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Chapter 1

Introduction

Due to the increasing demand for high-speed data transmission over optical fiber in
the future, the data rate for a single channel could exceed the speed of electrical circuits
currently used in optical networks. Optical signal processing will have to be developed
to provide a solution for high-speed optical networks. Optical signal processing is of-
ten based on ultrafast nonlinear effects in waveguide devices. The nonlinear interaction
efficiency could be enhanced by confining optical waves in an optical waveguide with
a small cross-sectional area and maintaining high optical intensity along the waveguide.
This means that strong nonlinear interaction can be achieved over the long propagation
length, therefore nonlinear waveguide-based devices can have a high nonlinear interac-
tion efficiency at lower input power compared to nonlinear bulk devices [1]. Nonlinear
waveguide devices based on a variety of nonlinear materials have been proposed for opti-
cal signal processing including periodically poled lithium niobate (PPLN) waveguides [2],
semiconductor optical amplifiers (SOAs) [3], highly nonlinear fibers (HNLFs) [4,5], non-
linear polymer in slot waveguides [6, 7], Chalcogenide glass waveguides [8, 9], silicon-
on-insulator (SOI) waveguides [10, 11] and III-V semiconductor waveguides [12, 13].

In this thesis, we focus on nonlinear optical signal processing based on third-order
nonlinear effects including two-photon absorption (2PA), cross-absorption modulation

(XAM), cross-phase modulation (XPM) and four-wave mixing (FWM) in semiconductor



waveguides. Two semiconductor waveguides investigated in this thesis are porous silicon
waveguides and GaAs/AlGaAs waveguides.

Porous silicon waveguides provide an interesting alternative to conventional silicon-
on-insulator (SOI) structures that could offer advantages for silicon interconnects, modu-
lators and components. Porous silicon is a nanoscale composite material with an effective
refractive index between that of air and silicon that can easily be fabricated in multi-
layer structures. However, the linear and nonlinear properties of porous silicon have not
been extensively explored. Prior reports of nonlinearity in porous silicon have been per-
formed at the wavelengths below 1064 nm, where it is difficult to discern the role of
free-carriers and interband absorption [14-16]. All of these studies did not differentiate
between instantaneous effects (such as optical Kerr effect and two-photon absorption)
and free-carrier effects. To our knowledge, there has been no reported study of nonlin-
ear optical properties of porous silicon in the important 1.55 ym spectral regime, and no
observation of nonlinear effects in a porous waveguide. In chapter 2, we describe the de-
sign, fabrication and report the first measurement of optical nonlinearities including two-
photon absorption (2PA), self-phase modulation (SPM), free-carrier absorption (FCA),
free-carrier dispersion (FCD), and free-carrier lifetime in a porous silicon waveguide at
telecommunication wavelengths.

GaAs/AlGaAs waveguides provide interesting optical properties for nonlinear op-
tical signal processing. In addition to the band-gap engineering capability, GaAs/AlGaAs
has excellent electro-optic properties. The Optical Kerr coefficient of GaAs is approx-
imately 4 times larger than that of crystalline silicon [17], which can relax fabrication
processes, and facilitate coupling to the fiber. Several groups have reported on the third-
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order nonlinear effects in GaAs/AlGaAs devices such as waveguides [18], microring res-
onators [19], photonic crystal cavities [20] and nanowires [21]. The nonlinear efficiency
in these devices is typically limited by propagation loss. Recently, GaAs/AlGaAs waveg-
uides with an effective area of 0.4 um? have been demonstrated with the propagation loss
as low as 0.9 dB/cm at 1550 nm [22].

Although optical signal processing using third-order nonlinearities in GaAs/AlGaAs
devices has been demonstrated, there have been no reports on data performance metrics
such as eye-diagrams or bit-error rate (BER) receiver sensitivity for these devices.

In chapter 3, we detail the fabrication process of GaAs/AlGaAs ridge waveguides
with and without electrical contacts. The properties of these waveguides are also charac-
terized.

In chapter 4, we demonstrate 10-Gb/s all-optical wavelength conversion systems
exploiting XAM, XPM and FWM effects in these GaAs/AlGaAs waveguides. We, for
the first time, measure eye-diagrams and bit-error rate receiver sensitivity for wavelength
conversion using a GaAs/AlGaAs waveguide.

In chapter 5, we describe an ultrafast optical sampling system that uses nondegen-
erate two-photon absorption in a GaAs photodiode. We introduce a technique to suppress
large photocurrent associated with two-photon absorption of the strong sampling pulses.
We demonstrate a background-suppressed measurement of quasi 4-Tb/s eye diagrams.

We also show preliminary results of a waveguide-based device that use this technique.



Chapter 2

Nonlinearities in Porous Silicon Optical Waveguides

In this chapter, we describe the measurement of nonlinear effects in porous silicon
waveguides. We start by explaining the theoretical analysis of nonlinear propagation in
an optical waveguide. Then we describe the fabrication process of porous silicon waveg-
uides. Next, we show the experimental results of linear properties and nonlinear effects
in porous silicon waveguides. Finally, we compare the results from porous silicon waveg-
uides and those obtained from conventional silicon-on-insulator (SOI) ridge waveguides.

Porous silicon offers an interesting, although less explored, alternative to conven-
tional silicon structures that could offer advantages for silicon interconnects, modulators
and components. Porous silicon is fabricated by electrochemical etching of crystalline
silicon, which produces a nanoporous skeleton comprised of silicon and air. The typi-
cal pore size formed in this process ranges from 5-100 nm, depending on the etching
chemistry and substrate doping. The scanning electron micrograph in Fig. 2.1 shows a
top-down view of the porous silicon layer with 80% porosity, illustrating the nanoscale
texture. Because the pores are smaller than the optical wavelength, porous silicon be-
haves like an effective medium with refractive index between that of air and silicon. The
refractive index depends on the porosity, which can be controlled by adjusting the elec-
trochemical current density [23]. Complex multilayer porous structures can be fabricated

by varying the current density during fabrication. Several groups have demonstrated op-



Figure 2.1: The scanning electron micrograph shows the top-down view of the porous

silicon with 80% porosity.

toelectronic devices based on porous silicon including waveguides [24,25], LEDs [26],
photodetectors [27], passive optical filters [28], microcavities [29], sensors [30] and opti-
cal switches [31].

In addition to the flexibility of a controllable refractive index, porous silicon has
a number of unique properties that make it attractive for modulators and sensors. It is
electrically conductive in the direction perpendicular to the surface, while being optically
transparent for signals polarized parallel to the surface, which could facilitate optoelec-
tronic connectivity. As we will show in this chapter, the large internal surface area of
porous silicon increases the surface recombination rate, which dramatically reduces the
free-carrier lifetime.

Despite the potential applications, the nonlinear properties of porous silicon have
not been extensively explored. Prior measurements of nonlinearities in porous silicon
have all been performed at wavelengths below 1064 nm [14-16], where it is difficult to

discern the role of free carriers and interband absorption. All of these studies did not dif-



ferentiate between instantaneous effects (such as optical Kerr effect and two-photon ab-
sorption) and free-carrier effects. In semiconductor waveguides, free carriers could lead
to additional losses through free-carrier absorption (FCA) and refractive-index changes
through free-carrier dispersion (FCD). Therefore, it is important to include both instan-
taneous nonlinear processes and free-carrier effects in numerical simulations of optical
pulses propagating through semiconductor waveguides.

We report the first measurement of optical nonlinearities including two-photon ab-
sorption (2PA), self-phase modulation (SPM), free-carrier absorption, free-carrier dis-
persion, and free-carrier lifetime in a porous silicon waveguide at telecommunication
wavelengths. We used a combination of three different measurements: pump-probe tran-
sient absorption, nonlinear changes in the transmitted power and nonlinear changes in
the transmitted spectrum. By matching these measurements against numerical simula-
tions, we estimated the coefficients that describe these nonlinear effects in porous silicon

waveguides.

2.1 Nonlinear Pulse Propagation in Optical Waveguides

A complete description of nonlinear propagation in semiconductor waveguides must
include both instantaneous nonlinear processes and free-carrier effects. The evolution of

an optical signal in the waveguide can be modeled by the following propagation equa-



tion [32,33]:

0 o
a—zu(z,t) = —Eu(z,t) (2.1a)
Ko Bopa | |u(z,1)[?
+ ll?nz— 5 1 A u(z,r) (2.1b)
KO 1
_ [lZAnFCD(Z,t) + EAO(,FCA(Z,I)] M(Z,l) , (21(3)

where u(z,t) is the slowly-varying field, normalized such that |u(z,)|* represents the
total optical power carried by the TE mode, o is the linear attenuation coefficient, n, is
the optical Kerr coefficient, Bopa is the two-photon absorption coefficient, and A is the
effective area of the TE mode.

Free-carrier plasma dispersion and free-carrier absorption are described by the quan-
tities Anpcp and Aogca appearing in Eq. (2.1c¢), both of which implicitly depend on the
excess carrier density. For simplicity, we used a Drude model, in which Anpcp and Adtpca

are assumed to be proportional to the excess carrier concentration AN:

Adpca (z,1) = OpcaAN(z,t) (2.2a)

Anrcp(z,t) = krcpAN(z,1) (2.2b)

where Gpcap is the free-carrier absorption cross section, krcp is the free-carrier dispersion
coefficient, and AN(z,t) is the excess carrier density, averaged over the effective mode
area. To simplify the calculations, we assume that 6rca and kpcp are uniform over the
effective mode area, we assume equal carrier concentrations and lifetimes for electrons
and holes, and we neglect the sub-linear relationship between AN and An that has been
empirically reported for holes in silicon [34,35]. In general, there are several processes
that can contribute to the carrier recombination, including surface recombination and bulk

7



carrier recombination. If we assume that free-carriers are generated exclusively by two-
photon absorption, and that all carrier recombination processes can be described by a

single time constant, then the excess carrier concentration evolves according to

2AN(z,t)

5 ; (2.3)

2
_ Bora ju(z,1)|? _AN(z,1)
R0 | Aefr Te

where 7. is the free-carrier lifetime.

Equations (2.1)-(2.3) describe two coupled nonlinear partial differential equations
that must be simultaneously solved to determine AN(z,¢) and u(z,¢). Although approxi-
mate analytical solutions can be formulated [36], in this work we numerically integrated

the equations using the split-step Fourier method [37-39].

2.2 Porous Silicon Waveguide Fabrication

2.2.1 Fabrication of Porous Silicon Slab Waveguides

Figure 2.2 depicts the electrochemical etching cell for fabricating porous silicon
slab waveguides. Porous silicon was formed on a p™* doped (N ~ 10%° cm™3) silicon
wafer. A solution of hydrofluoric acid, water and ethanol in the volume ratio (3:3:2) was
used as an electrolyte. The surface layer formed in the process has a porosity that de-
pends on the current density. During electrochemical etching process, silicon atoms were
removed from the crystalline lattice by an electrolytic process that involved a transfer of
charge in the form of holes from the substrate to the electrolyte [40]. The current was
controlled by the computer and was adjusted during etching in order to produce a three-

layer waveguide as shown in Fig. 2.3(a). When forming the cladding regions, the applied
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Figure 2.2: Electrochemical etching cell for fabricating porous silicon slab waveguides.

current density was 400 mA/cm?, which was found to yield a 80% porous film with a re-
fractive index of 1.6. The current density was temporarily reduced to 350 mA/cm? when
etching the middle core layer, which produced a 70% porous layer with a refractive index
of approximately 1.7. The refractive indices of the core and cladding layers were mea-
sured using normal-incidence spectral interferometry, performed on separately fabricated
monolayer samples. This etching sequence produced a three-layer, slab waveguide com-
posed of a 1.8 um thick core layer sandwiched between two lower-index cladding regions
with thicknesses of 1.5 and 4.3 um, on top of a p™ ™ silicon substrate. The micrograph in
Fig. 2.3(b) shows a cross-section view of the three-layer porous silicon slab waveguide.
The layer thicknesses were selected based on the refractive indices to ensure single-mode

operation for the slab waveguide.
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Figure 2.3: (a) The etching current sequence for producing three-layer porous silicon slab

waveguide. (b) The cross-section view of the porous silicon slab waveguide.
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Figure 2.4: Scanning laser lithography system used to produce porous silicon waveguides

through a process of laser-induced oxidation.

2.2.2 Fabrication of Porous Silicon Channel Waveguides

Many standard lithographic processes are incompatible with nanoporous silicon
since most photoresist developers are alkaline solutions, which can quickly dissolve the
porous matrix. Several alternative techniques have been proposed for the fabrication of
porous silicon waveguides, including locally anodization using a nitride mask [24] or a
silicon carbide mask [41], reactive ion etching using a nitride mask [25] and ion implan-
tation to locally form a low-resistivity region [42]. In this work, we fabricated porous
silicon channel waveguides using a laser-induced oxidation process described in [43].
This method allows the flexibility and control over the layer thicknesses and the waveg-
uide dimensions and avoids the use of reactive ion etching (RIE), which can also pose

problems because of the fragile, columnar nature of the porous silicon template.
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After preparing the three-layer slab waveguide, a channel waveguide was patterned
using the scanning laser lithography system depicted in Fig. 2.4. In this system, a 300 mW
argon-krypton laser with wavelength of 647 nm was focused through a microscope objec-
tive onto the porous silicon sample, which caused localized heating and partial oxidation
of the underlying porous silicon. The sample was then scanned beneath the focused beam
to define two parallel lines, forming the left and right edges of the waveguide. The oxi-
dized regions were then removed in a dilute hydrofluoric acid (HF) solution, forming two
parallel trenches. As a final step, the entire sample was placed in an oven at 450°C for
15 minutes to produce a thin, uniform, oxide layer in order to stabilize the freshly-etched
porous silicon surface.

The degree of laser-induced oxidation depends on the temperature distribution un-
der optical illumination. While the porous silicon directly beneath the microscope objec-
tive is completely oxidized, the adjacent regions are only partially oxidized. Therefore,
in addition to the two parallel trenches, the HF dip is also thought to produce a graded
index region that confines the optical mode in a region much narrower than the inscribed
lines might otherwise suggest. We fabricated waveguides with several different line spac-
ings, and in each case observed the transmitted mode pattern on a camera for evidence
of higher-order spatial modes. Waveguides wider than 20 yum were observed to support
higher-order modes, and waveguides narrower than 20 um suffered higher loss. Figure 2.5
shows the scanning electron micrograph of the 20-um wide porous silicon channel waveg-

uide defined by laser-induced oxidation.

12



Figure 2.5: Scanning electron micrographs illustrating the porous silicon waveguides pro-

duced through a process of laser-induced oxidation.
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2.3 Linear Measurements

2.3.1 Propagation Loss Measurement

We estimated propagation loss in a porous silicon waveguide by measuring scat-
tered power along the waveguide. The experimental setup for this measurement is shown
in Fig. 2.6. The continuous wave (CW) input signal at the wavelength of 1550 nm was
coupled to a porous silicon waveguide. The scattered light from the surface of the waveg-
uide was collected by an objective lens. The propagation loss o was measured by scan-
ning the objective lens along the waveguide. By assuming that the scattered power is
proportional to guided power at each point along the waveguide, the scattered power can

be described by

P(z3) = P(z1)exp[—0(z2 —21)] (2.4)

where P(z1) and P(z;) are the scattered power collected at distance z; and z, from the
front facet, respectively. We measured 9-13 dB/cm for waveguides with 20-um line spac-
ing operating in TE mode. The measured propagation loss is consistent with the value
inferred from the measurement of the insertion loss.

TM loss was observed to be very high in the porous silicon waveguide. The pores
are preferentially oriented in the direction perpendicular to the surface of porous silicon,
which causes significant form birefringence and polarization-dependent absorption in the
waveguide. The porous waveguide is optically transparent for TE modes that are polarized

orthogonal to the pores, but highly absorbing for signals that are polarized parallel to the

14
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Figure 2.6: The experimental setup for measuring propagation loss in a porous silicon

waveguide using scattering light measurement.

pores (TM modes). In this way, the heavily doped porous silicon behaves much like a

wire-grid polarizer, which inhibits conductivity along the direction parallel to the wires.

2.3.2  Group Index Measurement

The Fabry-Pérot technique can be used for measuring the propagation loss and
group index of the waveguides [44]. The technique relies on cleaved waveguide facets
to form a Fabry-Pérot cavity. The propagation loss measurement requires an accurate
value of the endfacet reflectivity, which is difficult to measure in porous silicon waveg-
uide. Because of the fragile, columnar nature of the porous silicon, the cleaved facets are
often not perfectly perpendicular to the waveguide edge. The endfacet reflectivity is very
low because of the small difference between refractive index of porous silicon and that of

air. Nonetheless, we measured group index of the waveguide using the Fabry-Pérot tech-
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Figure 2.7: Transmission power fringes of 5.5-mm long porous silicon waveguide.

nique since it does not require the estimation of facet reflectivity. The transmitted power
is measured while the input wavelength is scanned. Because of the reflectivity of the
cleaved facets, the transmission spectrum shows a periodic sequence of peaks associated
with the longitudinal modes of the Fabry-Pérot cavity. From the wavelength difference
A\ between adjacent maximum or minimum transmitted power of the waveguide, the

group index neg can be written by

)\‘2
et = 5 AL’

(2.5)
where A is the center wavelength of the wavelength-scanning range and L is the length
of the waveguide. Figure 2.7 depicts the experimental results of the Fabry-Pérot mea-
surement of 5.5-mm long porous silicon waveguide. The wavelength difference between

adjacent minimum transmitted power was measured to be 0.131 nm . The corresponding

group index of the waveguide was estimated to be 1.65.
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2.3.3 Optical Mode Contours and Effective Area Measurement

The refractive index profile of the porous waveguide defined by laser-induced oxi-
dation is difficult to measure precisely, which makes numerical calculation of the optical
mode challenging. Rather than simulating the electromagnetic mode, we estimate the
mode size of porous silicon waveguide by measuring the far-field diffraction angles of
light emerging from the porous waveguide. We assume, for simplicity, that light coming
out of the waveguide has a two-dimensional elliptical Gaussian beam intensity profile.

L.e, at the endfacet of the waveguide, the output intensity / can be approximated by

202 2y?
I(x,y) = Lexp (—W—2 = W%) , (2.6)
X0 yo

Where [, is the maximum output intensity along the axis of the beam. x and y are two
perpendicular distances away from the center axis of the beam. wy, and wy, are the
beam waists along X and Y direction respectively. The output beam spreads out as it
propagates away from the waveguide. At the distance z from the waveguide, the output
intensity becomes
2 2

I(x,y,z) = I, (z)exp (—% — %) : (2.7)
where wy(z) and wy(z) are the beam waist at the distance z along X and Y direction
respectively. wy(z) and wy(z) are related to the beam waists at the output facet of the

waveguide wy, and wy, by following equations
2 \2
1+ (—) ] (2.8)
Zx0
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2
2 2 <
wy(z) = wy, |14 (—) ] , (2.9)
Zyo
2 2
where zxo, = nv;"(’ and zyo, = nl}f" are confocal beam parameters along X and Y direction,

respectively.

We measured the diffracted beam emerging from the waveguide in both the X and
Y directions and inferred the beam waists at the facet of the waveguides using Gaus-
sian beam propagation as described in Eq. (2.8)-(2.9). The experiment setup is shown in
Fig. 2.8. The TE-polarized, continuous-wave input signal at the wavelength of 1550 nm
was coupled to the porous silicon waveguide with 20-um line spacings. The transmitted
intensity profile was measured at the distance z from the facet. The detector was moved
along the X and Y directions using a translation stage. Since the detector size is much
smaller than the diffracted beam size, the detected optical power represents the beam in-
tensity at each point in the far field. Figure 2.9 depicts the measured intensity profiles of
transmitted light in both the X (a) and Y (b) directions. The beam waists of the diffracted
beam 5.7 cm away from the waveguide facet were estimated by a nonlinear least squares
fit to Eq. (2.7) and were found to be 7.7 mm and 14.4 mm , corresponding to wy, and wy,
of 3.4 um and 1.8 um, respectively.

The nonlinear effective area A 1s given by

[ff’ooE(x,y)zdxdy} 2
ST E(x,y)dxdy

Aot = (2.10)

where E(x,y) is the electric field profile of the fundamental mode of the waveguide. For
the waveguide with the fundamental mode approximated by a Gaussian beam intensity

profile described in Eq. (2.6), the effective area could be integrated analytically to be
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the Y direction.

20



. Cladding |
| 20pm

l Porous Silicon 7

Si Substrate

(b)

Figure 2.10: Scanning electron micrographs comparing the cross sections of (a) silicon

on insulator ridge waveguide and (b) porous silicon waveguide.

Aeff = TWxoWyo. The effective area of the porous silicon waveguide with 20-um line
spacing was therefore estimated to be 19.3 um?.

For comparison, we also measured linear characteristics in a conventional silicon-
on-insulator ridge waveguide, which was fabricated using photolithography and reac-
tive ion etching of commercially-available silicon-on-insulator substrates (for details, see
[45].) Figure 2.10(a) shows cross-sectional scanning electron micrographs of the SOI
ridge waveguide in comparison to the porous silicon waveguide used in the experiment.

The mode contours that are superposed on the micrograph in Fig. 2.10(a) were
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parameter SOI ridge waveguide | porous silicon waveguide | (unit)
Meff 3.49 1.65 —
Aetf 10.0 19.3 (um?)
L 17 5.5 (mm)
o 3-5 9-13 (dB/cm)
L= (1—e %) /a 7.5-10 2.7-3.3 (mm)
Insertion loss 20.2 15.3 (dB)

Table 2.1: Mode parameters and linear properties of SOI ridge waveguide and porous

silicon waveguide.

numerically calculated using the known refractive indices and measured waveguide di-
mensions of the SOI ridge waveguide. The contours shown in Fig. 2.10(b) indicate the
approximate two-dimensional Gaussian mode shape baesd on the measured beam waists
Wxo and wyo. The two micrographs are shown to scale (i.e., with identical magnification),
to emphasize the similarity in mode size.

Table 2.1 summarizes the important linear characteristics of the two waveguides
considered here. As previously mentioned, the group index n.¢ and loss coefficient o
were estimated using a combination of Fabry Pérot spectral measurements and scattering
light measurement. The effective area of the TE mode of the porous silicon waveguide
was estimated to be approximately 2x larger than that of the silicon-on-insulator waveg-
uide. The total insertion losses listed in Table 2.1 include the propagation loss, the cou-
pling loss between the aspheric lens and the front facet and the coupling loss between the

lensed fiber and the rear facet of the waveguide.
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Figure 2.11: Experimental setup for measuring free-carrier lifetime in SOI waveguides
and porous silicon waveguides. (OPO : optical parametric oscillator; BS : beam splitter;

BPF : bandpass filter)

2.4  Free-Carrier Lifetime Measurement

One of the key parameters that govern the operation of optoelectronic devices is the
excess carrier lifetime T.. We measured the carrier lifetime for both porous silicon waveg-
uides and crystalline silicon waveguides using a pump-probe experiment. Figure 2.11 de-
picts the experimental setup used to measure free-carrier lifetime. A Ti:sapphire-pumped
optical parametric oscillator was used to deliver 150 fs pump pulses at a repetition rate
of 82 MHz with center wavelength of 1490 nm, which generates free-carriers in the
waveguide through two-photon absorption. The probe signal was a continuous wave,
co-propagating laser with a wavelength of 1560 nm. The pump and probe were combined
using a beamsplitter and coupled from free-space into the waveguides using an aspheric
lens. The average coupled input powers for the pump and probe were estimated to be 10
mW and 1 mW, respectively. The light emerging from the waveguide was collected using

a lensed fiber and was bandpass-filtered to isolate the probe signal spectrally. The probe
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Figure 2.12: (a) Free-carrier lifetime measurement of porous silicon waveguide. (b) Im-

pulse response of the photodetector.

signal was observed on a 30-GHz bandwidth optical sampling oscilloscope to monitor the
transient change in transmission caused by free-carrier absorption.

Figure 2.12(a) plots the transmitted probe signals from porous silicon waveguides.
The measured probe signal is normalized to their CW values in the absence of a pump
pulse. The transmitted probe exhibits a sharp, impulse-like dip followed by a slower

asymptotic recovery.

The initial dip in transmission can be attributed to pump-induced two-photon ab-
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sorption, i.e., simultaneous absorption of one pump photon and one probe photon. Be-
cause two-photon absorption is an ultrafast nonlinear process, the duration of this dip
should closely match the input pump pulse shape. Figure 2.12(b) plots the measured im-
pulse response of the photoreceiver. The detector response is estimated to be 30 ps, which
is not fast enough to resolve the depth or duration of this instantaneous dip.

The slower recovery time is attributed to optical absorption by free-carriers, which
remain in the waveguide even after the pump pulse has passed. As described by Eq. (2.2a),
the excess absorption is proportional to the carrier population, and therefore the observed
recovery time in transmission gives a direct measurement of the free-carrier lifetime. We
obtain an estimate of the free-carrier lifetime by measuring the 1/e recovery time, af-
ter neglecting the initial impulse contribution from two-photon absorption. The porous
silicon waveguide exhibits a carrier lifetime of approximately 200 ps.

The measured carrier recovery trace shown by a solid line shown in Fig. 2.13(a),
does not match with an estimated exponential recovery, shown by the dashed line. Fig-
ure 2.13(b) plots the fractional absorption of the probe signal, on a semilogarithmic scale.
The fractional absorption clearly does not exhibit the linear decrease, when plotted on a
logarithmic scale, which suggests that more than one physical process contributes to the
carrier recombination. The combination of the surface recombination and the slower bulk
carrier recombination could contribute to the free-carrier recombination. We believe that
carrier diffusion does not play an important role in the free-carrier lifetime in the porous
silicon waveguide since the diffusion length is likely to be shorter than the waveguide
cross-section based on the carrier diffusion coefficient reported in [46]. Nonetheless, we

obtain an estimate of the free-carrier lifetime using a single time constant by measuring
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Figure 2.13: (a)The free-carrier lifetime recovery trace in porous silicon waveguides.
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the 1/e recovery time as previously mentioned.

For comparison, we measured the free-carrier lifetime in SOI waveguide conducted
in a similar measurement. The inset in Fig. 2.14(a) shows an enlarged view of the first 1.5
ns after arrival of the pump pulse. The SOI ridge waveguide exhibits a carrier lifetime of
approximately 1.1 ns, which is consistent with earlier measurements reported for similar
silicon waveguides [47]. Compared to the free-carrier lifetime of 200 ps in porous silicon
waveguide, which has a comparable mode area to the SOI waveguide, porous silicon has
a faster free-carrier lifetime. This could be explained by the much higher surface recom-
bination rate in the nanoporous material as well as the much faster Auger recombination
lifetime in the heavily doped material. We note that in both cases, the observed carrier
lifetime is much shorter than the repetition rate of the pump laser, which allows us to

neglect the cumulative buildup of free-carriers generated by prior pulses.

2.5 Nonlinear Measurements

2.5.1 Nonlinear Absorption

The instantaneous and carrier-based nonlinear properties were determined by launch-
ing pulses into the waveguide and measuring the output power and output spectrum as a
function of the input optical power. For low input power, the output power is directly
proportional to the input power and the output spectrum has the same shape as the in-
put spectrum. As the input power is increased, the ratio of transmitted to input power
decreases as a result of two-photon absorption and free-carrier absorption. Similarly, at

higher input power, the output spectrum broadens and shifts as a result of the self-phase
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Figure 2.14: Free-carrier lifetime measurements of silicon waveguide and porous silicon
waveguide. Inset: (a) zoomed in plot for the silicon waveguide, and (b) zoomed in plot

for the porous silicon waveguide.
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Figure 2.15: Experimental setup for measuring optical nonlinear parameters in SOI
waveguides and porous silicon waveguides. (OPO : optical parametric oscillator; VOA :

variable optical attenuator; BS : beam splitter; OSA : optical spectrum analyzer)
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modulation and free-carrier dispersion.

Figure 2.15 depicts the experimental setup used to observe these nonlinear ef-
fects [48]. The input pulses were generated using a Ti:sapphire-pumped optical para-
metric oscillator, which produced transform-limited 200 fs pulses with a center frequency
of 1550 nm and repetition rate of 82 MHz. The input power was adjusted using a vari-
able attenuator, and coupled from free space into the waveguide through a high numerical
aperture aspheric lens. In all measurements, the input polarization state was adjusted
to excite only the TE mode of the waveguide. The light emerging from the waveguide
was collected using a tapered single-mode optical fiber and directed to either an optical
spectrum analyzer or a power meter.

The open squares in Fig. 2.16 show the measured output power vs. input power
for the SOI ridge waveguide depicted in Fig. 2.2(a). For this waveguide, the maximum
average coupled input power was 5.4 mW, which corresponds to a peak intensity of 3
GW/cm?. The power transmission ratio decreases at higher input power, as evidenced
by the downward curvature in the plot of Poy vs. Pj. The theoretical curves shown in
Fig. 2.16 were obtained by numerically solving Eqs. (2.1)-(2.3). When performing the
numerical simulations, we used previously measured values for o, and adjusted Bopa and
OFca 1n order to best fit the experimental measurements.

In the SOI waveguide, we found that at the optical intensities considered here, the
nonlinear relationship between Py vs. P, can be almost entirely described by instanta-
neous two-photon absorption, with very little contribution from free carriers. The dashed
curve shown in Fig. 2.16 was obtained by neglecting free-carrier absorption in the simula-

tion (i.e., by setting 6rca = 0), which gives results that are almost indistinguishable from
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Figure 2.17: Output power vs. input coupled power for the porous silicon waveguide
waveguide. The open squares indicate the measured data, whereas the curves show the-
oretical fits obtained from numerical simulation. The dashed curve indicates the fit ob-
tained by neglecting free-carrier effects, whereas the solid curve includes both two-photon

absorption and free-carrier absorption.

the solid curve, which used the previously reported value 6rca = 1.45 x 10717 cm? [35].
We therefore conclude that for the SOI waveguide, the measurement of Py vs. P;, alone
does not permit accurate determination of the free-carrier absorption cross section. By fit-
ting the simulations and experiments, we estimated the two-photon absorption coefficient
of silicon to be Bopa = 1 £0.25 cm/GW, which is consistent with previously reported
measurements in silicon [17,32]. The uncertainty in our estimate of Bypa is attributed

primarily to uncertainty in the coupling efficiencies at the input and output facets.
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Figure 2.17 shows a similar measurement performed on the porous silicon waveg-
uide shown in Fig. 2.2(b). In this case, the maximum attainable average coupled input
power was 7 mW, which corresponds to a peak intensity of 2 GW/cm?. As with the SOI
ridge waveguide, the power transmission ratio decreases at high intensity due to non-
linear absorption. In this case, however, the measured data cannot be explained without
including free-carrier absorption. The dashed curve shows a best-fit simulation neglecting
free-carrier absorption, whereas the solid curve includes both two-photon absorption and
free-carrier absorption, and gives excellent agreement with the observations. From this fit,
the 2PA coefficient and free-carrier absorption cross section in porous silicon waveguide
were estimated to be 0.8 0.1 cm/GW and (100 £20) x 10~!7 cm?, respectively. Even
though the waveguides are 70-80% porous, the 2PA coefficient in porous silicon is only
slightly lower than the value in silicon. Surprisingly, the free-carrier absorption cross sec-
tion in porous silicon waveguide is approximately two-orders-of-magnitude larger than
what is reported for bulk silicon [35], as summarized in Table 2.3. The anomalously high
free-carrier cross section could be explained by the higher collision frequency due to the

lower mobility of the heavily-doped porous silicon skeleton.

2.5.2 Nonlinear Refraction

Figure 2.18 plots the measured (a) and simulated (b) output optical spectrum from
the SOI ridge waveguide, measured for three different input intensities. The input inten-
sities were calculated based on the coupled input power and effective mode area of the

SOI waveguide. In order to better compare the spectral shapes, all three of the spectra
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Figure 2.18: (a) Experimentally measured output spectra for three different input inten-
sities for the SOI ridge waveguide, showing spectral broadening caused by self-phase

modulation. (b) Corresponding numerical simulations used to match the measurements.
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Optical Kerr coefficient | wavelength | Reference Method
(cm*W~1) (nm)
6x 10714 1536 [50] Self-phase modulation
4.5x 10714 1540 [17] z-scan
7x 10714 1530 [32] Spectral transmission
3.7x 10714 1559 [47] Self-phase modulation
9x 1014 1547 [51] Four-wave mixing
4.5x 10714 1550 [52] Four-wave mixing
14.5x 10714 1550 [53] | Self-phase modulation
5% 10714 1500 [54] Self-phase modulation
6 x 10714 1550 [55] z-scan
2.8 x 1071 1500 [56] z-scan
4.2x 10714 1550 This work | Spectral transmission

Table 2.2: Published values of the optical Kerr coefficient of silicon.

were normalized to have the same integrated power. As the input intensity is increased,
the output spectrum broadens slightly as a result of self-phase modulation. The spectral
broadening can be entirely described by the inclusion of self-phase modulation (n7) in the
simulation. As with the nonlinear absorption measurements, the inclusion of free-carrier
effects in the model was found to have no clearly discernable effect on the simulated
spectra, for the parameters considered here. By matching simulations and measurements,
we estimated nonlinear refractive index for silicon to be 1y = (4.240.8) x 10~'* cm?/W,

which agrees with the results reported in the literature as listed in Table 2.2 [49].
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Figure 2.19: (a) Experimentally measured output spectra for three different input inten-
sities, for the porous silicon waveguide, showing blue-shift associated with free-carrier

dispersion. (b) Corresponding numerical simulations.

35



Figure 2.19 plots similar spectral measurements (a) and simulations (b) for the
porous silicon waveguide considered here. In this case, the spectrum exhibits a pro-
nounced blue shift at higher input intensities, which is a signature of free-carrier disper-
sion. By fitting the blue-shift to the theoretical models, we determined the free-carrier
dispersion coefficient to be krcp = (904 15) x 1072! cm?. As indicated in Table 2.3,
this figure is more than an order of magnitude higher than what is reported for crystalline
silicon [34, 35].

Aside from the blue-shift, the spectrum shows very little change in width as the
power is increased, which suggests that the self-phase modulation does not play an im-
portant role. However, through a careful analysis we found that the simulations cannot
be made to match the experiments without also including self-phase modulation terms
(n2). If SPM terms are neglected, but two-photon absorption terms are included, then
the spectrum would become narrower at higher intensities, as a result of 2PA-induced
pulsewidth spreading. The inclusion of SPM causes spectral broadening, which coun-
teracts the spectral narrowing caused by 2PA. By modeling both effects, we were able
to match the experimentally observed spectra, from which we estimate the nonlinear re-
fractive index of porous silicon to be ny = (2.340.7) x 10~ cm?/W. We emphasize
that this estimate requires finding a self-consistent fit to both the spectral measurements
in Fig. 2.19 and the transmission measurements in Fig. 2.17. Despite a high porosity
of 70-80%, the porous silicon exhibits a nonlinear refractive index that is comparable in

magnitude to that of crystalline silicon, as summarized in Table 2.3.
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parameter | SOI ridge waveguide | porous silicon waveguide (unit)
T 1.1 0.2 (ns)
Bopa 1+0.25 0.8+0.1 (cm/GW)
ny 42408 2.3+0.7 (x1071% cm?/W)
GFCA 1.452 100£20 (x10~17 cm?)
kgcD 3.5-7.5° 90+ 15 (x1072! cm?)

Table 2.3: Comparison of nonlinear properties measured from crystalline SOI ridge

waveguide and porous silicon waveguide.

4 For the SOI ridge waveguide, the value of Gpca could not be reliably estimated from our mea-

surements. For comparison, we tabulate here the accepted value of Grca for crystalline silicon,

as reported in the literature [34,35].

b For the SOI ridge waveguide considered here, the value of kpcp was too small to be reliably

determined from our measurements. The range tabulated here was calculated using the empirical

model given in [35], for carrier concentrations in the range 101°-10'7 cm—3.
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2.6 Summary

We report here the first experimental measurement of the instantaneous and carrier-
based nonlinear effects in porous silicon waveguides at 1550 nm. We used a combination
of three different measurements: pump-probe transient absorption, nonlinear changes in
the transmitted power and nonlinear changes in the transmitted spectrum. By match-
ing these measurements against numerical simulations, we estimated the coefficients
that describe two-photon absorption, self-phase modulation, free-carrier absorption, free-
carrier dispersion, and carrier lifetime. For comparison, and to confirm the credibility of
our models, we conducted identical measurements on a conventional silicon-on-insulator
ridge waveguide, which gave results consistent with those that have been reported in the
literature.

The instantaneous nonlinear parameters that describe self-phase modulation and
two-photon absorption (1 and Bopa) in porous silicon were found to be comparable in
magnitude to those reported in the literature (and confirmed by our measurements) for
crystalline silicon waveguides. These results are surprising because the porous waveg-
uides considered here are comprised of 70-80% air and only 20-30% silicon, and for the
TE-polarized mode, the optical mode is expected to strongly concentrate in the low-index
air voids [57].

The carrier-based nonlinearities in porous silicon are markedly stronger and faster
in porous silicon, compared to what has been reported for crystalline silicon. The carrier
lifetime in porous silicon is significantly shorter than in conventional silicon waveguides,

which we attribute to the very high surface-area of the nanoporous skeleton. The Drude
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coefficients that best describe the plasma dispersion effect in porous silicon are found to
be much larger than what has been reported earlier for crystalline silicon. The physical
origin of this anomaly merits further investigation, but it could be related to the dramat-
ically altered mobility in nanoscale composites, or the high doping concentration of the
porous silicon used here.

These results suggest that porous silicon could be an interesting alternative to crys-
talline silicon for future applications in all-optical switching or fast electrooptic modula-

tors.

39



Chapter 3

Fabrication and Characterization of Gallium Arsenide Waveguides

In this chapter, we describe the fabrication and the measurements of GaAs waveg-
uides. We start by explaining the fabrication process of the GaAs waveguides that we use
in wavelength conversion experiments in chapter 4. Next, we describe how we fabricated
the waveguide-based two-photon absorption detectors that we use in chapter 5. Finally,
we characterize mode parameters and optical properties of passive GaAs waveguides and
GaAs waveguide detectors.

GaAs/AlGaAs waveguides provide interesting optical properties for nonlinear op-
tical signal processing. The optical Kerr coefficient (nonlinear refractive index) ny of
GaAs is approximately 4 times larger than that of crystalline silicon [17] and three orders
of magnitude larger than that of standard optical fiber. Table 3.1 compares parameters
such as propagation loss (o), optical Kerr coefficient (n;) and nonlinear parameter (y) of
some of the nonlinear waveguides that have been proposed for optical signal processing.

One of the parameters used to evaluate the efficiency of third-order-nonlinearity-
based waveguide devices is the nonlinear parameter Y, which depends not only on material
nonlinearity (n2), but also on the geometry of the waveguide. vy is defined as [39].

_ 2mnp

_ , 3.1
"= M (3.1)

where A is the signal wavelength, and A is the effective area of the waveguide. Note
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Waveguide devices o ny Aetr Y

dB/cm cm?/W | yum? | W Im™!

Standard fiber (SMF-28) [58] |5 x 1077 |22 x 10716 | 80 | 1.1 x1073
Bismuth-Oxide fiber [59, 60] 3x1072|82x107B | 3 1.1
Chalcogenide fiber taper [61] 1.7 1.I1x10713 | 0.64 68
Chalcogenide waveguide [8] 0.2 3x 10714 | 72 1.7
Organic %% in slot waveguide [6] 23 82x 1071 | 0.1 104
Silicon nanowire [17,62] 3.6 45 x 10714 | 0.14 130
AlGaAs nanowire [17,21] 82.5 1.5 x10713 | 0.3 202
GaAs ridge waveguide (this work) | 4-6 29 x10713 | 1.8 64

Table 3.1: Comparison among parameters in nonlinear waveguide devices

that for nanoscale semiconductor waveguides, this nonlinear factor (y) has to to be re-
defined to take into account the tensor nature of the third-order nonlinear susceptibility
(x(3)), the direction of propagation relative to the crystal axes and the vector nature of
the electromagnetic mode, including non-zero z-components of the electric field [54,63].
The nonlinear efficiency could be improved by using a material with large nonlinearity
or by reducing the guided-mode area of the waveguides. However, the linear propagation
loss and 2PA could impede the nonlinear interaction in the waveguide as the guided-mode
area gets smaller.

In addition to the nonlinearity parameter (7y), another figure of merit that has been
used to compare the nonlinearity in different materials and waveguides is FOMsps. FOMjpa

takes into account the two photon absorption loss (Bopa) in addition to the nonlinearity
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(ny), which is defined as [64]

ns

T

(3.2)

The GaAs/AlGaAs material system could be designed to achieve a large FOMjpa .
This material alloy allows for band-gap engineering: by adding Al into AlGaAs, the en-
ergy bandgap of AlGaAs can be altered. For example, the bandgap energy of AlGaAs
can be designed such that the photon energy of the optical signal at communication wave-
lengths falls below the half-bandgap, thus avoiding two-photon absorption, while main-
taining a large optical Kerr coefficient. GaAs waveguides could also allow for integration
of nonlinear optical devices with optically active devices such as lasers, amplifiers, detec-
tors and modulators [65].

A variety of GaAs/AlGaAs waveguide devices have been reported, including di-
rectional couplers [66], microring resonators [12, 67] and photonic crystal cavities [20].
Several groups have also reported GaAs and AlGaAs nanowire waveguides [21,68—70].
A cross-section as small as 0.2 um? has been achieved [71]. The linear propagation loss
for these nanowire waveguides is approximately 50 dB/cm, which is still too high for
practical nonlinear applications in these nanowire waveguides. Recently, GaAs/AlGaAs
waveguides with an effective area of 0.4 yum? have been demonstrated with propagation
loss as low as 0.9 dB/cm at 1550 nm [22].

In this chapter, we describe a process of fabricating passive GaAs/AlGaAs ridge
waveguides using in a single contact-photolithographic step. As we will show in the next

chapter, these GaAs/AlGaAs waveguides could be used for 10-Gb/s all-optical wave-
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length conversion. We also describe the fabrication of waveguide-based two-photon ab-
sorption detectors that are used in chapter 5. The linear and nonlinear properties of these

waveguides are also characterized.

3.1 Fabrication of Passive GaAs Waveguides

Figure 3.1 shows a cross-section of the material layer of our waveguide structure. Its
epistructure was grown by molecular-beam epitaxy on a n-GaAs substrate. The structure
comprises a 0.8-um-thick GaAs guiding layer surrounding by a 1-um-thick Aly,Gag gAs
upper cladding and a 3.5-um-thick Alp,GaggAs lower cladding. The layer thicknesses
were to ensure single-mode operation and to minimize leakage loss to the substrate. This
structure was originally conceived as a p-i-n waveguide photodetector, but we also used
the same epistructure to make a passive waveguide. Both parts of the top and bottom
cladding layers, which are close to the core, are left undoped in order to help suppress
free-carrier absorption (FCA) loss.

A 2.4-um wide ridge waveguide was fabricated in a single photolithography step.
First, we spin a 2000-nm positive photoresist (PR1-2000A) on a small cleaved sample
(typically 1.5 cm x 1.5 cm). Next, the waveguide patterns are exposed using UV con-
tact photolithography with a clear field mask. The waveguides are then etched to a depth
of 1.8 um via inductively coupled plasma (ICP) etching with gas mixtures of BCl3 and
Cl,. For this process, the BClz and Cl, flow rates are controlled to be 12.5 and 2.5 sccm,
respectively, with a chamber pressure of 1 mTorr at a substrate temperature of 25 °C.

Two RF sources (70 mW and 500 mW) are used to generate a high-density plasma and
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Figure 3.1: Schematic cross-section and scanning electron micrograph of material struc-

ture for a GaAs/AlGaAs optical waveguide.

to introduce a self-biased electrical field, respectively. With two RF power sources, the
ICP system has the flexibility to control ion density and ion energy independently, unlike
a conventional reactive ion etching system. These etching parameters are optimized to
create a vertical etch profile with the smooth sidewalls required for a low-loss waveg-
uide. For these parameters, the ICP etch rate was estimated to be 300-350 nm/min with a
GaAs:photoresist selectivity of 3:1. Figure 3.2 depicts a cross-sectional schematic illus-
tration and a scanning electron micrograph of a GaAs/AlGaAs waveguide. The calculated
TE mode contours were superposed on the cross-section in Fig. 3.2(a) with the effective
area A.fr estimated to be 1.8 ,umz, based on the calculated mode.

During the ICP etching process, a thin layer of photoresist byproducts containing
CI1-C-H polymers is deposited on the top and sidewalls of the waveguides. These residual

polymers are difficult to remove with standard solvent cleaning using acetone, methanol
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(a) (b)

Figure 3.2: Cross-section of a GaAs/AlGaAs waveguide. (a) Schematic illustration with
calculated fundamental TE mode profile (contours labelled in dB relative to peak value).

(b) Scanning electron micrograph.
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and isopropanol. Figure 3.3(a) depicts the scanning electron micrograph of the waveg-
uide cleaned by standard solvent cleaning (i.e. acetone/methanal/isopropanal) after ICP
etching. It is clear that there are residual polymers left on the waveguide. A more effec-
tive approach to remove these residues was suggested in [72]. The sample is dipped into
H3PO4 at room temperature for 2 minutes immediately after the ICP etch, followed by O,
plasma cleaning in a reactive ion etching (RIE) system for 5 minutes and solvent-based
(NMP) stripping at 70 °C for 15 minutes. Using this method, this residue is successfully
removed as shown in Fig. 3.3(b).

The sample substrate is then thinned down to 120 um to facilitate accurate cleav-
ing. After that, the sample is scribed using high-power laser scriber setup and is cleaved
on the cleave stage on both facets to a length of 4.5 mm. Finally, a silicon nitride anti-
reflection (Si3N4-AR) coating was deposited on both facets of the waveguide by high
density chemical vapor deposition (HDCVD). First, ammonia (NH3) is deposited for 3
minutes to improve the adhesion between the Si3N4 film and GaAs. Then, SizNy is de-
posited with gas mixtures of N> and SiH4 with RF power of 500 W under the chamber
pressure of 5 mTorr at 300 °C. Both N; and SiH, flow rates are controlled to be 10 sccm.
Under this condition, the deposition rate for the horizontal surface was measured to be
approximately 34-37 nm/min. The Si3N4 film has a refractive index n of 2 at the wave-
length A of 1550 nm. For a single layer AR coating, a quarter-wavelength-thick SizNy
film is deposited at both facets of the waveguide. A quarter-wavelength thick film is cho-
sen in order to minimize the normal incidence reflection. For applications operating at
the wavelength of 1550 nm, the target Si3Ny thickness is calculated to be A/4n = 194 nm.

The deposition time is calculated by taking into account that the deposition rate on verti-
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(b)

Figure 3.3: Scanning electron micrographs of the waveguide after ICP etching. (a) with

standard solvent cleaning. (b) with H3POy, following by O, plasma cleaning and NMP

stripping.
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Figure 3.4: Overview of the process for fabricating GaAs waveguide-based photodetec-

tors

cal surfaces, like the waveguide facets, is approximately 50% slower than on horizontal

surfaces. After AR-coating, the sample is mounted to the submount and is ready to be

tested.
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3.2 Fabrication of GaAs Waveguide-Based Photodetectors

The fabrication process for waveguide photodetectors is similar, but contains ad-
ditional steps for planarization and deposition of Ohmic contacts. Figure 3.4 illustrates
the fabrication process of GaAs waveguide-based photodetectors. We fabricate GaAs
waveguide-based photodetectors based on the same epistructure as depicted in Fig. 3.1.
After the waveguide is patterned by ICP etching, the samples are then coated with a uni-
form layer of 30 nm of silicon oxide using plasma enhanced chemical vapor deposition
(PECVD). The propose of this layer is to enhance adhesion for the subsequent benzocy-
clobutene (BCB) planarizing layer. BCB is a low-index and low-loss dielectric material
that is widely used for planarization. The adhesion promoter (AP3000) and BCB (Cy-
clotene 3022-57 from Dow chemical) are spun on the oxidized sample and cured. The
initial BCB film thickness is estimated to be 5.6 um, measured from base of waveguides.
BCB is then etched back by reactive ion etching (RIE) with a gas mixtures of CHF3 and
O, with flow rates of 5 and 20 sccm, respectively. The chamber pressure is set at 300
mTorr with a power of 175 W. The silicon oxide on the top of the waveguides is also
etched back by RIE with gas mixture of CHF3 and O; to expose the p-doped region on
top of the waveguides. For silicon oxide etch, CHF3 and O, flow rates are controlled to be
18 and 2 sccm, respectively, with a chamber pressure of 40 mTorr and a power of 175 W.
After the BCB is planarized, a negative photoresist (NR7-1500PY) is spun on the sam-
ple and exposed in order to prepare for the liftoff of the p-type top contact. Ti (100A)/Pt
(300A)/Au (40004) is deposited by an e-beam evaporator and lifted off to simultaneously

form the top contact. The sample is then thinned down to 120 ym in order to deposit the
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Figure 3.5: Scanning electron micrograph of a cross-section of a GaAs waveguide-based

photodetector.

back contact and prepare for cleaving. After that, Ni (S0A)/Au (800A)/Ge (400A)/Ni
(300A)/Au (2000A) is deposited at the back of the sample to form n-type contact. The
sample is then put in the rapid thermal annealing (RTA) at 300°C for 1 minute and at
400°C for 40 seconds to simultaneously anneal both metal contacts. Finally, the sample
is scribed using a high-power laser scriber setup and is cleaved on both facets. A scan-
ning electron micrograph of a cross-section of GaAs waveguide after metal deposition is

shown in Fig. 3.5.

3.3 Waveguide Measurements

3.3.1 Propagation Loss Measurement

As mentioned in chapter 2, propagation loss in the waveguide can be measured
using the Fabry-Pérot technique [44]. The technique relies on cleaved waveguide facets to

form a Fabry-Pérot cavity. The transmitted power is measured while the input wavelength
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is scanned. Because of the Fresnel reflectivity between Air and GaAs at the cleaved
facets, the transmission spectrum shows a periodic sequence of peaks associated with
the longitudinal modes of the Fabry-Pérot cavity. From the maximum and minimum

transmitted power, Py, and Py;,, the contrast (K) is defined as

o Pmax — Prin

=—, (3.3)

Pmax + Prmin

Which is related to the propagation loss a by :
In[1— (1 —K2)2/K] =InR — oL, (3.4)

where L is the waveguide length and R is the endfacet reflectivity. If we assume that R is
approximately 30% (based on Fresnel reflectivity between air and GaAs), o can be deter-
mined by measuring the contrast K in the waveguide. The solid line in Fig. 3.6 represents
the transmission power fringes of a representative 5.4-mm long passive waveguide prior
to AR coating. TE-polarized light was launched into these waveguides. From Eq.(3.4),
the TE propagation loss of these waveguides was estimated to be 4-6 dB/cm. TM loss is
typically higher than TE loss in these waveguides and was measured to be 8-9 dB/cm.
The dashed line in Fig. 3.6 represents the transmission of TE-polarized light in
the same waveguide after AR coating was deposited. No transmission power fringe was
observed, which means that almost zero reflectivity at the facet is achieved after AR
coating. Low facet reflectivity is also evident in the decrease in the total insertion loss of

the waveguide.
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red line corresponds to the estimated exponential recovery.

3.3.2 Free-Carrier Lifetime Measurement

The measurement of the carrier lifetime in a GaAs waveguide is similar to that
described earlier for a porous silicon waveguide described in chapter 2. I.e, we launch a
strong pump pulse into the waveguide and measure the transient absorption of a a weaker,
co-propagating CW probe signal. Figure 3.7 plots the transmitted probe signal from the
GaAs waveguide. We obtain an estimate of the free-carrier lifetime by measuring the
1 /e recovery time, ignoring the initial, instantaneous two-photon absorption. The GaAs

waveguide exhibits a carrier lifetime of approximately 250 ps.
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3.3.3 Measurement of Two-Photon Absorption Coefficient

There have been several reports on the measurement of the 2PA coefficient Bopa
in semiconductors including Si [17, 32, 50, 73, 74], GaAs [17, 18] and InP [75] in the
1550 nm wavelength regime. These measurements have been performed using several
techniques including inverse transmission [18, 50, 73, 74], z-scan [17] and by modeling
transmission change as we described in chapter 2 and in [32]. Among these measurement
techniques, the inverse transmission technique has been most frequently employed for the
measurement of the 2PA coefficient in semiconductor waveguides. At low input powers,
for which the free-carrier absorption (FCA) can be neglected, Bopa can be obtained by
measuring the reciprocal of the nonlinear transmission 1/7 as a function of coupled peak
input power Pj, [76]. The reciprocal of the nonlinear transmission through a waveguide

of length L with an effective area A and a linear propagation loss o can be described by

I P ol Bapa
_— = 1 LeseP; 3.5
T Pout € [ + TAy efflin | » (3.5)

where Legr is defined as (1 —e~%) /a. T is a dimensionless 2PA correction factor, which
depends on the temporal profile and optical power of the input pulse. The 2PA correction
factor is described in detail in Appendix A of this thesis. Bopa can be obtained from the
slope of the reciprocal of the transmission. Figure 3.8 shows a measurement of the in-
verse transmission in a GaAs waveguide. We used an optical parametric oscillator (OPO)
pumped by Ti:sapphire laser to produce input pulses at 1550 nm with a repetition rate of

82 MHz. The input pulsewidth broadened to 2.2 ps at the front facet of the waveguide as

a result of chromatic dispersion in the fiber. Using the value of o from Fabry-Pérot mea-
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surement and I" described in Appendix A, Bopa was estimated to be 15 cm/GW, which
i1s comparable to prior measurements conducted on GaAs waveguides using the inverse

transmission technique [18] and in bulk GaAs using the z-scan technique [17].

3.3.4 Measurement of Two-Photon Absorption Photocurrent

Another way to observe two-photon absorption is to measure the photocurrent gen-
erated when the waveguide is illuminated below the bandgap. Figure 3.9 shows the mea-
sured nonlinear photocurrent of a waveguide detector as a function of input intensity for
both TE and TM modes. GaAs has a bandgap that allows linear absorption at wave-
lengths shorter than 870 nm and degenerate 2PA at wavelengths shorter than 1740 nm.
Here, 1550-nm optical pulses generated from the OPO are coupled into the waveguide
using a lensed fiber. At low input intensity, the photocurrent is proportional to the input
intensity, as seen from the slope of 1 on log-log scale in Fig. 3.9. In this region, linear
absorption dominates. As the input power increases, two-photon absorption becomes a
dominant effect. The photocurrent in this region is proportional to the square of the input

intensity, as seen from the slope of 2 on log-log scale indicated in Fig. 3.9.

3.3.5 Autocorrelation Measurement

Autocorrelation is one method to check whether the nonlinear photocurrent from
the waveguide is generated by ultrafast two-photon absorption, rather than by some slower
nonlinear effects such as free-carrier absorption or thermal effects. The fabricated p-i-n

waveguide is used as a detector for the autocorrelation measurement. The experimental
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Figure 3.9: Nonlinear response of a p-i-n waveguide detector to incident pulses at 1550

nm.

setup 1s shown in Fig. 3.10.

The OPO was again used as the pulse source for this measurement. The first fiber
polarization controller was adjusted so that both beams coming out of a polarizing beam-
splitter have the same power. The two orthogonally polarized pulses were then recom-
bined after one was delayed with a variable delay line. The second polarization controller
was used to adjust the polarization of both beams to be at 45 degrees with respected to the
axis of an in-line polarizer. After the polarizer, both beams were co-polarized. Finally,
a lensed fiber was used to couple the beam into the p-i-n waveguide detector, where the
photocurrent was measured in real time with a sampling oscilloscope as the delay was
scanned.

Figure 3.11 shows the autocorrelation result from a p-i-n waveguide. The interfer-
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ence fringes of the autocorrelation depicted in the inset show the expected cos* fringe
shape. The white curve is obtained by numerically low-pass filtering the interference
fringe. The FWHM of the autocorelation is 3.36 ps, which corresponds to a pulse width
of 2.18 ps assuming a hyperbolic secant squared (sech?) pulse shape. The measured
pulse width is in close agreement with independent measurements performed with sec-
ond harmonic generation (SHG) based autocorrelation. The ratio of the correlation peak
to background of the fringe result is a little bit higher than the 8:1 expected theoretically.
The peak-to-background ratio of the average fringe result is also a little bit higher than
the 3:1 expected. This could be attributed to nonlinear effects in the optical fiber from
the laser source to the waveguide. Based on the observed autocorrelation fringes, we can
infer that nonlinear photocurrent is generated by fast nonlinear process such as 2PA, and

not from any slow nonlinear effects like free-carrier absorption or thermal effect.

3.4  Summary

We described the fabrication process of GaAs waveguides with and without electri-
cal contacts. The characteristics of the waveguides are also tested. The mode parameters
and properties of a GaAs ridge waveguide measured in this chapter are summarized in
Table 3.2. For TE-polarized light, the fabricated 2.4-um wide waveguides have a linear
propagation loss of 4-6 dB/cm. The free-carrier lifetime in these waveguides estimated
by measuring the 1/e recovery time is found to be 250 ps. The two-photon absorption
coefficient is measured using the inverse transmission technique and is estimated to be 15

c¢cm/GW. The intensity-dependence of the photocurrent generated from a GaAs waveguide
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parameter GaAs ridge waveguide | (unit)
Effective area Acgr 1.8 (,umz)
Waveguide length L 4.6 (mm)

Linear loss o 4—6 (dB/cm)

2PA coefficient Bopa 15 (dB/cm)
Free-carrier lifetime T, 250 (ps)
Effective length Legr = (1 —e %) /o 3.3 (mm)
Total insertion loss 8.5 (dB)

Table 3.2: Mode parameters and optical properties of a GaAs/AlGaAs ridge waveguide.

detector is characterized. We can infer from the measurements that nonlinear photocur-

rent in this device is generated by two-photon absorption at 1550 nm.
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Chapter 4

Wavelength Conversion in a Gallium Arsenide Waveguide

Wavelength conversion is essential for all-optical dense wavelength division multi-
plexing (DWDM) networks. A wavelength converter is used to convert an encoded signal
from one wavelength to another. It provides the flexibility for optical interconnection by
wavelength rerouting and increases the capability of the network by re-using the avail-
able wavelengths [77]. The conventional way of performing wavelength conversion is
to electrically detect, and then re-modulate and transmit a second laser. Here, we are
trying to achieve all-optical wavelength conversion, which uses nonlinear optics to con-
vert from one wavelength to another without relying on electrical detection. This could
be especially attractive because it allows conversion of high-speed signals that cannot be
detected electrically.

In chapter 2, we showed that when a single optical signal propagates inside a non-
linear waveguide, its transmitted power and spectrum change due to the instantaneous and
carrier-based nonlinear effects. As the input power is increased, the ratio of transmitted
to input power decreases as a result of two-photon absorption and free-carrier absorp-
tion. Similarly, at higher input power, the output spectrum broadens and shifts as a result
of self-phase modulation and free-carrier dispersion. When two or more optical signals
with different carrier frequencies simultaneously propagate inside a nonlinear waveguide,

they can interact with each other due to third-order nonlinearities. The amplitude of one
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optical signal can be altered by the intensities of all other optical signals. This effect is
called cross-amplitude modulation (XAM). Similarly, the phase of one optical signal can
be altered by the intensities of all other optical signals via cross-phase modulation (XPM).
Moreover, a new optical waveform with a different carrier frequency could be generated
through nonlinear interactions such as four-wave mixing (FWM).

GaAs/AlGaAs waveguides provide interesting optical properties for nonlinear op-
tical signal processing. Although there have been several demonstrations of all optical
signal processing based on third-order nonlinearities in GaAs/AlGaAs waveguide de-
vices [12, 13,19, 20, 66], there have been no reports on data performance metrics such
as eye-diagrams or bit-error rate (BER) receiver sensitivity for these devices.

In this chapter, we demonstrate all-optical wavelength conversion based on non-
linear effects in the GaAs/AlgaAs waveguides described in chapter 3, the properties of
which are listed in Table 3.2. We measure, for the first time, eye-diagrams and bit-error
rate receiver sensitivity in these systems. First, XAM-based wavelength conversion is
detailed. We next describe a wavelength conversion system that uses XPM. In the last
section, we describe the principle of FWM and how we exploit this effect for wavelength

conversion in these waveguides.

4.1 Wavelength Conversion Using Cross-Amplitude Modulation

When a strong pump signal and a weak probe signal propagate along a waveguide,
the amplitude of probe signal can be affected by the intensity of a pump signal due to non-

degenerate two-photon absorption, i.e., simultaneous absorption of one pump photon and
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Figure 4.1: Wavelength conversion using cross-amplitude modulation in a GaAs waveg-

uide. (BPF : bandpass filter)

one probe photon. This ultrafast effect can be employed for cross-amplitude modulation
(XAM) in high-speed all optical switches and for wavelength conversion in semiconduc-
tor waveguides [78,79]. Figure 4.1 depicts a simple diagram of XAM-based wavelength
conversion. The XAM-based wavelength converter requires only a GaAs waveguide and
a filter to isolate the probe signal. In the setup shown here, the two input signals are the
pump pulses and the CW probe. The dip in the transmission of the probe signal is caused
by pump-induced 2PA, which only occurs when the pump pulse is on.

The pump and probe signal are attenuated due to the linear loss as they co-propagate
in the waveguide. The strong pump signal is also decreased as a result of degenerate 2PA
from the pump signal, while the weaker probe signal is decreased by the non-degenerate
2PA induced by the pump pulses. Moreover, free-carriers generated from 2PA of the
pump pulses could further deplete both signals due to free-carrier absorption as previously
demonstrated in the free-carrier lifetime measurement shown in Fig. 3.7. Unlike free-
carrier lifetime measurement where we purposely used strong pump pulses with very high
peak power (Ppeax ~ 800 W) to generate free-carrier through 2PA, we used pump pulses

with a relatively low peak power (Ppeax ~ 3 W) in the XAM measurement. As we will
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show latter in this section, free-carrier effects can be neglected for the input powers used
in the experiments as evidenced by the absence of a slow recovery in the transmission of
the probe signal.

Not only we neglect free-carrier effects, but also we neglect the dispersion and pulse
walk-off in the waveguide as well as the dispersion-based pulse broadening effects. We
also assume that the probe is weak and the probe-induced 2PA can be neglected. Under
these assumptions, the two coupled equations describing the powers of two input signals

propagating along the waveguide can be modeled by:

J B Bapay; 0
a_ZPI(Zvl)__aPI(Zat)_HPI (th) (41)
and
0 2
9 py(et) = —aPy(z.1) — P2 p (0 Py (et 42)
0z Actr

where Pj(z,t) and P»(z,t) are the powers of pump and probe signals at distance z and
time ¢, respectively, o is the linear propagation loss, A is the effective area of the
waveguide, Bopa,, is the degenerate 2PA coefficient of the pump signal, and Bopa,, is
the non-degenerate 2PA coefficient between pump and probe signals. Equation (4.1) can
be directly integrated to obtain a solution for P (z,t):

P;(0,1) exp(—oz)

. . 4.3
I(Za ) 14 BZPAU [1—exp(—0‘2):| Py (07t) | )

Actf o

If the wavelengths of pump and probe signals are close to each other, Bopa,, and Bopa,, are

assumed to be equal by setting Bopa,, = Bopa,; = Bopa in Egs. (4.2) and (4.3). Substituting
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Py (z,t) derived in Eq. (4.3) into Eq. (4.2), the probe power at the output of the waveguide

with length [ can be described as

Py(L,1) = P,(0,1)exp(—al) . 44)

1+ Bzﬂpl (Oat)Leff

Aett

where the effective length L. is defined as [1 —exp(—al)] /a. For a pump pulse with

peak power of Pj, at t = 0, the modulation depth (M) can be defined as

. Tmin — P2<170)’P1=0 _P2(1,0)|P]=P10
Tmax P2(170)|P1:0 7

4.5)

where Tiyax and T, are the maximum and minimum ratio of transmitted to input power
of the probe, respectively. P>(1,0)|p,=p,, and P»(1,0)|p,=o are the transmitted probe in the
presence and in the absence of the pump pulse, respectively. According to Eq.(4.4) and
Eq.(4.5), the modulation depth of the CW probe at the output of the waveguide can be
derived as

M=1_ ! . (4.6)

3 p
1+ ﬁPloLeff]

The experimental setup for wavelength conversion based on XAM in GaAs waveg-
uides is shown in Fig. 4.2. In this experiment, the 10-Gb/s return-to-zero on-off keying
(RZ-OOK) pump signal centered at 1553.5 nm was generated by modulating the 3-ps
pulse train from a mode-locked laser diode with a (23! — 1) pseudorandom data pattern.
The 10-Gb/s pump signal and the 1540-nm CW probe were amplified and coupled into

the waveguide using a 50% coupler. The insertion loss was measured to be 8.5 dB, in-
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Figure 4.2: Experimental setup for 10 Gb/s XAM-based wavelength conversion. (Prx :
receiver power; VOA : variable optical attenuator; BPF : bandpass filter; EDFA : erbium-

doped fiber amplifier; pin-TIA : p-i-n photodiode and transimpedance amplifier.)
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20 ps /div
(a)

Figure 4.3: Infinite-persistence 10 Gb/s sampling oscilloscope traces of converted RZ-
OOK signal at the probe wavelength. (a) Optical signal before p-i-n photodetector. (b)
Electrical signal generated from p-i-n photodiode after amplified by an inverting tran-

simpedance amplifier.

cluding a linear propagation loss of 6 dB/cm and an estimated coupling loss of 3 dB per
facet. The respective average coupled input powers of the pump and probe signals were
16 dBm and 14 dBm. Although the average powers are similar, the peak power of the
pump is much larger than that of the CW probe. The signal emerging from the waveguide
was processed with bandpass filters tuned to the probe carrier wavelength to spectrally
isolate the probe. The modulated probe was then sent to a standard pre-amplified optical
receiver where the bit error rate was measured as a function of the input probe power

entering the preamplifier.

67



Figure 4.3(a) shows the eye-diagram of the probe signal before the p-i-n photode-
tector at a receiver power of -9 dBm. The dip in transmission of the converted probe
induced by 2PA from the strong pump pulse only occurred when the pump pulse was
on. Because two-photon absorption is an ultrafast nonlinear process, we believe that the
impulse-like dip matches the shape of the input pulses. However, the impulse-like dip
cannot be observed in Fig. 4.3(a) because the photoreceiver is not fast enough to resolve
it. The detector used in this experiment has a 40-ps response time, which is not fast
enough to measure the duration of the dip or the true optical modulation depth. As pre-
viously shown in Fig. 3.7, the free-carrier lifetime in these waveguides was measured
to be 250 ps. If free-carrier is present, the detector used in this measurement should be
fast enough to see a slow recovery trace due to free-carrier absorption. Since we do not
see the slow recovery trace, we could assume that free-carrier effects can be neglected
in this measurement. The calculated modulation depth was theoretically estimated to be
80% for the 16 dBm RZ-OOK pump signal. Fig. 4.3(b) shows the eye-diagram of the
electrical signal generated from the p-i-n photodiode after amplification by an inverting
transimpedance amplifier. The eye-diagram is clearly open.

Figure 4.4 depicts the receiver sensitivity measurement of 10-Gb/s, XAM-based
wavelength conversion. The baseline receiver sensitivity was measured by bypassing
the GaAs waveguide and the 0.3-nm filter before the receiver and tuning the remaining
filters in the receiver to the pump wavelength. The converted RZ-OOK probe signal
demonstrated a 10~ BER receiver sensitivity penalty of 27 dB relative to the baseline
RZ-OOK pump signal. The reason this sampling system has a large penalty is because
the majority of the power of the converted signal is allocated to the constant background
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Figure 4.4: Bit-error rate versus received power for 10 Gb/s XAM-based wavelength

conversion.

in the zero rail. The cross-amplitude-modulated signal is mostly continuous wave with
brief dips in transmission. The XAM data signals can be separated into two components:
P(t) = Py - Prod(t), where Py, is the the power in the DC carrier and Py,oq(t) is the power in
the dips induced by 2PA from the pump pulses. To estimate the ratio of the power in the
DC carrier P, to the average power in the dips (Pyod(?)), we assume that the impulse-like
dips match the shape of the input pulses and the modulation depth is 80%, as theoretically
estimated. Under these assumptions, P, is approximately 19 dB larger than (Ppoq(?)) in
this measurement. The sensitivity of the sampling system can be improved by using a

Mach-Zehnder interferometer to eliminate the DC carrier from the converted signal.
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Figure 4.5: Wavelength conversion using cross-phase modulation in a GaAs waveguide.

4.2  Wavelength Conversion Using Cross-Phase Modulation

When a strong pump pulse and a co-propagating probe are launched in a waveg-
uide, the strong pump pulse can induce a change in the refractive index of the material
due to optical Kerr nonlinearity and free-carrier dispersion. This refractive index change
not only causes a phased-shift of the pump pulse itself, but also alters the phase of the
co-propagating probe signal. The former process is called self-phase modulation (SPM),
while the latter is called cross-phase modulation (XPM). XPM has been used for wave-
length conversion in several nonlinear devices including semiconductor optical amplifiers
(SOAs) [80], silicon nanowires [81], highly nonlinear fibers (HNLFs) [82] and chalco-
genide glass rib waveguides [8]

Although SPM and XPM effects have been studied in GaAs/AlGaAs waveguides [21,
83, 84], there has been no demonstration of all-optical signal processing using XPM in
GaAs/AlGaAs waveguides, especially with the measurements of an eye-diagram or BER
receiver sensitivity. In this section, we will demonstrate a 10-Gb/s XPM-based wave-
length converter in GaAs waveguides. The wavelength conversion system is also evalu-

ated in a receiver sensitivity experiment.
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Figure 4.5 illustrates how wavelength conversion can be achieved using the XPM
process. In the setup shown here, the two input signals are a pump pulse train and a
CW probe. The pump pulses are broadened due to SPM, while the CW probe acquires
a spectral pedestal as a result of XPM induced by the pump pulses. Because the pump
is composed of a train of optical pulses, the pedestal of the probe exists only during the
pump pulses. A filter is then used to spectrally select the XPM pedestal of the broadened
probe signal.

In order to analytically solve for the nonlinear phase shift of the two signals propa-
gating along the waveguide, we simplify the nonlinear coupled equations of the pump and
probe signals by neglecting free-carrier effects. In the previous section, we showed that
free-carrier absorption could be neglected at the input powers used in the experiment. We
assume that free-carrier dispersion does not play an important role at these powers and
any nonlinear phase shift is mainly attributable to optical Kerr nonlinearity. By neglecting
free-carrier effects, the two coupled equations in Eq. (4.1) and in Eq. (4.2) can be used
to describe the power of the two signals propagating along the waveguide. The coupled

equations for the pump phase ¢; and the probe phase ¢, can be derived as

_ g
a—z¢1(Zal) cAeffpl (z,1) 4.7)
. _2(1)21’12
a_Zq)Z(Zat) - CAeff Py (Z7t)7 (48)

where ®; and m, are pump and probe frequencies, respectively, c is the light velocity, and
ny is the optical Kerr coefficient. Since the pump intensity is much larger than the probe

intensity, we neglect the SPM, XPM and 2PA induced by the probe signal in Eq. (4.7)
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and Eq. (4.8). Substituting P;(z,7) derived in Eq. (4.3) into Eq. (4.8), the nonlinear phase

shift of the probe signal at the output of the waveguide can be described as

APa(t) = &2(1,1) — 02(0,2)

20 A
o Aeit 1) Bopa
cAeti Bora Aetf

Py (0, I)Leff . 4.9)

For pump pulses with a peak power of Pj,, the maximum nonlinear phase shift of

the CW probe signal can be derived as

 20onp Actr Pora } 4.10)

Adr = 1n|:1—|——P1Lff
¢ cAefi Pora Aegt © ©

The nonlinear phase shift of the probe signal A¢, in Eq. (4.10) is derived by in-
cluding the effect of 2PA. By neglecting 2PA in Eq. (4.10), the nonlinear phase shift A¢)

becomes

2017

Ay = —
CAeff

ProLett - (4.11)

Figure 4.6 shows the result of a simulation of the nonlinear phase shift as a function
of average pump input power with and without 2PA. For this simulation, we used the
previously measured parameters of GaAs waveguides as listed in Table 3.2. The input
pump used in this simulation is a 10 Gb/s RZ-OOK signal with the pulsewidth of 3 ps.
The dashed line in Fig. 4.6 was obtained by neglecting 2PA in the simulation. In this case,
the nonlinear phase shift grows in proportional to the pump input power. The solid line

in Fig. 4.6 was obtained by including 2PA in the simulation. The nonlinear phase shift
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Figure 4.6: Simulation of the nonlinear phase shift as a function of average pump input

power with and without 2PA.

grows logarithmically (much more slower) with the pump input power due to 2PA, which
reduces the XPM efficiency in these waveguides.

The experimental setup for wavelength conversion using XPM in a GaAs waveg-
uide is depicted in Fig. 4.7 [85]. The setup is similar to the experimental setup for XAM-
based wavelength conversion shown in previous section except that here the filters are
tuned to block the probe wavelength and only transmit the spectral pedestal associated
with XPM. The pump signal was a 10-Gb/s RZ-OOK centered at 1553.5 nm and modu-
lated with a (23'-1) pseudorandom data pattern. The probe signal was a CW beam with
a carrier wavelength of 1540 nm. The average coupled input powers of pump and probe
signals were 14 dBm and 12 dBm, respectively.

Figure 4.8 summarizes the spectral profiles of the filters detuned to convert the

XPM-induced phase modulation to amplitude modulation. The filters were measured
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Figure 4.7: Experimental setup for 10 Gb/s wavelength conversion using XPM in a GaAs
waveguide. (Prx : receiver power; VOA : variable optical attenuator; EDFA : erbium-

doped fiber amplifier; pin-TIA : p-i-n photodiode and transimpedance amplifier.)
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Figure 4.8: The spectral profiles of the filters used in XPM-based wavelength conversion.

by sending the amplified spontaneous emission (ASE) produced from the erbium-doped
fiber amplifier (EDFA) to each filter and capturing the output spectrum. Unlike the XAM-
based measurement in which all filters were tuned to the carrier wavelength of the CW
probe, a fiber Bragg grating (FBG) notch filter was tuned to the carrier wavelength of CW
probe in order to suppress the background probe signal. The remaining 0.3-nm filters and
a 0.45-nm bandpass filter were detuned by 0.5 nm to the red side of the probe wavelength
in order to select the XPM sideband of the probe signal. A circulator in front of the FBG
filter was required to redirect the reflected optical power from the FBG notch filter, which
would otherwise be reflected back into the waveguide and amplifiers.

Figure 4.9 shows the spectra captured at the input and the output of the waveguide.
The spectral pedestal of the probe is attributed to the XPM induced by the pump pulses.

We believe that free-carrier dispersion does not play an important role in the phase shift of
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Figure 4.9: Signal spectra collected before the waveguide (blue line) and after the waveg-

uide (red line). The spectra have been offset for clarity.

the probe at this range of input powers. The asymmetric pedestal of the probe is attributed
primarily due to the spectral shape of the pump signal and the dispersion in the waveguide.

The dashed line in Fig. 4.10 represents the spectral profile of the composite band-
pass filter formed by all filters used in the experiment. The -3 dB and -6 dB bandwidths
of the composite filter were 0.17 nm and 0.26 nm, respectively. The red line and the blue
line represent the spectra of the output probe before and after the composite filter, respec-
tively. After the composite filter, the residual probe carrier (indicated with a red circle)
was suppressed by 30 dB relative to the converted probe signal, when measured at 0.01
nm resolution bandwidth.

Fig. 4.11 shows the eye-diagram of the pump and the converted probe, each cap-
tured immediately before the receiver at a received power of —35 dBm. The data were

efficiently transferred from the pump to the CW probe. However, the pulse-width of the
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Figure 4.10: Zoomed-in spectra of the output probe before and after the composite filter.

The dashed line represents the spectral profile of the composite filter.
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Figure 4.11: Infinite-persistence 10 Gb/s sampling oscilloscope traces: (a) RZ-OOK
pump, and (b) converted probe. The artifact in the zero rail is ascribed to the sampling

module’s RF response.

converted probe was different from that of the pump due to the interaction of the probe
with the composite filter. The pulse-width broadening was found to be no more than
20% (measured prior to detection), yielding respective pump and converted probe FWHM
pulse-widths of 17 ps and 19 ps. The received pulse-widths were significantly larger than
the 3 ps of the original pump, due to convolutions with the 0.17-nm composite bandpass
filters. Consequently, no receiver sensitivity penalty due to pulse-width broadening was
expected for the converted probe.

Fig. 4.12 summarizes the pre-amplified receiver sensitivity measurements. The
baseline RZ-OOK pump receiver sensitivity was -37 dBm at 10~° BER, and was mea-
sured by bypassing the GaAs waveguide, FBG notch filter and 0.3-nm filter before the
receiver and tuning the remaining filters in the receiver to the pump wavelength. The con-

verted RZ-OOK probe demonstrated a penalty of 0.7 dB relative to the baseline RZ-OOK
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Figure 4.12: BER versus received power for 10 Gb/s XPM-based wavelength conversion.

from the pump signal.

4.3 Wavelength Conversion Using Four-Wave Mixing

Four-wave mixing (FWM) is another nonlinear processes that has been used for op-
tical signal processing. Unlike cross-phase modulation, FWM involves the generation of
new wavelengths via interaction between four optical waves. Figure 4.13 depicts the ba-
sic diagram of FWM process in an optical waveguide. When a strong pump at frequency
®p and a co-propagating signal at frequency ® are launched in the waveguide, the refrac-
tive index of the waveguide can be periodically modulated by the optical Kerr nonlinear
effect at the beat frequency of ws-,. For partially-degenerate FWM, the pump wave at
®p becomes phase modulated with the beat frequency ws-, and generates sidebands at
frequencies @y & ((DS-(Dp) [5]. One sideband is located at ms which results in a gain for the
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Figure 4.13: Wavelength conversion using four-wave mixing in a GaAs waveguide.

signal. The other sideband will generate a new optical wave at frequency ®; = 20, — s,
which is called the idler. The idler is only generated in the presence of both the pump
and the signal and its idler power is proportional to the signal power and the square of the
pump power. Wavelength conversion using FWM can be achieved by spectrally isolating
the idler wave. Note that a different idler wave can also be generated at 20 — ®, from
the sideband of the signal at frequency ;. Its power is proportional to the pump power
and the square of the signal power, which is weaker than the idler at ;.

The nonlinear optical interaction of the pump, signal and idler generated by FWM

in the waveguide can be modeled by following propagation equations [86, 87]

dli,;z(z) apy(o)— lif:f/: [Py(2) +2Py(2) +2P(2)] Py(2)
L om P,(2)v/Ps(2)Pi(z) sin [6(2)]
CAetf
_ 252% Py(2)\/Ps(2)Pi(z) cos [B(z)] (+12)
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where P, Py and P; are the respective pump, signal and idler powers, and 6 = AB,z+ ¢nr,

ONL = 05 + ¢; — 20, is the nonlinear phase shift, ¢,, ¢; and ¢; are the respective pump,

signal and idler phases

. ABy = Bs + Bi — 2B, is the linear phase mismatch, where f3,,

Bs and PB; are the respective pump, signal and idler propagation constants, and c is the

velocity of light. Here we assume that the optical angular frequencies of the pump, signal

and idler are close to each other and can be represented as ® and we neglect the spectral

dependence of n; and 3

opa over the region of wavelengths.
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On the RHS of Egs. (4.12)-(4.14), the second term corresponds to degenerate and
non-degenerate 2PA. The third and the fourth terms correspond to FWM contributed from
the real and imaginary parts of the third-order nonlinear susceptibility x3, respectively.
These last two terms are also responsible for the power transfer between the interacting
signals, governed by the phase relation 8. Note that 8 = 1t/2 at the input of the waveguide,
provide that the pump and signal are incident and the idler is generated after an infinites-
imal propagation distance in the waveguide [86]. The coupled equations (4.12)-(4.15)
can be solved numerically to simulate the FWM conversion efficiency and bandwidth in
a GaAs waveguide.

To better understand the conversion efficiency and bandwidth of the FWM process,
Egs. (4.12)-(4.14) are simplified under the assumption that the pump remains undepleted

(dl;”gz) = 0). The propagation loss and 2PA are also neglected. An approximate solution

can be derived for the remaining coupled equation as [5, 39, 87]

2
Py(L) = P,(0) <1+ [%sinh(gL)} ) @.16)
o [P ’
Pi(L) = P(0) [?psmh(gL)] , (4.17)

where L is the waveguide length and Y= ®ny /cA. is the nonlinear parameter. The para-
metric gain coefficient g is defined as
AB()

& = [0~ (/2] = 2By | 3 17 @18

where ¥ = AP, + 2YP, is an effective phase mismatch, AR, = —(2mc/ kf,)DA?uz where D

is the second-order dispersion parameter and AA is the wavelength detuning of the signal
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Figure 4.14: Simulation of FWM conversion efficiency when AA ~ 0 as a function of
average coupled input intensity of the pump. The black dashed line represents 1 without
2PA and ¢np. The blue dashed curve represents 1 with 2PA, but no ¢nr.. The red solid

curve represents | with both 2PA and ¢np. .

from the pump. The GaAs waveguide used in this experiment has a relative large effective
area (1.8um?), therefore the material dispersion is the dominant source of dispersion in
this waveguide, rather than modal dispersion. GaAs exhibits normal dispersion (D <
0) at the 1500-nm spectral regime. As a result, AP, becomes positive and g becomes
imaginary. The FWM conversion efficiency 1, defined as the ratio between output power

of the idler and the input power of the signal, can be described as

= (yP,L)*sinc*(|g|L) . (4.19)

According to Eq. (4.19), the FWM conversion efficiency 1 is a sinc? function of
the wavelength detuning AL. The largest conversion efficiency 1 occurs when AA =~ 0
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(wp ~ ). M can be improved by increasing the pump power or using a waveguide with
a higher nonlinear parameter Yy or with a longer interaction length. As previously men-
tioned, y could be further increased by reducing the guided-mode area of the waveguides.
However, the linear propagation loss and 2PA, which were not included in the derivation
of Eq. (4.19), could impede the nonlinear interaction in the waveguide as the guided-mode
area gets smaller or the pump power gets stronger.

To account for both linear propagation loss and 2PA, Egs. (4.12)-(4.14) are simpli-
fied under the assumption that |P,| > |P| > |P;| such that the signal and the idler induced
2PA can be neglected. We neglect FWM terms for the pump and signal (the third and the
fourth terms in Eq. (4.12) and Eq. (4.13)). We also neglect the linear phase mismatch
(AB, = 0) and the nonlinear phase shift (on;, = 0). We also set 8 = 1/2 at the input of
the waveguide. Under these assumptions, FWM conversion efficiency 1 can be solved

analytically [88]:

Baopa PooLeft )
Aeffq 2 |In <1 t Acir (4.20)

= eXp(_(xL) |: <1 + BZPAPpoLeff> Y
Actf

Bapa

where Py, is the input pump power.

We simulated the FWM conversion efficiency M as a function of average coupled
input intensity of the pump wave, as shown in Fig. 4.14. The black dashed line represents
the FWM conversion efficiency obtained by neglecting the linear propagation loss, 2PA
and nonlinear phase shift ¢nr. using Eq. (4.19). In this lossless case, | grows in pro-
portional to the square of the input pump intensity, as expected. The blue dashed curve

shown in Fig. 4.14 was obtained by including the propagation loss and 2PA, but neglect-
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ing OnL in the simulation based on Eq. (4.20). At high input intensity, 1| deviates from the
straight line, obtained in the lossless case, and eventually decreases as the input intensity

increases due to 2PA. In this case, M reaches the maximum value of

Aeiry]?
Nmax = exp(—aL) { B;ﬂ : (4.21)
at an optimum input intensity of
Py —1
Ip = = (4.22)

Acti PopaLest

In the previous two cases, we set 8 = m/2 at the input of the waveguide. Since
ABo +OnL = 0, O stays m/2. As a result, the FWM contributed from Im{x(3)} does
not contribute to the generation of the idler (cos(0) = 0). The red solid curve shown in
Fig. 4.14 was obtained by numerically solving Eqgs. (4.12)-(4.15), which includes the
propagation loss, 2PA and ¢ni, in the simulation. ¢np, causes a change in 0 in Eq. (4.15)
and lead to the inclusion of the FWM contributed from both Re{y(®)} and Im{}®}. As
a result, 1 is slightly larger than that in the previous two cases.

To characterize FWM in a GaAs waveguide, we measured the FWM conversion ef-
ficiency as a function of wavelength detuning as shown in Fig. 4.15. In this measurement,
the pump and signal were generated from two tunable CW lasers. Both pump and signal
were combined and coupled to the GaAs waveguide using a lensed fiber with coupled
input powers estimated to be 21.3 dBm and 18.5 dBm respectively. The 3-dB conver-
sion bandwidth (half-width) was measured to be 24 nm. Figure 4.15(a) depicts the output

spectrum from the waveguide for the pump-signal detuning of 5 nm, showing a FWM
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Figure 4.15: (a) The FWM output spectrum measured after a GaAs waveguide with the
wavelength detuning of 5 nm. (b) Measured and simulated conversion efficiency as a

function of wavelength detuning.
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Figure 4.16: Experimental setup for 10 Gb/s NRZ-to-RZ format and wavelength conver-
sion. (Prx : receiver power; VOA : variable optical attenuator; EDFA : erbium-doped

fiber amplifier; pin-TIA : p-i-n photodiode and transimpedance amplifier.)

conversion efficiency of -31.5 dB.

The solid line in Fig. 4.15(b) shows the best-fit simulation. Based on the peak
conversion efficiency measured for small wavelength separation, 7 is estimated to be 64
W~ !m~!, comparable to the calculated value of 35 W~ 'm~! based on ny previously
published in [17]. The discrepancy is attributed to a pump-signal polarization mismatch
and the uncertainty in the coupling efficiencies at the input and output facets. The mea-
surement wavelength range was limited by the gain of the EDFA, which precluded the
measurement of FWM conversion efficiency beyond 30 nm. The dispersion parameter
D of the waveguide is estimated to be -1340 ps/(nm-km) based on the 3-dB conversion

bandwidth.
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The experimental setup for the NRZ-to-RZ format and wavelength conversion using
FWM in a GaAs waveguide is shown in Fig. 4.16 [89]. The NRZ-OOK data signal at the
wavelength of 1545 nm was generated by modulating the output from a CW laser with a
(231-1) pseudorandom data pattern. The 10-GHz clock pulse train was generated from a
mode-locked laser diode centered at 1553.5 nm with the pulse width of 3 ps. The NRZ
signal and the clock pulse train were combined and coupled into the waveguide using a
lensed fiber. The average coupled input powers for the NRZ-OOK signal and the clock
pulse train were estimated to be 23 dBm and 13.6 dBm respectively. The signal emerging
from the waveguide was then collected using a lensed fiber and bandpass-filtered by a
2-nm tunable grating filter to spectrally isolate the generated RZ-OOK signal from the
original NRZ-OOK and the clock pulses. The pre-amplified receiver, which was pre-
optimized for RZ-OOK reception, consisted of a low-noise linear EDFA, a 1-nm filter,
a power EDFA, and a 2-nm filter. The detected signal was then amplified using a linear
trans-impedance amplifier prior to BER evaluation.

Figure 4.17 depicts the optical spectrum output from the waveguide. The generated
RZ-OOK was at the idler wavelength of 1536.5 nm for a pump-signal detuning of 8.5
nm, which was within the range where the FWM conversion efficiency was flat. The
dashed trace in Fig. 4.17 represents the spectral profile of the composite bandpass filter,
which includes the grating filter and the two filters in the receiver. Figure 4.18 shows the
spectrum of converted signal after passing through these filters.

Figure 4.19(a), (b) and (c) show the eye-diagrams of the baseline NRZ-OOK, base-
line RZ-OOK and converted RZ-OOK signals respectively. The converted signal quality
slightly degraded compared to the baseline, which we attribute to the low conversion ef-
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Figure 4.19: Infinite-persistence sampling oscilloscope traces of (a) Baseline NRZ-OOK
signal, (b) Baseline RZ-OOK signal, and (c) Converted RZ-OOK signal. Each trace was

captured at -25 dBm receiver power, using a 10-Gb/s sampling module.
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Figure 4.20: Bit-error rate versus received power for 10-Gb/s NRZ-RZ format conversion.
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ficiency, for the pump and signal powers used in the experiment. Figure 4.20 shows the
receiver sensitivity measurement of the converted signal, in comparison to back-to-back
transmission. The converted RZ-OOK signal demonstrated a 10~ BER receiver sensi-
tivity improvement of 2.5 dB relative to the baseline NRZ-OOK signal, and a penalty of

1 dB relative to the baseline RZ-OOK signal.

4.4 Summary

We have demonstrated, for the first time, 10-Gb/s wavelength conversion using
cross-amplitude modulation, cross-phase modulation and four-wave mixing in a GaAs
bulk waveguide. The XAM-based wavelength conversion has a large BER receiver sensi-
tivity penalty because the majority of the power of the converted signal is allocated to the
constant background. The transmitted probe shows no evidence of slow recovery trace in-
duced by free-carrier absorption at the input powers used in the experiment. Wavelength
conversion using XPM in a GaAs waveguide with a detuned filter was demonstrated with
open eye diagrams and a BER penalty less than 1 dB relative to the baseline RZ-OOK
from the pump signal. An all-optical NRZ-to-RZ format and wavelength conversion using
FWM in a GaAs waveguide is also described. The FWM system achieves a conversion
efficiency of -31.5 dB and the 3-dB bandwidth of 48 nm at the pump power of 21.3 dBm.
The converted RZ-OOK signal demonstrated a BER receiver sensitivity improvement of
2.5 dB relative to the baseline NRZ-OOK signal, and a penalty of 1 dB relative to the
baseline RZ-OOK signal.

The XPM and FWM effects in GaAs waveguides are limited by two-photon ab-
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sorption. This could be suppressed by using an AlGaAs alloy that is designed to have
a bandgap larger than twice the photon energy [21]. The XPM and FWM conversion
efficiency could be further enhanced with improvements in fabrication to make a waveg-
uide with a lower loss and a smaller guided-mode area. Nonetheless, these experiments
demonstrate that GaAs/AlGaAs waveguides are viable for nonlinear optical signal pro-

cessing.
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Chapter 5
Background-free Ultrafast Optical Sampling Using Nondegenerate

Two-Photon Absorption in a Gallium Arsenide Photodiode

In this chapter, we describe an ultrafast optical sampling system based on non-
degenerate two-photon absorption (2PA) in a GaAs photodiode. We propose the idea of
using sampling pulses with a photon energy below the half-bandgap of GaAs for suppress-
ing the large photocurrent associated with two-photon absorption of the strong sampling
pulses. We demonstrate a background-suppressed measurement of quasi 4-Tb/s eye dia-
grams, with temporal resolution that is limited only by the sampling pulsewidth. Finally,

we shows preliminary results of a 2PA measurement in a GaAs waveguide detector.

5.1 Sampling Techniques

High-speed waveform sampling is an important diagnostic for optical telecommu-
nication systems. Because optical signals deteriorate as they propagate along the trans-
mission fiber, it is necessary to monitor and keep track of waveform qualities such as rise
and fall time, timing jitter and extinction ratio. Figure 5.1 depicts the schematic of three
techniques that have been used for sampling of optical waveforms [90].

The most commonly used technique for waveform sampling is an electronic sam-
pling scheme that uses a high-speed photodiode and a high bandwidth sampling oscil-

loscope, as depicted in Fig. 5.1(a). The sampling resolution is limited to approximately
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15-20 ps by the bandwidth of photodiode and electrical circuits. Figure 5.1(b) depicts the
sampling scheme, which uses a fast electroabsorption modulator driven by an electrical
short pulse to function as a temporal gate. This sampling scheme employs an equivalent-
time sampling technique. Optical waveforms can be sampled at a low repetition rate.
Therefore, it does not require a fast photodetector or electronics with a response time
comparable to the duration of optical waveforms. Sampling systems with bandwidth of
100-200 GHz have been reported using this technique. This system bandwidth is limited
by the timing jitter of an electrical short pulse. [91,92].

Figure 5.1(c) shows a schematic of a nonlinear optical sampling system. Nonlinear
optical sampling systems use the nonlinear interaction between the signal and sampling
pulses to function as a fast temporal gate opened by a short optical sampling pulse. Sev-
eral techniques have been proposed for optical sampling including sum-frequency gen-
eration (SFG) in nonlinear crystals [93], and four-wave mixing (FWM) or cross-phase
modulation (XPM) in highly nonlinear fibers [94, 95] or semiconductor optical ampli-
fiers [96]. The temporal resolution and optical bandwidth of these systems are determined
by the combination of the pulse width and the timing jitter of the sampling pulse, as well
as by other characteristics of the sampling process such as the walk-off and phase mis-
match [97]. Nonetheless, the optical sampling with the temporal bandwidth as fast as 640
GHz has been reported [93]. Note that not only nonlinear effects can be used for optical
sampling, but also coherent mixing, which uses linear optics and square-law integrating

detectors can be used for optical sampling, as demonstrated in [98].
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Figure 5.1: Schematic of three sampling techniques: (a) electronic sampling (b) sampling

with a fast modulator and (c) nonlinear optical sampling.
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Figure 5.2: (a) Linear detector (b) 2PA detector.

5.2 Two-Photon Absorption

2PA is a nonlinear process in which two photons are simultaneously absorbed and
generate a single electron-hole pair in a photodetector. It occurs when a photon, with
energy less than the bandgap energy of photodetector but more than half of the bandgap
energy, is launched into the photodetector. In this condition, single photon absorption
(1PA) is prohibited since a single photon does not have enough energy to overcome the
bandgap. However, if the optical intensity is high enough, two photons can be absorbed
at the same time to produce a single electron-hole pair. Unlike the conventional pho-
todetectors in which photocurrent is proportional to the input intensity due to 1PA, the
photocurrent from 2PA process is proportional to the square of input intensity. Fig. 5.2
shows a schematic representation of single and two-photon absorption processes.

Despite its detrimental effect of hindering many other nonlinear processes, 2PA can
be exploited in a variety of optical signal processing applications [99-102]. 2PA has a

very fast response time and very wide optical bandwidth. Compared to other nonlinear
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processes such as SFG and FWM, 2PA does not require phase matching. 2PA directly
generates a measurable nonlinear photocurrent, thereby eliminating the need for an exter-
nal optical filter and detector. In this work, we demonstrate optical sampling system using

2PA in a photodetector. 2PA-based optical sampling is also compact and inexpensive.

5.3 Conventional Optical Sampling Using Two-Photon Absorption

Figure 5.3(a) depicts the typical measurement setup for optical sampling based on
2PA. The signal and sampling pulse wavelengths are chosen to satisfy the following in-

equalities,

hvi = hvy < Eg < h(Vi+V2) , (5.1)

where E, denotes the bandgap energy of the photodetector and v; and v; are the signal and
sampling frequencies, respectively. Under this condition, the intensity cross-correlation
photocurrent ip,(T) from the signal and sampling pulses as a function of delay T can be

described by [103]

2B12
hvq

(Pl(t)Pg(t—r)>+2Bh—lvll<Pf(t)>+ﬁ<P22(t—r)> , (5.2)

iph (’C) =k
where (.) indicates a time average, k is a proportionality constant that depends on the
focus spot size, reflection, coupling efficiency and probability of carrier generation after
two-photon absorption process, B> is the non-degenerate 2PA coefficient between the
signal and sampling pulses, B1; and B are the degenerate 2PA coefficients at the wave-

length of signal and sampling pulses, respectively, and P; and P, are the signal power
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Figure 5.3: (a) The measurement setup for optical sampling based on 2PA. (b) Three
dominant nonlinear processes that contribute to photocurrent when Avy =~ hv, < E, <
h(vi+vz): (i) nondegenerate 2PA from sampling and signal pulses, (ii) 2PA from signal

pulses and (iii) 2PA from sampling pulses.
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and sampling power, respectively. Based on Eq 5.2, there are three dominant multipho-
ton absorption processes the can contribute to the measured photocurrent, as depicted in
Fig. 5.3(b). Among these processes, non-degenerate 2PA between the signal and sampling
pulses (i) only occurs if the signal and sampling pulses temporally coincide in the detec-
tor. Degenerate 2PA of the signal (i1), and the sampling pulses (iii) together constitute a
background photocurrent that does not depend on the temporal alignment 7.

While 2PA is widely used in time-averaged autocorrelation and cross-correlation
measurements [104-106], it presents a challenge when there is a disparity between the
signal and sampling powers. In sampling applications, the sampling pulse is typically
chosen to have a much higher peak intensity than the signal, which in turn generates
a large background photocurrent through degenerate 2PA of the sampling pulses. This
background photocurrent, and the shot-noise associated with it, can easily overwhelm the
small non-degenerate 2PA signal one seeks to measure. When the signal wavelength is
comparable to the sampling wavelength (hv| =~ hv;), the difference among 2PA coeffi-
cients in Eq 5.2 (B12, B11 and B2y) is negligible. The signal-to-background ratio can never
exceed 3:1 with the highest contrast ratio of 2:1 occurring when the signal and sampling
pulses have equal power. Fig. 5.4(a) shows the simulated cross-correlation between the
signal and sampling pulses when both pulses have equal power. When the sampling power
is ten times larger than the signal power, the signal-to-background ratio reduced to 0.4:1,
as depicted in Fig. 5.4(b), due to a strong background current from the sampling pulses. In
the next section, we show that this background photocurrent can be suppressed by using
long-wavelength sampling pulses below the half-bandgap of the photodetector such that

two photons from the sampling pulses do not have enough energy to be absorbed through
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2PA. However, with the spatial and temporal coincidence of signal pulses, one photon
from a sampling pulse and one from a signal pulse can be simultaneously absorbed to

generate a photocurrent through non-degenerate 2PA.

5.4 Background Suppression Technique

The background photocurrent can be suppressed by choosing signal and sampling

wavelengths to satisfy the following inequalities,

2hvy < Eq < h(Vi+V2) <2hvy <3hvy . (5.3)

The left-most inequality (2hv,> < E,) expresses the important constraint that two-
photon absorption of the sampling pulses is prohibited because the sampling photon en-
ergy falls below the half-bandgap of the photodetector. Although the sampling pulses
could generate photocurrent via degenerate three-photon absorption (3PA) since E, <
3hv,, at the input power used in the experiment, the 3PA photocurrent is very small com-
pared with the 2PA photocurrent. Under the constraints in inequalities (5.3), the three
dominant nonlinear processes that contribute to photocurrent are depicted in Fig. 5.5.
The signal photocurrent is still produced by non-degenerate 2PA between the signal and
sampling pulses (i) (E; < h(vi +V2)), while the background photocurrent is generated
by degenerate 2PA from the signal pulses (ii) (E; < 2hv;) and three-photon absorption
from the sampling pulses (ii1) (E; < 3hv2). The cross-correlation photocurrent can now

be described by

101



2hV1 < Eg < (hl/1+ th) < Zhl/z < 3hV1

conduction band

o
valence band

o O il

Figure 5.5: Three dominant nonlinear processes that contribute to photocurrent when
2hvy < Eg < h(vi+V2) <2hvy <3hv; : (i) nondegenerate 2PA from sampling and signal

pulses, (i1) 2PA from signal pulses and (ii1) 3PA from sampling pulses.

2Bz

iph(‘C) =k th

BORG—D)+ 9 (FO)+ 2 (Be-) 64

where V22> 1s the degenerate 3PA coefficient. Unlike conventional 2PA cross-correlation,
the signal-to-background ratio can exceed 3:1, depending on the 2PA and 3PA coefficients
of the material and the signal and sampling powers used in the measurement. Recently, a

similar background suppression technique has been applied for infrared photon counting

[107].
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5.5 Measurements of Two-Photon Absorption Photocurrent in a GaAs

Photodiode

5.5.1 Background Photocurrent Measurement

For the measurements reported here, we used a commercially available GaAs PIN
photodiode (Hamamatsu G8522-01), whose bandgap energy allows linear absorption at
wavelengths shorter than 870 nm and degenerate 2PA at wavelengths shorter than 1740
nm. The signal and sampling wavelengths were chosen to be A; =1490 nm and A, = 1775
nm, respectively. These wavelengths were chosen to satisfy the constraints in inequalities
(5.3).

For the proof-of-concept measurements reported here, the signal and sampling pulse
were co-generated as the signal and idler in a femtosecond optical parametric oscillator.
The long wavelength sampling pulses could alternatively be produced using the soliton
self-frequency shift in a highly nonlinear polarization-maintaining (PM) fiber [93, 108].

Both the signal and sampling pulses were 150 fs in duration, with a repetition rate
of 82 MHz, and were focused to a 3.2 um spot-size on the surface of the GaAs photodiode
using an aspheric singlet lens. The photocurrent from the photodiode was measured using
a lock-in detector. The background photocurrents (the latter two processes described in
expression (5.4)), are quantified in Fig. 5.6, which shows the time-averaged photocurrent
as a function of the average power at wavelengths of 1490 and 1775 nm.

The signal pulses at 1490 nm generate a photocurrent through degenerate two-

photon absorption, as evidenced by the slope of 2 when plotted on logarithmic axes. The
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Figure 5.6: The background photocurrent as a function of incident power for A = 1490

and 1775 nm.

sampling pulses at 1775 nm generate a photocurrent through three-photon absorption,
which exhibits a cubic dependence in Fig. 5.6. The background photocurrent generated
by 3PA from the sampling pulses is much smaller than the photocurrent generated by 2PA
from the signal pulses at the same average input power used in the measurement. Notably,
degenerate two-photon absorption of the sampling pulses does not occur because the sam-

pling photon energy falls below the half-bandgap of GaAs.

5.5.2 Dynamic Range

Figure 5.7 plots the measured average photocurrent as a function of the signal
power, with the sampling power held constant. The sampling pulses had an average

power of 100 uW, which, in the absence of signal pulses, generated a background pho-

104



T T T 17T II T T T 1T 171 III T T T T T 1717 T T T T T 17017 T T UL III T
0
ol O Signal and sampling OOO |
® Signal only QQO
ol Sampling only 09-89 n
= 10 00 e® |
c 10 OO P S 2
qt) ')?P\ 00©° .. S
3 102 |- o2° 00° o® X -
Q e ) o &
= e w2 4o e? O
2 ot QO o X W
%_ 1 o \h\},\ O ° ?:0 X
10" o O : 60X ..(]/Q \),\ —
OOOO """"""""""" 1 .. \X\
10° 0020 1) O e 3PA background |
.o. (hvo + hip + his)
10_1 11 1 1| II 1 1 11 1| III 1 1 11 1 1| II 1 1 11 1| III 1 1 11 1 1 III 1
107 107 1072 107" 10°

Avg. signal power (mW)

Figure 5.7: Measured average photocurrent in a GaAs photodiode vs. average signal

power, for fixed sampling power of 100 uW.

tocurrent of 1 pA due to 3PA (indicated by the dashed line). When the sampling pulses
were blocked, the degenerate 2PA photocurrent increased quadratically with the signal
power, as expected. When both the sampling and signal pulses were spatially and tempo-
rally coincident on the detector, the photocurrent was linearly proportional to the signal
power, as indicated by the open circles in Fig. 5.7. For a sampling power of 100 uW, the
system achieved a maximum signal-to-background ratio of 30:1 at a signal power of 3
UW. Despite the large discrepancy between the signal and sampling powers, the system
achieved a reasonable dynamic range by suppressing the background 2PA photocurrent

of the sampling pulses.
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5.5.3 Cross-Correlation Measurement

To demonstrate the improved dynamic range, we measured a cross-correlation be-
tween the signal and sample pulses by recording the time-averaged photocurrent as a
function of the relative delay between the two. The solid curve in Fig. 5.8 plots the mea-
sured cross-correlation with a signal power of 3 uW and a sampling power of 100 uW.
The cross-correlation full-width at half-maximum is measured to be 210 fs, as expected
given the signal and sampling pulsewidths of 150 fs. The signal to background ratio is
measured to be 30:1. The background photocurrent of 2 pA is composed of degenerate
two-photon absorption of the signal pulses and three photon absorption of the sampling
pulses, each of which generates 1 pA of average photocurrent. We emphasize that apart
from choosing a sampling photon energy below the half bandgap, we did not employ
any other techniques such as balanced detection or differential chopping to suppress the
background.

For comparison, we note that if this measurement were performed using a sampling
wavelength comparable to the signal wavelength (i.e., both above the half bandgap), then
the attainable contrast ratio could never exceed 3:1. The dashed curve plotted in Fig. 5.8
shows the calculated cross-correlation signal that would result if the sampling frequency
were tuned above the half-bandgap. When calculating the dashed curve, we reduced the
sampling power to 45 uW, to account for the fact that the 2PA coefficient at 1490 nm was
measured to be 2.2x higher than the coefficient describing non-degenerate 2PA of 1490
nm and 1775 nm, which is in agreement with the calculation of the non-degenerate and

degenerate two-photon absorption coefficients by using second-order perturbation theory
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and a Kane band-structure model described in [109].

According to eq. (5.4), the signal-to background-ratio 1 can be described by

4B12
_ h(V1+V2)P1P2 (5 5)
n= h}ﬂ 4 2 p3 ' '
1 3hvy " 2

While the non-degenerate 2PA signal scales in proportion to P P», the background pho-
tocurrent from 3PA increases as P23 and the degenerate 2PA of the signal grows as P12. The
largest value of N occurs when the signal and sampling pulses generate equal photocur-

rent. Under this condition,

2Y220V1 5
P = P; . (5.6)
| 3Biiva 2
Substituting P from Eq. 5.6 into Eq. 5.5, the maximum signal-to-background ratio

(or dynamic range) is found to be

4B12 3V1V2
= . 5.7
Tlmax Vi+Vo \/ 2B117222P>

Using these scaling relationships, the dynamic range is found to decrease with the

sampling power in proportion to P, 12 Ty obtain the highest dynamic range, one should
therefore choose the smallest possible sampling intensity for which the background pho-

tocurrents exceed the noise floor of the receiver.
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Figure 5.9: Experimental setup for an optical sampling using nondegenerate 2PA.

5.6 Ultrafast Optical Sampling in a GaAs Photodiode

Fig. 5.9 depicts the experimental setup used to demonstrate high-speed optical sam-
pling based on nondegenerate 2PA [110]. The setup is similar to that used to measure
the cross-correlation, except that the signal pulses were digitally modulated and pas-
sively multiplexed to simulate a high-speed time-division multiplexed channel. The signal
pulses were on-off modulated with a (23! — 1), pseudorandom data pattern in a conven-
tional lithium niobate waveguide electrooptic modulator. The signal pulsewidth broad-
ened to 160 fs as a result of chromatic dispersion in the modulator and fiber pigtails. The
resulting 82 Mb/s optical signal was split into two channels, one of which was delayed
by 1/82 us (i.e., one bit period) in order to produce two uncorrelated tributaries. The two
tributaries were recombined after adding an additional relative delay T to simulate part of
a high-speed optical-time-division-multiplexing (OTDM) data stream.

As before, the signal and sampling pulses were combined and focused onto the

GaAs PIN photodiode. A retroreflector mounted on an audio speaker was used to vary the
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relative timing between the signal and sampling pulses, while the resulting photocurrent
was measured by directly connecting the photodiode to the 50 Q input channel of a 4
GHz real-time digital oscilloscope. The photodiode has an electrical bandwidth of 3 GHz,
which is sufficiently fast to resolve isolated sampling events. The oscilloscope waveform
was collected at a (free-running) sample rate of 10 GS/s, over a time interval of 1 ms, but
the resulting record was down-sampled to 82 MS/s (i.e., one measurement per sampling
pulse) via offline post-processing.

Figure 5.10 shows measured eye diagrams for three inter-symbol spacings of T =
250, 500, and 750 fs, which would be needed to support aggregate OTDM data rates of 4,
2, and 1.3 Tb/s. These measurements were performed using an average signal power of
—2 dBm and a sampling power of +12 dBm. The black trace overlaid on Fig. 5.10(c) is the
time-averaged cross-correlation signal, measured using a lock-in detector and slower vari-
able delay. The cross-correlation shape closely matches the eye diagram, indicating that
the temporal resolution of the sampling system is limited by the finite optical pulsewidths
rather than by the electronics or nonlinearity. Notably, unlike in prior demonstrations, the
eye diagrams do not exhibit a large background associated with degenerate 2PA of the

pump signal.

5.7 Preliminary Experimental Results in a GaAs Waveguide-Based De-

tector

As mentioned previously, a smallest possible sampling intensity should be used in

order to obtain the highest dynamic range. We expect the improvement in the dynamic
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Figure 5.10: Measured eye diagram of an on-off keyed signal with inter-symbol spacings

of 250, 500, and 750 fs.
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Figure 5.11: Measured average photocurrent in GaAs waveguide detector (square) and in

GaAs photodiode (circle) vs. average signal power, for fixed sampling power

range and detection efficiency by using a waveguide-based detector, which benefits from a
longer interaction length and a smaller mode size. To compare the performance of the op-
tical sampling system using a GaAs waveguide detector to the system using a GaAs bulk
photodiode, we repeated the measurement of average photocurrent as a function of the
signal power for fixed sampling power. In this measurement, we use a 2.5-mm long GaAs
waveguide-based detector which was described in chapter 3. The signal pulses at 1490
nm and the sampling pulses at 1775 nm were combined and coupled to the waveguide
using a lensed fiber.

The open and closed squares in Fig. 5.11 represent the photocurrent generated in

the waveguide as a function of signal power with and without the sampling pulses, respec-
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tively. The sampling power was held constant and generated a background photocurrent
of 1 nA due to 3PA, indicated by the dashed line. The system achieved a maximum
signal-to-background ratio of 3:1, which is much lower than the ratio of 15:1 achieved in
the photodiode conducted in similar measurement (circles in Fig. 5.11). One of the effects
that limit the dynamic range in the waveguide detector is the walk-off between the pump
pulse and the probe pulse due to waveguide dispersion. The walk-off length L,, represents
the distance over which the pump and probe pulses pass through each other’s envelope,

and can be described by [111]

) (5.8)

where T, is the pulse width of the pulse, and vy; and v, are the group velocities at the
signal and sampling wavelengths, respectively. v,1 and vg, can be determined by numeri-
cally calculating the effective refractive index of the waveguide using a mode solver [112]
taking into account the GaAs material dispersion described in [113]. For the signal pulses
at 1490 nm and the sampling pulses at 1775 nm, v, and v, are estimated to be 8.91 x 107
m/s and 8.94 x 107 m/s, respectively. For a signal with a pulsewidth of 160 fs, the walk-off
length L,, is estimated to be 1.8 mm, which is shorter than the waveguide length. There-
fore, the group-delay walk-off in the waveguide has a role in limiting the dynamic range
of the sampling system. The dynamic range and detection efficiency can also be limited

by coupling and propagation loss, material quality and the size mismatch between the
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optical modes of the waveguide at the pump and probe wavelengths.

5.8 Summary

We demonstrated a high-speed optical sampling system based on non-degenerate
two-photon absorption in a GaAs photodetector. By using long-wavelength sampling
pulses below the half-bandgap of the detector, we effectively suppressed the otherwise
large background current that has historically plagued 2PA-based sampling systems. We
measured eye diagrams for pseudorandom optical data signals, and showed a tempo-
ral resolution sufficient for speeds as high as 4 TB/s, limited primarily by the optical
pulsewidth. The dynamic range of the sampling system that used a waveguide-based de-
tector is lower than that of the sampling system that used a GaAs bulk photodiode, and it
could be explained by the group-delay walk-off, coupling and propagation loss, material
quality and the size mismatch between the optical modes of the waveguide at the pump

and probe wavelengths.
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Chapter 6
Conclusions

6.1 Summary

This thesis has sought to investigate nonlinear effects in semiconductor waveguides
for optical signal processing. This work includes the characterization, design, fabrication
and measurement of nonlinear waveguides.

In this work, I developed a technique to characterize nonlinear properties includ-
ing two-photon absorption, self-phase modulation, free-carrier absorption, free-carrier
dispersion and free-carrier lifetime in semiconductor waveguides. First, I developed the
simulation tools using the split-step Fourier method to simulate nonlinear pulse propa-
gation in the optical waveguide. Then, nonlinear properties were determined by launch-
ing femtosecond pulses into the waveguides and measuring the output power and output
spectrum as a function of the input power along with measuring pump-probe transient
absorption. By matching these measurements against numerical simulations, I estimated
the nonlinear coefficients describing these nonlinear effects in the waveguide.

I reported the first experimental measurement of the instantaneous and carrier-based
nonlinear effects in porous silicon waveguides at 1550 nm. Although the waveguide was
approximately 70% porous, it exhibited instantaneous nonlinear effects including self-
phase modulation and two-photon absorption comparable to those of crystalline silicon

waveguides. The carrier-based nonlinearities are stronger and faster in porous silicon,
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compared to what has been reported for crystalline silicon.

The fabrication of semiconductor waveguides can be a challenging task. There
is always a trade-off between propagation loss and optical confinement. To this end, I
designed and fabricated bulk GaAs waveguides with and without electrical contacts. 10-
Gb/s wavelength conversion was demonstrated using nonlinear effects including cross-
amplitude modulation (XAM), cross-phase modulation (XPM) and four-wave mixing
(FWM) in these GaAs waveguides. The bit-error rate (BER) receiver sensitivity was
measured, for the first time, in GaAa/AlGaAs waveguides. Both XPM and FWM based
wavelength conversions exhibited BER receiver sensitivity penalties of less than 1 dB
relative to the baseline signal.

Finally, I demonstrated an ultrafast optical sampling system based on non-degenerate
two-photon absorption in a GaAs photodiode. By choosing the sampling pulses to have a
photon energy below the half-bandgap of GaAs, the photocurrent background associated
with nonlinear absorption of the strong sampling pulses was suppressed. The system is

capable of resolving a quasi- 4 Tb/s signal with low background photocurrent.

6.2 Future Work

Our study on the nonlinear optical properties of porous silicon waveguides suggests
that porous silicon could be an interesting alternative for all-optical switching or fast
electrooptic modulators. However, before making a modulator, more work is needed to
investigate the electrical conductivity in the directions parallel and perpendicular to the

surface of a porous silicon waveguide. Laser-induced oxidation in porous silicon deserves
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further investigation. A better understanding of how to define the refractive index profile
of the porous silicon waveguide could further improve the process for making a porous
silicon waveguide with a small effective area and low propagation loss.

Having demonstrated, for the first time, 10-Gb/s wavelength conversion using non-
linear effects in GaAs waveguides, the next step is to improve the nonlinear efficiency in
the waveguides. As previously mentioned, nonlinear effects such as XPM and FWM are
hindered by 2PA in GaAs waveguides. This problem can be solved by using AlGaAs,
the bandgap energy of which can be designed to suppress the effects of 2PA in 1550 nm
spectral regime. Figure 6.1 depicts the simulated bandgap wavelength and the refractive
index of AlyGaj_xAs as a function of the Al fraction x [113]. According to the simulation
in Fig. 6.1, AlGaAs with an Al fraction of 0.13 or more has a bandgap wavelength lower
than 775 nm, which is enough to suppress 2PA from the optical signal operated at 1550
nm since the signal photon energy falls below half the bandgap.

Several groups have reported the fabrication of AlIGaAs nanowires [21,70], but the
performance of these nanowires is impeded by propagation loss, which can be as high as
80 dB/cm. The majority of the propagation loss in the high-index contrast waveguide is
attributed to the sidewall roughness. There are two potential solutions to minimize the
overlap of the optical mode with the waveguide sidewalls in order to reduce the scatter-
ing loss from sidewall roughness. The first solution is to fabricate a waveguide without
any etching process. Figure 6.2 depicts the fabrication process based on the submicron
thick GaAs/AlGaAs waveguide demonstrated in [22]. Here, we replace the GaAs quan-
tum wells in [22] with an Alg>GagpgAs core layer. The core layer is grown on an etch
stop layer made of AlAs on the GaAs substrate. There is a thin GaAs buffer layer be-
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Figure 6.1: The bandgap wavelength and the refractive index of AlyGaj_xAs as a function

of Al fraction x

tween the Aly2Gag gAs core layer and the AlAs etch stop layer to protect the core layer
from selective etching when the AlAs etch stop is removed. First, 60-nm thick Si is de-
posited on the photoresist patterned by e-beam lithography. The patterns are then lifted
off. The lifted off Si layer provides the index loading for the AlGaAs waveguide. Then,
BCB is spun on the sample for planarization. The sample is then bonded upside down to
another semi-insulating GaAs transfer substrate using BCB as a bonding layer. Finally,
the substrate is removed along with the AlAs etch stop layer and the GaAs buffer layer
as described in [114]. The fundamental TE mode contours that were superposed on the
schematic waveguide structure in Fig. 6.2(d) is numerically calculated with the effective
area estimated to be 0.37 um?.

Recently, low-loss etchless silicon waveguides defined by thermal oxidation (which

produces smooth sidewalls) have been demonstrated [115]. This technique could poten-
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Figure 6.3: Fabrication process for AlGaAs waveguides defined by lateral oxidation

tially be applied to AlIGaAs waveguides. The oxidation rate of AlGaAs increases with
the increase in the fraction of Al in AlIGaAs layer. This selective oxidation has been used
to form a current aperture in GaAs/AlGaAs vertical-cavity surface-emitting lasers (VC-
SELs) [116]. Figure 6.3 depicts the fabrication process for AlGaAs waveguides defined
by lateral oxidation. The structure consists of an Alg2GaggAs core layer surrounded by
Alp7Gag 3As cladding layers on a GaAs substrate. First, the ridge waveguide is formed
by ICP etching, as described in Chapter 3. Then, the AlGaAs waveguide is laterally oxi-
dized. Since the cladding layers are oxidized at the faster rate than the core layer due to the
much larger Al fraction in the cladding layers, the Alg2Gag gAs core layer is surrounded
by oxide layers as illustrated in Fig. 6.3(b). Low-loss and compact AlGaAs waveguides
fabricated by these two techniques could potentially be used for nonlinear optical signal
processing.

Finally, we reported a proof-of-concept measurements of optical sampling system
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in which both the signal and sampling pulse were co-generated as the signal and idler in
an optical parametric oscillator. Due to equipment availability limitations, we were not
be able to do the same measurement in a high-speed OTDM system. The polarization
dependence of this optical sampling system deserves further investigation. Our group
has demonstrated polarization-insensitive optical clock recovery using 2PA in a silicon
photodiode [117]. By choosing the polarization state of the clock to be circular, the
cross-correlation component becomes independent of the polarization state of the data.
This technique could be applied in an optical sampling system using a GaAs photodiode
by fixing the polarization state of the sampling pulses to be circular. The system sen-
sitivity could also be improved by using a waveguide-based detector instead of a p-i-n
photodetector. A better waveguide design is needed to optimize or control the dispersion
properties in the waveguide. Nonetheless, ultrafast two-photon absorption in a GaAs pho-
todiode with the background suppression technique can potentially be used for all other

optical signal processing applications including optical demultiplexing.
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Appendix A
Correction Factor for Two-Photon Absorption Measurements in

Semiconductor Waveguides Using the Inverse Transmission Technique
The inverse transmission technique has been commonly employed for measuring
the two-photon absorption coefficient in semiconductor waveguides. The 2PA coefficient
can be obtained directly by launching optical pulses into a waveguide and measuring
the slope of the ratio of the input intensity to the transmitted intensity (the reciprocal of
intensity transmission) as a function of the input intensity. For a waveguide with linear
propagation loss a and two-photon absorption coefficient Bopa, the intensity of the optical

pulses propagating along the waveguide at distance z and at time ¢ can be described as

dl(z,1)

= —al(z,1) — Baral (z,1)*. (A.1)
J4

This equation can be directly integrated to obtain a solution for the intensity trans-

mitted through a waveguide of length L as

1(0,t)e %L
1+ BopaLesI(0,1)

I(L,t) = (A.2)

where Leg is defined as (1 —e~*F) /o For optical pulses with a peak input intensity of I,

the ratio of the peak intensity of input to transmitted pulses can be described as

1
= e 11+ BopaLefils)- (A.3)

Bopa can be found from the slope of the reciprocal of the peak intensity transmission
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1/T; as a function of peak input intensity. Usually, the peak intensities of the input and
transmitted pulses are estimated by measuring the average optical powers before and after
the waveguide [50, 73, 74]. However, the estimate of peak intensity of the transmitted
pulses is accurate only if the temporal profile of the transmitted pulses remains the same
after propagation through the waveguide. We demonstrated in chapter 2 that the output
spectrum could broaden and shift as a result of self-phase modulation and free-carrier
dispersion. Even without these effects, the temporal profile of optical pulses can change
as a result of 2PA-induced pulsewidth spreading. To better understand this effect, let’s
assume that a hyperbolic secant pulse with a peak input intensity /, and a pulsewidth 7,
is launched into the waveguide. The temporal intensity profile of the input pulse can be

written as

1(0,1) = Lsech®(L). (Ad)

lo

The average power of the input pulse can be written as

Py = Aett / 1(0,1)dt = 2toloAetr, (A.5)

where A 1s the effective area of the waveguide. By substituting the input intensity from

Eq.(A.4) into Eq.(A.2), the output intensity can be written as

Lpsech?(;£)e™

1+ BopaLesilosech’(£)”

I(L,1) (A.6)

As a result, the average output power Py, . = Acsr [ .. I(L,t)dt can be derived as

(BapaLestlo + 1)/

(BZPA € ()) /

P 2ave — 2l0120Aeff
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Figure A.1: Simulated temporal profile of the transmitted pulse at different input intensi-

ties.

where I, = Ioexp(—0aL) /(1 + BapaLeftl,) is the peak intensity of the transmitted pulses at
the output of the waveguide. Figure A.1 shows the simulation of the normalized temporal
intensity profile of hyperbolic secant pulses transmitted through the waveguide at different
peak input intensities. The temporal profile of the transmitted pulses changes as the input
intensity increases as a result of 2PA-induced pulsewidth spreading.

From Eq.(A.5) and Eq.(A.7), the reciprocal of the power transmission 1/7p (which

is the ratio of input to transmitted power) can be derived as

L Pl L (BopaLettlo + 1)'/? (BopaLeilo) /2 (A.8)

T Po. In[(BopaLeselo + 1)Y/2 + (BapaLefelo) /2]

Equation (A.8) shows that the 2PA coefficient cannot be determined directly from
the slope of the ratio of the input to transmitted power as a function of input intensity.
To verify the result of this equation, we measured the ratio of input to transmitted power
as a function of input intensity in a silicon-on-insulator (SOI) waveguide. 200-fs optical

pulses with a 82 MHz repetition rate at the center wavelength of 1550 nm were launched
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Figure A.2: The ratio of input to transmitted power as a function of input intensity
(squares: experimental data; dashed line: linear fitting; solid line: simulation derived

in Eq.(A.8)).

into the SOI waveguide. The waveguide was 1.7 cm long and had an effective area of
10 um?. Fig. A.2 presents the experimental and simulated ratio of input to transmitted
power as a function of peak input intensity. As expected, the measured data deviate
from the linear fit, while the simulation obtained by numerically solving Eq.(A.8) gives
excellent agreement with the observations. From the simulation, Bopa is estimated to be
1£.25 cm/GW, in agreement with what we measured in chapter 2. This estimated value
is higher than the value of 0.63+.15 cm/GW estimated by the slope of linear fit line by a
factor of 1.6.

The disparity in estimating 2PA coefficient by the inverse transmission technique
has been considered in [76]. Here, we propose a simple technique to correct the value of
Bopa estimated from the slope of the linear fit by introducing the 2PA correction factor I'.
The 2PA correction factor is defined as the ratio of Bopa estimated by solving Eq.(A.8) to
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Bopa estimated from the slope of the linear fit. Based on the definition of I', Eq.(A.8) can
be rearranged as
Bapa

1 oL
— ~ 14+ —=——L.lpl. A9
T e [1+4 T Lett o] (A.9)

I' depends on the temporal profile and peak intensity of the input pulses. For low

input intensity, I" can be written as

— g(0) /7, g(t)dt

A.10
L T Ay (A.10)

where g(t) is the temporal profile of the input pulses. For low input intensity, I"is 1 for
CW or square pulses, while I' is \/i, 1.5 and 1.33 for Gaussian, hyperbolic secant and
raised cosine pulses, respectively. This means that even at low input intensity, the value
of Bopa measured from the slope of the reciprocal of the transmission is underestimated
at least by the factor of v/2 for Gaussian pulses.

For the inverse transmission measurement in GaAs waveguide depicted in Fig. 3.8
in chapter 3, Bopa was measured to be 10.6 cm/GW from the slope of the reciprocal of the
transmission. In this measurement, the measured data do not deviate from the linear fit.
In this case, we can use the minimum correction factor of v/2 for Gaussian pulses. After
taking into account the correction factor, Bopa is calculated to be 15 cm/GW.

For higher input intensity, the reciprocal of the transmission (the ratio of input to
transmitted power) deviates from the linear fit as a result of 2PA-induced pulsewidth
spreading. The slope of the reciprocal of the transmission varies at each point along

the curve. We define the inverse transmission evaluation point 1/75" as the inverse trans-
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Figure A.3: Correction factor as a function of the normalized inverse transmission evalu-

ation point for more common pulse profiles.

mission, at which the linear fit is the tangent line of the measured data curve. I" can be
calculated numerically as a function of normalized inverse transmission evaluation point
(1/T§)/(1/Tpo), where 1/Tp, is the Y-intercept of the linear fit. Figure A.3 shows I"as a
function of normalized inverse transmission evaluation point for the more common pulse
profiles. For the inverse transmission measurement in Fig. A.2, the normalized inverse
transmission evaluation point is found to be 1.3. Assuming that the input pulses have a
Gaussian temporal profile, I" can be determined from the plot in Fig. A.3 and is found to
be 1.64, in agreement with the ratio of 1.6 calculated from the measurement.

Table A.1 lists published values of 2PA coefficient of silicon measured in the 1550
nm wavelength regime. The values of Bpa measured by inverse transmission technique

are lower than those measured by other techniques. By taking into account the correction
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Bopapublished | Bopacorrection | A Ref. Method
(cm/GW) (cm/GW) (nm)
0.44+.1 0.78+£.18 1560 [73] /T
0.45+.1 0.81+£.18 1536 [50] 1/T
0.67£.07 0.94+.1 1550 [74] 1/T
0.79+£.12 - 1540 [17] Z-scan
0.9+.18 - 1540 [32] fittoT
0.63+.15 14+.25 1550 | this work 1/T

Table A.1: Published values of 2PA coefficient of silicon with and without employing

correction factor.

factor I to determine the 2PA coefficient measured by the inverse transmission technique,
the values of 2PA coefficient become more consistent with those measured by other meth-

ods.
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