temperature transport.

During the inter-well transport process, the two modulations (carrier number and
temperature) experience different damping mechanisms, i.e., transport of carrier num-
ber modulation is damped by spontaneous interband carrier recombination, while the
carrier temperature modulation is damped by carrier-lattice interactions having a
much shorter relaxation time. These widely different damping rates can considerably
affect the corresponding inter-well transport efficiencies.

To illustrate, we calculate the trans-barrier transport efficiency by considering 3-D
carrier transport from an excited well to the adjacent nonexcited well using a simple
one-dimensional (1-D) diffusion equation

oW PW W

ot Oy? T

(5.1)

where W represents either carrier number or temperature. D and 7 are the diffusion
constant and lifetime associated with the respective modulations. The modulation at
the excited well (y = 0) is given by W = Wj exp(—iQt), where /27 is the detuning

frequency. The solution to Eq. (5.1) is found to be

W(yt) = Woexp (—% -i--mqm) (5.2)

The trans-barrier transport efficiency is then given by

( = exp (—71_)— ;—ZQ) (5.3)

where s is the separation between adjacent wells.
Since the carrier number damping time (~ 1 ns) is much longer than the tem-

perature damping time (~ 1 ps), carrier temperature modulation transport is much
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less efficient than carrier number transport, particularly at low detuning frequencies.
Here we have assumed comparable diffusion constants for the two modulations in the
above discussion. Another contributing mechanism to the trans-barrier transport is
drift of 3-D carriers caused by internal fields. The drift process, like the diffusion
process, also favors the mechanism having the longer time constant so that, assuming
all other factors are comparable, carrier number transport is again expected to be
more efficient than the carrier temperature transport.

Similarly, the efficiency associated with the escape/capture dynamics are also
subject to the damping effect. Widely different relaxation time constants for the two
modulations should lead to very different efficiencies in the escape/capture process.
We would therefore expect overall inter-well transport to exhibit a higher efficiency for
the carrier number modulation than for the temperature modulation. Consequently,
phase interferences are suppressed in the cross-polarized measurement, causing the
highly symmetrical spectra. This qualitatively explains the observed difference be-
tween the co- and cross-polarized spectra shown in Figure 5.3.

The co- and cross-polarized four-wave mixing signals, as shown in Figure 5.3,
exhibit comparable amplitudes at low frequencies. Furthermore, the cross-polarized
four-wave mixing data in Figures 5.3(a) and (c) do not show any roll-off induced by
the carrier number transport, i.e., beyond the 20 dB/decade roll-off caused by the
interband modulation within the excited wells. This indicates that carrier number
modulation, which is responsible for the low frequency data, is coupled from excited

wells to nonexcited wells with little loss. This agrees qualitatively with a calculation
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of the trans-barrier transport efficiency function which gives |¢| > 78% for 7 = 1 ns,
D =5 cm?™', s = 100 A and Q/27r < 100 GHz. The data measured in this study
also suggest that the inter-well carrier number transport in the present device is fast
enough so that carrier number modulation in nonexcited wells behaves as if it were
generated within these wells for frequencies at least as high as 100 GHz. Beyond this
frequency the modulation data is obscured by the presence of additional mechanisms,
making prediction of a definitive upper transport rate impossible.

It should be mentioned that carrier heating induced by free-carrier absorption is
not strain selective. Specifically, it can take place in both types of wells when pumps
are TE-polarized, but it is inhibited in all wells when pumps are TM-polarized due to
the quantum well confinement barrier. Therefore, temperature modulation within the
nonexcited wells is potentially significant in the case of TE pumps. This might explain
the observed difference in the two sets of cross-polarized spectra at low detuning
frequencies, where data with TE pumps show an earlier onset of reduced symmetry,

i.e., more phase interference between carrier number and temperature modulations.

5.4 Conclusion

We have presented in this chapter the measurements of co- and cross-polarized four-
wave mixing up to 1 THz in a SOA having alternating tensile and compressively
strained quantum wells. The effect of inter-well carrier transport on four-wave mix-
ing signal spectra is observed and an explanation is provided by noting the different

transport efficiencies for carrier number and temperature modulations. A lower bound
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of inter-well carrier number transport of 100 GHz is estimated by analyzing the mea-
sured data. It is important, however, to point out that the complexities of this system

require a more sophisticated theoretical treatment.
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Chapter 6

Broadband Four-Wave Mixing

Wavelength Conversion

6.1 Introduction

6.1.1 Fiber-Optic Communications

A communication system transmits information from one place to another, whether
separated by a few kilometers or by transoceanic distances. If information is carried by
an electromagnetic wave in the optical spectrum (carrier frequency ~ 100 THz), such
communication systems are called lightwave systems to distinguish from microwave
systems whose carrier frequency is typically smaller by five orders of magnitude (~ 1
GHz). Fiber-optic communication systems are lightwave systems that employ optical
fibers as the transmission medium.

The key idea for optical fiber communications was proposed in 1966 in a publica-
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tion by Charles K. Kao [1]. In that paper he noted that pure optical fiber was theo-
retically capable of guiding a light signal with very little loss. By 1970, loss of optical
fiber was reduced to about 20 dB/km [2]. At about the same time, GaAs semiconduc-
tor diode lasers, operating continuously at room temperature, were demonstrated [3].
The simultaneous availability of a compact optical source and low-loss transmission
media lead to a worldwide effort for developing fiber-optic communication systems.
The technologies required for fiber-optic communications have progressed since
then at an extremely rapid pace [4],[5]. These technological advances and market de-
mand for cost-effective transmission of large amounts of information have propelled
fiber-optic systems from laboratory research to widespread field deployment. Fiber-
optic transmission systems are now employed in virtually all areas of telecommunica-
tions [6]: undersea cables spanning oceans, terrestrial long-haul networks connecting
cities, trunk lines that shuttle traffic between switching offices in metropolitan ar-
eas, and subscriber loop systems that serve customer premises. More recently, the
cable-television industry has begun deploying fibers for trunking and distribution,
and optical fiber local area networks have been installed for computer networking.
Research continues today on many fronts to explore more efficient use of the ultra-
broad bandwidth of optical fibers for long-haul transport, high-throughput computer
networking and distribution of broadband services. Two distinctive efforts have been
pursued to increase transmission capacity per optical fiber: one is higher speed se-
rial transmission or time-division-multiplexing (TDM), and the other is paralleled

transmission of multiple channels at different wavelengths or wavelength-division-
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multiplexing (WDM). The former approach used to be favored since the cost of a
single high-speed optoelectronic regenerator is generally less than that of several low
speed regenerators and a pair of demultiplexer and multiplexer. Although the speeds
of electronic circuits continue to advance and optical TDM techniques are being ac-
tively explored, it is highly unlikely that the tens of THz of available fiber bandwidth
can be spanned by TDM technologies alone. Thus, WDM will be ultimately required.

The advent of Erbium-doped fiber amplifiers (EDFA’s) has hastened the move
to WDM. EDFA’s can amplify WDM signals without the need for demultiplexing
and optoelectronic regenerating the individual channels as in conventional fiber-optic
systems. This simple and elegant function, which is independent of operating data
rate, has greatly accelerated the pace at which high capacity WDM lightwave systems
are being developed. For example, in a recent WDM transmission experiment, 40
Gb/s was sent through a 1420-km-long fiber using 16 channels of 2.5 Gb/s each, with
EDFA spacings ranging from 96 km to 123 km [7]. More recently, a record-breaking
340 Gb/s was transmitted over 150 km as 17 WDM channels of 20 Gb/s each, with

EDFA’s spaced every 50 km [8].

6.1.2 All-Optical Network and Wavelength Conversion

WDM multiwavelength transmission not only increases aggregate network capacity, it
is also attractive for networking applications where wavelength selective devices may
be used for circuit access and routing. The latter point also represents the basis for the
all-optical networking that is being actively explored by researchers worldwide under

various consortia [9],[10]. In these all-optical networks, some of the network routing
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functions are all-optical, making geographical distribution of switching functions more
flexible.

Early multiwavelength all-optical networks were designed around a broadcast-and-
select concept, where all users were connected to a “passive optical broadcast star.”
The central problem in broadcast networks is that all wavelengths share the same
transmission paths. This forces the number of wavelengths to be continually increased
as new users are added to the network. While these passively routed broadcast
networks can be appropriate for local-area networks (LAN’s), they are not suitable
for larger scale networks due to the limited number of wavelengths available.

Large networks can be built by interconnecting many LAN’s based on wavelength
conversion and wavelength routing, with the same set of wavelengths used in each
LAN’s [9],{10]. Routing between LAN’s can be accomplished by shifting one of the
wavelengths from the incoming LAN, using a broadband wavelength converter, so that
it can be routed to the desired recipient LAN. This architecture makes it possible to
build multiwavelength networks in which the number of nodes is completely indepen-
dent of the number of wavelengths. Such networks are truly scalable and overcome
the limitations placed on broadcast networks by the limited number of wavelengths
available. In addition, wavelength conversion, combined with wavelength routing,
makes it possible to dynamically reconfigure the connection paths in an all-optical
network. This can potentially enhance network survivability, a network quality highly
sought after by service providers.

Because of their potential applications in all-optical networks, wavelength con-
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version devices have been extensively investigated in recent years. Demonstrations
to date of wavelength converters include: optical triggering in distribution-feedback
(DFB) lasers with saturable absorbers [11]; gain saturation in semiconductor optical
amplifiers (SOA’s) [12] and semiconductor lasers [13]; difference frequency generation
in LiNbOj3 channel waveguides [14]; and four-wave mixing in dispersion-shifted fibers
[15], semiconductor lasers [16] and traveling-wave amplifiers [17]-[{20]. Various limita-
tions with respect to tuning and modulation format are inherent with most of these
wavelength conversion techniques. However, wavelength conversion based on four-
wave mixing in SOA’s allows continuous tuning of input and output wavelengths over
the entire amplifier gain bandwidth, and the process is transparent to the modulation
format and bit-rate of the data.

In this chapter we present our results concerning conversion efficiency over wave-
length spans up to 65 nm [18], as well as a demonstration of wavelength conversion
with gain [20]. We also describe measurements of the signal to background noise ratio
and present a noise reduction technique using a selective noise filter [21]. In addition,

we describe a demonstration of wavelength conversion of modulated signals at data

rates of 2.5 Gb/s and 10 Gb/s.

6.2 Wavelength Conversion Efficiency

Using Eq. (4.1), SOA four-wave mixing wavelength conversion efficiency can be ex-

pressed by the following simple relation:

1= 3G +2I, + R(A)) (6.1)
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where 7 is the ratio in dB of the converted signal output power to the signal input
power in dBm and G is the saturated SOA optical gain in dB. Other parameters
appearing in Eq. (6.1) include the input optical pump-wave power I, (expressed in
dBm), and a quantity we call the relative efficiency function, R(AM), which is given
by

1

3
R(AN) =20log]| Z Cm * m’-

m=1

| (6.2)

where, as discussed earlier, the three terms in the summation represent contributions
to four-wave mixing wavelength conversion from the various responsible mechanisms.
A is the wavelength shift related to detuning frequency by A\ = —2X2f/c.

A crucial point is the presence of 3G in this expression. This term occurs because
the nonlinear field mixing involved in the four-wave mixing process uses the pump
wave twice and the input signal once so that overall the amplifier’s single-pass gain
acts three times. As an aside, we note that 3G in Eq. (6.1) assumes equal gain for
pump and signal waves. In general, we have 2Gpump + Ginput Where Gpump and Gigput
are pump and input signal gains, respectively.

In the present measurement, we employed a novel tandem amplifier geometry in
which two or three 1.5 um tensile-strained InGaAs/InGaAsP MQW SOA’s [22] (the
same devices used in the spectroscopy study), separated by optical isolators, were
placed in series. This tandem amplifier, having much higher optical gain, provided
a simple method for realizing higher optical gains and testing theoretical predictions
concerning conversion efficiency.

We first measured the dependence of the conversion efficiency 1 on the saturated
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single-pass SOA gain G. The experimental setup was similar to what we described
in Chapter 4 except here a tandem amplifier with two SOA’s was employed. For this
measurement, wavelengths and powers of the pump and signal waves remained fixed,
and the single-pass gain was varied by changing the bias currents of the two SOA’s
between 80 mA and 175 mA. Shown in Figure 6.1 is typical conversion efficiency
data plotted versus single-pass saturated optical gain. Conversion was measured
from 1532.0 nm to 1523.0 nm with a pump power of —5.2 dBm and an input signal
power of —11.3 dBm. The measured slope of 3.18 verified the cubic dependence of
efficiency on single-pass gain. Similar values for the slope were obtained for various
other wavelength shifts and input power levels.

The wavelength-shift dependence of the conversion process was also measured for
both wavelength up- and down-conversion. Both SOA’s used in the measurements
were biased at 150 mA. In the down-conversion experiment, the pump was fixed at
1526.0 nm with —5.3 dBm of power coupled into the first SOA wavelength converter.
The maximum wavelength down-shift measured in this study was as large as 65 nm,
corresponding to a frequency shift of 8 THz. In the up-conversion measurement, the
pump was fixed at 1549.0 nm with an input power of —6.0 dBm. Wavelength up-
conversion was measured for shifts up to 47.5 nm, corresponding to a frequency shift
of —6 THz. The conversion efficiency 7n for both positive and negative wavelength
shifts is presented in Figure 6.1, where the efficiency is normalized using Eq. (6.1)
with the typical parameter values in this study: pump power of —5.5 dBm, signal

power of —10 dBm and saturated optical gain G of 18.2 dB (corresponding to the
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total input power). The normalization may introduce a small, but negligible error
arising from slight spectral variation in the saturated SOA gain for the pump and
input signal over the wavelength spans measured. An efficiency asymmetry with
respect to positive and negative wavelength shifts is caused by phase interferences
which occur between the various contributing inter- and intraband four-wave mixing
mechanisms. The measurement of wavelength conversion up to 65 nm shows that
ultrafast four-wave mixing dynamics in SOA’s are capable of converting signals over
very large wavelength spans.

In a separate measurement where three SOA’s were used, we achieved n > 0 dB,
i.e., wavelength conversion with gain. The measured conversion efficiencies versus
wavelength shift are presented in Figure 6.2 for a pump power of —11.5 dBm and a
signal power of —15.2 dBm (SOA optical gain G was saturated to 24.2 dB at this
input power level). Conversion efficiencies greater than 0 dB, as shown in Figure 6.2,
were achieved for down-conversion up to ~ 7.0 nm and for up-conversion over ~ 2.0
nm. Conversion efficiency remained as high as 14% for down-conversion shifts as large
as 23.9 nm. This was the first demonstration of broadband SOA four-wave mixing
wavelength conversion with gain, indicating high conversion efficiency is possible with
SOA four-wave mixing wavelength converters. In addition, we also confirmed the
cubic dependence of conversion efficiency on the single-pass gain, as also shown in

Figure 6.2.
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6.3 Noise Properties and Noise Reduction

6.3.1 Noise Properties

In SOA four-wave mixing wavelength conversion demonstrations to date, either the
input signal is preamplified by an EDFA before being coupled into the SOA mixer
[17],[19], or, as described in the previous section, a tandem SOA structure which
provides high single-pass gain is used [18],[20]. In the latter case, the first SOA
essentially serves as a preamplifier since the nonlinear mixing takes place primarily in
the last segment of the tandem amplifier where the pump and input signal fields are
strongest. The preamplification which occurs in each of these approaches is crucial
to improving overall converter performance.

For a preamplifier having linear optical gain G, and spontaneous emission factor
nk,, at the preamplifier output, the spontaneous noise power spectral density for one

polarization state is given by
) = GySl) + 1y (G 1) 63)

where S% (V) is the spontaneous noise power spectral density at the preamplifier’s
input and hv is photon energy. The two terms in the above formula originate from
amplification of any input excess noise and introduction of spontaneous noise by the
preamplifier. Assuming a coupling efficiency of k,, to the SOA mixer, the spontaneous
noise coupled to the mixer is given by ST = K, Shy:.

The spontaneous noise power spectral density of one polarization at the mixer’s



79

output can be written as
m(v) = GuSh)+ mm(Av)Sh(v — Av) + Ny (Gm - 1) hv (6.4)

where G, and nj, are the SOA’s saturated single pass linear gain and spontaneous
emission factor, respectively; n,,(Av) is the conversion efficiency of the SOA mixer
for frequency shift Av, defined as the ratio of converted signal power at the mixer’s
output to input signal power coupled into the mixer. Physically, the three terms
on the right side in Eq. (6.4) represent amplified input excess noise, converted input
noise, and spontaneous noise introduced by the SOA mixer, respectively.

Normally, a narrowband optical bandpass filter is used at the SOA mixer’s output
to remove the amplified pump and input signal, leaving only the converted signal.
Upon detection of the converted signal, the photocurrent can be written as [ = I4+1,
where I, = kgRP%*(v,,) is the signal and ¢ represents current fluctuations which
include the effects of shot noise, thermal noise and spontaneous noise. Here, kg4 is
the coupling efficiency from the mixer’s output to the detector, R is the detector’s

responsivity and P, (v.) is the power of the converted signal (at optical frequency

out

Ves) at the mixer’s output. Under most circumstances the variance o2 = (i%) of

current fluctuations is dominated by signal-spontaneous beat noise in which case the

total current fluctuation (i?) is given by

(i%) ~ o? = AKZR? P, (V) ST (Ves ) A far (6.5)

sp—sig

where Af,; is the receiver’s electrical bandwidth. Signal to noise ratio (SNR) can



80

therefore be given by

m (“dRP"m“t(”“))z P (v

SNR B 02 - 4H¢21R2P0T1t(ycs)5(%t(Vcs)Afel - 4S¢§7Lt(VCS)Af€l

(6.6)

As Eq. (6.6) indicates, optical SNR Py (Ves)

N A T (A fop is the normalization optical
out\”¢cs o

bandwidth), i.e., the ratio of converted signal to background spontaneous noise in
the converted signal band, is an important parameter for a wavelength converter.
It directly affects the electrical SNR at the receiver, which in turn affects the bit-
error-rate (BER) performance of a lightwave communication system. In the first
experiment that we described in Section 6.2 where the tandem amplifier with two
SOA’s was used, optical SNR (Af,, = 0.1 nm) for a total input power level of —4.2
dBm (as used in Figure 6.1) was measured to be about 15 dB for —5 nm of shift and
steadily dropped to 0 dB slightly beyond —65 nm of shift.

Improvement in the optical SNR can be expected with higher total input power
(pump plus input signal) because optical SNR increases with the total input power.
Shown in Figure 6.3 is measured converted signal power, spontaneous noise power
(Afsp = 0.1 nm), and optical SNR as a function of total input power for a 5 nm
wavelength down shift. The maximum optical SNR is 20.8 dB for —0.7 dBm of total
input power. It results because of reduction of spontaneous noise in conjunction with
increasing converted signal power as the amplifier saturates. As the total input power
increases, both G, and Gy, are reduced as the result of gain saturation; therefore, the
spontaneous noise at the mixer output decreases. The fact that converted signal
power continues to increase in this regime is due to its cubic dependence on total

output power at a fixed pump to signal power ratio, as indicated by the following
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equation derived from Eq. (6.1):

Im

out

(ves) = 310

out

+ R(AX) + 101log (6.7)

Ty

where I™

™ (v.s) is the converted signal power in dBm, r is the ratio of amplified input

signal to amplified pump and I, (expressed in dBm) is the total output power, i.ce.,

the amplified pump power plus the amplified input power.

6.3.2 Noise Reduction

Spontaneous noise from the preamplification stage that resides in the conversion fre-
quency band constitutes a major part of the noise at the converter’s output, as indi-
cated in Eq. (6.4). We refer to this component as the direct noise component. Unlike
normal applications of optical preamplifiers in which amplification and spontaneous
noise are inextricably connected, direct spontaneous noise associated with optical
preamplification can, in principle, be eliminated, thereby vastly improving overall
converter function. This can be done by introducing a filter between the preampli-
fier and the mixer which removes the preamplifier spontaneous noise component in
the spectral vicinity of converted signal wavelength. This is possible since removal
of noise components in the converted signal band at the mixer’s input will have no
effect on the subsequent mixing process. Such a filter which attenuates the converted
signal bands by a factor of v but leaves the input signal and pump bands unaffected

will lead to a spontaneous noise reduction in dB given by

S+ LF™hy
S/ + 3Fyhy

Noise Reduction = 10log (6.8)



83

where F[" = 2ng; (1 — é) is the SOA mixer’s amplification noise figure. The con-
verted input noise, which is normally much smaller than the amplified noise and the
spontaneous noise introduced by the mixer, has been ignored in Eq. (6.8). It should
be noted, however, that this converted noise would be the only remaining noise in an
optimal converter scheme, as will be discussed later in this chapter.

Since the spontaneous noise introduced by the SOA mixer can be written as
%GmF,ThV, the term %Fg"hz/ can be viewed as the equivalent input noise power spec-
tral density of the SOA mixer. The effectiveness of this noise reduction technique,
as indicated in Eq. (6.8), strongly depends on the relative magnitude of the input
noise power spectral density S} coupled into the SOA mixer and the equivalent input
noise power spectral density of the SOA mixer %Fﬁ”hi/. The former, in turn, strongly
depends on the excess noise of input signal and the preamplification gain, and the
latter depends on the SOA mixer’s noise as characterized by its amplification noise
figure. Using F* = 8 dB and hv = 0.809 eV, the calculated noise reduction is plotted
in Figure 6.4 versus S} for various filter extinction ratios v.

We have experimentally verified this idea of noise reduction. A tunable erbium-
doped fiber ring laser and a DFB laser were used as pump and input signal sources.
The SOA mixer was the tensile strained InGaAs MQW amplifier [22] used in the
spectroscopy study described in Chapter 4. An EDFA was used as the preamplifier
for both the pump and input signal, followed by a fiber notch filter having 0.96 nm
bandwidth, 14 dB extinction ratio centered at 1529.8 nm and near unity transmission

outside of the filter band. The total optical power of the pump and input signal into
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Figure 6.4: Upper figure shows noise reduction versus the spontaneous noise power density
S™ at the SOA mixer’s input; Lower picture illustrates the spectra of the SOA mixer’s
output for SI' = —46.0 dBm (left) and S}y = —36.7 dBm (right) showing spontaneous
noise reduction. The small peak between the pump and input signal is a side mode of the

DFB laser. Vertical scale: 10 dB/div; Horizontal scale: 1 nm/div.
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the preamplifier was attenuated to vary the EDFA gain and thus the spontaneous
noise power spectral density S. The measured noise reduction versus 57, is also
presented in Figure 6.4 where a good agreement with theory can be seen. Also shown
in Figure 6.4 are measured spectra of the SOA mixer’s output where significant noise

reduction is visible.

6.3.3 Optimal Converter Structure

The theoretical analysis and measurements described in this paper also suggest new
considerations for optimal converter structures. Overall optical gain of the preampli-
fier and the SOA mixer has been previously shown to be crucial for high conversion
efficiency. However, spontaneous noise introduced in the overall conversion process
can considerably degrade the signal to noise ratio. To combat this problem, we pro-
pose to completely separate the functions of gain and nonlinearity.

In an optimal converter structure, the first stage would consist of two optical
preamplifiers for the pump and input signal, respectively. Separate amplification of
pump and input signal is advantageous because of better noise performance. Each of
the preamplifiers is followed by a noise filter that removes spontaneous noise outside
the pump band or input signal band. The third stage of the wavelength converter is
the nonlinear mixer, which can be a highly saturated SOA, or a properly designed
semiconductor waveguide with energy gap greater than the photon energy (Eyqp >
hv). In the former case the introduced spontaneous noise, as given by n (G —1)hv,
depends on the SOA mixer saturation level, while in the latter case virtually no

spontaneous noise is introduced by the mixer.
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With this proposed structure, the high-gain preamplifiers provide high optical
power into the mixer thereby maintaining efficient wavelength conversion in the mixer;
however, they do not significantly contribute to the output spontaneous noise since
filters can, in principle, eliminate the direct spontaneous noise in the converted signal
band. Ideally, by using below gap mixing, only the converted spontaneous noise would
remain in Eq (6.4). This would mean that signal to noise degradation would occur
primarily in the preamplifiers, provided that the subsequent nonlinear wave mixing is
efficient enough to ensure that, upon detection of the converted signal , the shot noise
would not be a significant noise source. The mixing efficiency depends not only on the
mixer’s intrinsic parameters including the third order susceptibility and interaction
length, but also on the preamplifier gain which determines powers of the pump and
input signal at the mixer input. High gain preamplifiers are therefore also crucial to

the noise performance of the overall conversion process.

6.4 Wavelength Conversion of Modulated Signal

We have characterized SOA four-wave mixing converters using a CW laser source as
the input signal. These measurements have provided a good physical understanding of
some of the most important converter characteristics such as conversion efficiency and
noise properties. The understanding of these characteristics is essential to the design
and optimization of these converters. In the meanwhile, we have begun to study four-
wave mixing wavelength conversion from system’s perspective. Wavelength conversion

of 2.5 Gb/s and 10 Gb/s ASK data has been demonstrated and preliminary results
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of this measurement are presented in this section.

A schematic diagram of the experimental setup used to demonstrate wavelength
conversion of modulated signal is shown in Figure 6.5. The signal laser, a DFB laser
operating at 1559.4 nm, was directly modulated at either 2.5 Gb/s or 10 Gb/s by a
pseudorandom bit pattern of length 27 — 1 supplied by a signal generator (Hewlett-
Packard 70340A). The pump source was a tunable fiber-ring laser as shown in Figure
4.1, except here a tunable fiber-pigtailed interference bandpass filter with a band-
width of about 1.5 nm was used in place of the broadband fiber Fabry-Perot filter.
The outputs of the pump and signal lasers were combined using a 90/10 fiber-optic
bidirectional coupler (pump 90%, signal 10%), and co-amplified in an Amoco EDFA
with a maximum output power of 18 dBm. This preamplifier was followed by a fiber-
grating notch filter having a 11.5 dB, 3 A notch centered at 1551.5 nm. Although
this converter structure was not quite the optimal structure that we proposed in the
previous section, use of the notch filter, as we have discussed and will demonstrate,
considerably reduced the excess noise from the preamplifier stage.

The SOA employed in the experiment was the tensile strained InGaAs MQW
amplifier [22] used in the spectroscopy study described in Chapter 4. It was operated
at a high injection current of 150 mA, but was strongly saturated by a total power of
~ 13 dBm coupled into this SOA mixer using microscope objective lenses. The ratio
of pump to input signal powers was maintained at about 10 dB, thereby ensuring
that the slight modulation of the SOA gain by the input signal would not introduce

waveform distortion and chirp to the converted signal.
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Figure 6.5: Experimental setup used to demonstrate wavelength conversion of ASK data at

2.5 Gb/s and 10 Gb/s.
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By tuning the pump laser wavelength, the converted signal was set to the center of
the notch filter. This corresponds to a wavelength down shift of 7.9 nm. The optical
spectrum of the SOA output is shown in Figure 6.6(a) where the pump was slightly
offset to illustrate the notch and the optical SNR improvement of the converted signal.
A tunable fiber Fabry-Perot bandpass filter (bandwidth 35 GHz, finesse 100) was used
to select the converted signal.

The converted signal was detected by a receiver consisting of an EDFA pream-
plifier, a pin-based lightwave converter with 15 GHz bandwidth (Hewlett-Packard
11982A), and a microwave preamplifier. A tunable fiber Fabry-Perot bandpass filter
(bandwidth 45 GHz, finesse 100) was placed before the lightwave converter to remove
most of the background spontaneous noise, also to further suppress residual pump, in-
put signal. The detected data pattern was amplified by a microwave power amplifier
(DC — 6 GHz) and analyzed either by a microwave transition analyzer (Hewlett-
Packard 70820A) or by a BER tester (Hewlett-Packard 70843A). In the case of 2.5
Gb/s, a SONET OC-48 filter was used after the microwave amplifier to suppress high
frequency noise.

A test waveform of the converted signal, consisting of repeated pattern 11100100
at 10 Gb/s, is shown in Figure 6.6(b). Typical eye diagrams for 2.5 Gb/s and 10 Gb/s
are shown in Figures 6.6(c) and 6.6(d). These two eye diagrams correspond to BER’s
of approximately 1 x 107® and 1 x 1077, respectively. The greater amount of noise
for 1 bits than for 0 bits, as seen from the measured waveform and the eye diagrams,

indicates that the results were limited primarily by signal-spontaneous beat noise.
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Figure 6.6: (a) Optical spectrum of SOA output; (b) converted data pattern 11100100; eye

diagrams of converted data at (c) 2.5 Gb/s and (d) 10 Gb/s.
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The in-fiber converted signal power in this study was measured to be —26 ~ —28
dBm and the optical SNR was 26 ~ 28 dB (bandwidth 0.1 nm). These optical
parameter would give error-free performance at 10 Gb/s with a high-performance
optically-preamplified receiver. In fact, the optical spectra measured at the EDFA
preamplifier’s input and output show that the amplified spontaneous noise introduced
by the preamplifier, rather than the amplified input excess noise, was the dominant
source of noise at the pin detector. This indicates that the optical preamplifier was

the primary limiting factor in this measurement.

6.5 Conclusion

We have characterized some of the most important converter characteristics such as
conversion efficiency and noise properties. We have also demonstrated wavelength
conversion of modulated signals at data rates of 2.5 Gb/s and 10 Gb/s. Due to the
lack of a high-performance EDFA preamplifier and a sufficiently stable tunable pump
source in this preliminary system measurement, we did not perform measurements of
BER versus received power. Improvement to the receiver’s optical preamplifier, how-
ever, is expected to enable a full characterization of the impact of the SOA four-wave
mixing wavelength converters on fiber-optic communication systems. In addition,
overall optimization of the wavelength converter structure should lead to further im-

provement to the converter performance.
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