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Abstract

Semiconductor optical amplifiers are receiving increasing attention for possible
applications to broadband optical communication and switching systems. In this
thesis we report the results of an extensive experimental study of the ultrafast
gain and refractive index nonlinearities in 1.5 um InGaAsP laser diode amplifiers.
The temporal resolution afforded by the femtosecond optical pulses used in these
experiments allows us to study carrier interactions with other carriers as well as
carrier interactions with the lattice.

The 100-200 fs optical pulses used in the pump-probe experiments are gener-
ated by an Additive Pulse Modelocked color center laser. The measured group
velocity dispersion in the diodes ranged from —0.6 to —0.95 pm™!. Differences in
the group velocity for TE- and TM-polarized pulses suggested that cross-polarized
pump-probe pulses walk off from each other in the diode. This walk-off can di-
minish the time resolution of some experiments. A novel heterodyne pump-probe
technique was developed to distinguish collinear, copolarized, pump and probe
pulses that were nominally at the same wavelength. Comparing cross-polarized
and copolarized pump-probe results yielded new information about the physical
mechanisms responsible for nonlinear gain in the diodes. We observed a gain com-
pression across the entire bandwidth of the diode, associated with carrier heating.
The hot carrier distribution cooled back to the lattice temperature with a 0.6 to
1.0 ps time constant, depending on the device structure. In addition, we observed
a 0.1 to 0.25 ps delay in onset of carrier heating. Large gain compression due to
two photon absorption was also observed. A small portion of the nonlinear gain
is attributed to spectral hole burning. Pulsewidth-dependent output saturation
energies were explained by a rate equation model that included the effect of car-
rier heating. Measurements of pump-induced probe phase changes revealed index
nonlinearities due to delayed carrier heating and an instantaneous electronic, or
virtual process.

Thesis Advisor: Erich P. Ippen
Title: Elihu Thomson Professor of Electrical Engineering
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Chapter 1

Introduction

Semiconductor optical amplifiers are of interest for possible applications to broad-
band optical communication and switching systems. Of particular interest are In-
GaAsP devices that can be tailored to the communication bands of 1.3 and 1.5 um
[1] [2]. While much is known about their linear and small signal characteristics,
the physical mechanisms responsible for their nonlinear and dynamical properties
are still debated. The nonlinear properties of tkese active semiconductor waveg-
uides are of interest for several reasons. They influence the modulation response
and mode stability of diode lasers [3], they limit speed and produce cross talk
between multiplexed signals in optical amplifiers [4] [5] [6] 7], and they may be
useful for the design of nonlinear optical waveguide modulators and switches [8]
[9] [10]. Dynamic changes in carrier population, limited in speed by the carrier
lifetime, are responsible for many of the observed effects. However, experiments
on GaAs devices have shown that nonequilibrium changes in the carrier energy
distribution are also important [11] [12].

In this thesis, we report the results of an extensive experimental study of the
ultrafast gain and refractive index nonlinearities in InGaAsP diode lasers and
amplifiers operating in the 1.5 um region of the spectrum. Time domain studies
are performed using the 100-200 fs pulses generated by an Additive Pulse Mode-
locked laser. First, standard pump-probe [13] and pulse echo [14] techniques are
used to characterize the gain nonlinearities and group velocity dispersion in these
long wavelength lasers. Second, the pulsewidth-dependent saturation behavior is

investigated. Third, a novel heterodyne pump-probe technique is demonstrated
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that yields new information regarding the physical mechanisms responsible for
nonlinear gain and index. Finally, the work is summarized and conclusions are
presented.

The thesis is organized in the following manner. Chapter 2 contains a sum-
mary of the semiconductor physics necessary to understand the nonlinearities we
measure. The density of states and the Fermi function are discussed. Linear
gain and loss coefficients are shown to depend on carrier density and carrier tem-
perature. A rate equation model is used to describe carrier and photon density
changes. Physical mechanisms responsible for nonlinear gain and their time do-
main signatures are discussed. The linear and nonlinear refractive index, related
to the gain by a Kramers-Kronig (KK) transformation, are described. Finally,
the laser structures studied in this work, bulk V-groove, multiple quantum well
(MQW), and strained-layer (SL) MQW, are described.

Chapter 3 contains a description of the Additive Pulse Modelocked (APM)
color center laser used as the source for the experiments. This laser produces
100-200 fs pulses, tunable around 1.5 pm, at a repetition rate of 100 MHz. The
optical pulses are between 1.1 and 1.3 times transform-limited, assuming a sech?(t)
pulseshape. Average powers for the APM color center laser are typically ~ 100
mW.

Chapter 4 contains a study of the effects of group velocity dispersion (GVD)
on short pulse propagation in these diodes. Group velocity dispersion is measured
via a pulse echo technique. TE- and TM-polarized results are presented for active
and passive, bulk and MQW waveguides. Values of —z\%{i from —0.60 to —0.95
pm~! are measured. Critical pulsewidths less than 100 fs are calculated for diodes
less than 1 mm long.

Chapter 5 contains a review of the pump-probe technique and of the first mea-
surements of gain nonlinearities in bulk and MQW diode laser amplifiers at 1.5
pm. These results show gain nonlinearities due to carrier heating, two photon
absorption (TPA) and an ultrafast effect. The physical mechanism responsible
for the ultrafast effect will be determined in Chapter 7. A pump-probe tech-
nique where nonlinearities are measured as changes in the diode junction voltage
is demonstrated. The results of these pump-probe experiments confirm the im-
portance of carrier heating and TPA to the nonlinear gain.

Chapter 6 describes the short pulse saturation behavior of bulk and MQW
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diodes biased in the gain regimes. The measured output saturation energies are
pulsewidth dependent. This behavior is modeled by including the effects of carrier
heating in the rate equations as described in Chapter 2. Using this model, the
predicted differences in the output saturation energies for 150 fs and 15 ps pulses
agree very well with the measured differences.

Chapter 7 discusses a novel heterodyne pump-probe technique in which the
pump and probe pulses have parallel polarizations and are nominally at the same
wavelength but are still distinguishable. This technique can improve the time
resolution of some experiments by circumventing the group velocity walk-off asso-
ciated with orthogonally polarized pump and probe pulses (determined in Chapter
4), and it allows the study of anisotropy in the waveguide nonlinearity. Compar-
ing copolarized and cross-polarized pump-probe transmission results in SLMQW
diodes indentifies a delay in the onset of carrier heating. Also, a small nonlin-
ear component is revealed whose amplitude flips sign at the transparency point.
This component is attributed to spectral hole burning. The heterodyne technique
is extended to measure index nonlinearities in the diodes. These measurements
show refractive index nonlinearities due to carrier heating and an instantaneous
electronic, or virtual process.

Chapter 8 contains a review of the experimental results described in the thesis.
The applicability of these active waveguides to all-optical switching are discussed.
Other reported measurements of gain and index nonlinearities in InGaAsP diode

lasers are reviewed and future experiments are proposed. Finally, conclusions are

presented.

19



Chapter 2

Semiconductor Lasers

2.1 Introduction

Semiconductor diode lasers are compact and efficient sources of coherent optical
radiation. First demonstrated in 1962 [15] [16] [17] [18], they have many prac-
tical applications in the marketplace. Perhaps their most common application
is in compact disc players. Cheap and reliable semiconductor lasers with rather
modest performance characteristics can also be found in laser printers and the
ever popular laser pointers. However, the iasers we are interested in studying are
high-performance iong wavelength lasers to be used in high-speed optical commu-
nication and computing systems. These long-wavelength InGaAsP lasers, oper-
ating in the 1.3 um-1.5 pm region of the spectrum, are attractive because those
wavelengths correspond to the low loss and low dispersion regimes in optical fibers.

A simplified picture of a semiconductor laser is shown in Figure 2.1. The
diode consists of a semiconductor waveguide sandwiched in the middle of a p-
n junction. Waveguiding is achieved by placing a high refractive index core or
active region material between two lower refractive index cladding materials. This
design is fortuitous in that the low index cladding layers that give the waveguiding
also create a potential well for the active region and help confine the carriers
injected by forward biasing the p-n junction. As we shall see later in this chapter,
carriers injected into the diode active region pump the material and can provide
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Figure 2.1: Schematic of a semiconductor laser chip. (from Reference [19])

gain. The mirrors for the laser cavity are formed by cleaving the semiconductor
material perpendicular to the waveguide. The refractive index difference between
the semiconductor material, no=3.4, and the surrounding air, creates the mirrors.
When these cleaved facets are anti-reflection coated, the device is referred to as
an opticai amplifier. The main differences between the laser and the amplifier are
the elimination of longitudinal standing wave effects and the unclamped carrier
densities in the amplifier.

In this chapter, we will discuss the operation of semiconductor diode lasers.
We will derive the density of siates for 3-dimensional and 2-dimensional systems
and discuss the carrier distributions which are governed by Fermi-Dirac statistics.
Using the density of states and the Fermi-Dirac functions, we will calculate the
linear gain and loss in these diodes. We will model the gain, and its effect on laser
performance phenomenologically using a set of rate equations. We will discuss the
effects of nonlinear gain on the high-speed modulation response of these diodes.
The refractive index, rclated to the gain by a Kramers-Kronig transformation,
will also be described. With an understanding of the physical mechanisms that
are responsible for linear gain and index, we will go on to discuss the origins of
nonlinearities in the gain and index. Finally, the last section of this thesis will be
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devoted to laser design and performance. The three types of diode lasers studied
in this thesis, bulk V-groove, multiple quantum well (MQW), and strained-layer
(SL) MQW, will be described and the advantages of the different structures will

be discussed.

2.2 Gain

The simplest description of gain in semiconductor lasers is that of a two-level en-
ergy system with an energy gap, E,q, = fiw [1] [20]. In this oversimplified picture,
the transition probabilities are governed only by the relative carrier densities in
the two states. For instance, if the density of carriers in the lower energy state is
higher than the density of carriers in the upper state, the probability that a photon
of energy E,qp will cause a transition from the lower to the upper state is greater
than the probability that it will cause a transition from the upper to the lower
state. Stated another way, stimulated absorption is more probable than stimu-
lated emission. The intensity of the photon field decreases while passing through
the medium because on average, photons are being absorbed. If the upper state
carrier density is greater than the lower state carrier density, stimulated emission
is more probable than stimulated absorption and the optical intensity increases
while traveling through the medium. Increasing the optical intensity corresponds
to gain. In semiconductor materials, there are bands of energy levels, rather than
the simplified two levels we have considered here. Therefore, to understand gain
in these semiconductor diodes, we must understand how the carriers, electrons
and holes, are distributed in this band of energy levels.
The 3-dimensional electron density, defined as the number of electrons allowed
in a given region of k-space is given by [21]
k3
=5 (2.1)
To determine the density of electronic levels in the material p(E)dE, given by the
number of energy levels in an energy range 6 E, we use the dispersion relation for

the electrons to relate k£ to E and find
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1 2 *\ 3/2
p(E) = dn/dF = - ( m ) B, (2.2)

This simple method for determining the density of energy levels in a semicon-
ductor gives an accurate description of many important material characteristics.
For instance, the density of states for electrons and holes in a 3-dimensional semi-
conductor can be determined by the method we have just described. We specify
the dimensionality of the system because the calculated k-space volume was as-
sumed to be a sphere. The density of states for the electrons is given by

1 [2m2\%?
Pc(E) = '2—;5' ( 52 ) (E - Ec)llz’ (2'3)

where E, is the conduction band minimum and m;} is the effective mass of the
electron. As we discussed previously, the gain in semiconductor materials is viewed
in terms of two bands of energy levels rather than two single energy levels. (The
effect of all other bands is neglected.) This density of states (levels) for electrons
is equivalent to the band of upper states and is called the conduction band. The
valence band, equivalent to the density of states for the holes, describes the band

of lower states and is given by

 3/2
l®) = 515 (25)" 5, - By, (2.4
where E, is the valence band maximum and mj, is the effective mass for the
holes. In our calculations that utilize the 3-dimensional density states, we will al-
ways assume the bands are parabolic. This assumption breaks down for energies
high above the conduction band minimum or below the valence band maximum,
for highly doped materials, and for high carrier densities. The difference in the
parabolicity of the conduction and valence bands is simply a function of the dif-
ferent electron and hole masses.

This parabolic density of states for the electrons and holes is the result of the
dispersion relation and the 3-D counting of available k-states. In quantum well
structures, where the electrons and holes are confined to planes of motion, we
count the 2-D availability of k-states and find that
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K2
n= E; (2.5)
so that
m
p2p(E) = — (2.6)

Note that the 3-D density of states is parabolic in E but the 2-D density of states
is constant is E. Here we have assumed that only one electron or hole level is
contained in the quantum well. If more than one level is contained in the well,
then the density of states consists of a series of steps spaced by /> where [ is the
integer that labels the level (=1 for first electron level, =2 for second electron
level, and so on).

The density of states defines how many states exist at a given energy E. The
probability that a given energy state is actually occupied is given by the Fermi
function, f(E). The Fermi function is simply a probability density function given

by

1

f(E) = [1 + e(E—EF)/kBT]’ (2'7)

where we adopt the convention that g = Er where p is the chemical potential, Er
is the quasi-Fermi energy, kp is Boltzmann’s constant and T is the temperature.
Note that f(Er)=1/2. The density of carriers in the bands is given by

N=[" 1.(E)o.(B)IE (2:8)

for electrons in the conduction band, and

P=[" fAE)o.(E)E (2.9)

for holes in the valence band. The Fermi functions for the electrons and holes are

1

fe(By) = 1+ e(Br—Er.)kpT.| (2'10)
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and

1
1o(Ba) = T @ mmaty)

(2.11)

where E, is an energy level in the conduction band, E, is an energy level in
the valence band, Er. and T, are the quasi-Fermi energy and temperature for
electrons and Ep, and T}, are the quasi-Fermi energy and temperature for holes.
In the steady state, T,=T,=T. These Fermi functions give the probability that
a given state is occupied by an electron. The probability that the same state is
unoccupied, or is occupied by a hole, is given by (1 — f(E)).

We return to our original description of gain in semiconductor diodes. There
we stated that the transition probability was related to the carrier density. Gain
was associated with a higher carrier density in the upper energy state than in the
lower energy state. If we consider the transition between two energy levels, E; in
the conduction band and E, in the valence band, the rate of stimulated absorption

of a photon of energy E;; = E; — E, is given by

ra1 = Bfo(E2)(1 = f.(E1))P(En). (2.12)

P(E3) is the photon density and B is the transition probability given by

wq*h
m*? eon:Egl

B= | M|, (2.13)
where | M| is the momentum matrix element, ¢ is the permittivity of free space,
and n, is the group index. Physically, absorption takes an electron from an oc-
cupied state in the valence band, f,(E3), and excites it to an empty state in the
conduction band,(1 — f.(E;)). The rate of stimulated emission is given by

r12 = Bf.(E1)(1 — fo(E2))P(Ez). (2.14)

Stimulated emission takes an electron from an occupied state in the conduction
band, f.(FE;) and drives it to an empty state in the valence band, (1 — f,(Ez2)).
Because B is the same in the equation for stimulated emission and stimulated
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absorption, the stimulated transition direction is determined by the relative carrier
concentrations in the two energy levels.

As we stated previously, the incident photon density, P(E2;) experiences gain
when, the rate of stimulated emission exceeds the rate of stimulated absorption,
ri2 — r21 > 0. The gain can be related to the net stimulated emission rate by

712 — T21 B(fc(El) fv(Ez))
P(Eyn)v, c/ng

9(En) = (2.15)
where v, = c/n, is the group velocity. Again note that to experience gain, f.(E;) >
f+(E2). This condition for gain does not require that the concentration of electrons
exceed the concentration of holes, only that the occupational probability of E;
exceed the occupational probability of F,. The total number of carriers in the
conduction band and valence band are equal and the quasineutrality condition,
N = P, is not violated.

Because there are many combinations of energy levels in the conduction and
valence bands that satisfy the condition, E = E; — E;, to find the total gain
we must sum Eq. (2.15) over all levels separated by E. Then, the gain in the

semiconductor material is given by

9(E) = m/ |M|*py(E2)p.(E2 + E) [f.(Ez + E) — f,(E;)] dE; (2.16)

where E, is the energy state in the valence band and E; = E; + E is the energy
of the state in the conduction band. Figure 2.2 shows the gain curve calculated
for a bulk, V-groove InGaAsP diode laser at a carrier density of N = 1.8 x 10'®
cm~3. Other parameters used to calculate the gain curve are given in Table 2.1.
Single photons with energies less than the band gap or equal to the electron-hole
quasi-Fermi energy separation, do not, on average, stimulate transitions. However,
photons with energies less than the quasi-Fermi energy separation for electrons and
holes (but greater than the the band-gap energy) on average stimulate emission
and experience gain. Photons with energies larger than the quasi-Fermi energy
separation stimulate absorption. For the gain curve shown in Figure 2.2, the gain
regime extends from Ey,p to Egp + 78 meV. E = Eyy, + 78 meV is defined at the
transparency point. At this point, stimulated emission and stimulated absorption
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Figure 2.2: Typical gain curve for an InGaAsP bulk laser. The parameters used
to calculate this curve are summarized in Table 2.1.

are equally probable and the gair coefficient is zero. This transparency energy
is equal to the separation between quasi-Fermi energies for electrons and holes,
Eirans = Ep.— Epy. The absorption (or loss regime) includes all energies E greater
than E,,, + 78 meV. In this regime the gain coefficient is negative.

Note that the gain curve we have shown in Figure 2.2 depends sensitively
on many parameters. First, it depends on the assumed carrier density, N. The
steady state injected carrier density is used to determine the quasi-Fermi energy
for the carriers via Eq. (2.8). This quasi-Fermi energy, in the context of the Fermi
function, f(E), determines the occupational probability and is used to calculate
the gain. The carrier density can be changed by current injection or by optical
excitation. Figure 2.3 shows a series of gain curves calculated for different carrier
densities ranging from 0.7 x 10'® cm™3 to 3.0 x 10" ¢cm™3. In this case we have
held the electron and hole temperatures fixed at room temperature, T=300 K.
(Also, we have not included carrier density dependent band-gap renormalization
in these calculations.) All the calculated gain curves in this chapter are for the
bulk, V-groove lasers. In the pump-probe experiments that we will be describing
in the later chapters of this thesis, we measure the optically-induced gain changes
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as a function of bias current (carrier density) applied to the diode. In Figure 2.4
we show the gain coefficient at a given energy as a function of carrier density.
Note that the gain coefficient changes rapidly in the absorption regime but levels
off in the gain regime. This effective saturation of the gain coefficient will have
important consequences in the data interpretation that follows.

Holding the carrier density fixed and changing the carrier temperature wiil
also affect the calculated geain curves. This effect arises from the temperature
dependence of the Fermi function. In Figure 2.5 (a) the carrier density is 1.8 X
10'® cm~3 (which gives a peak gain coefficient commonly quoted in the literature
[1]) and the holes and electrons are at T=300 K (solid line). We can change the
temperature of just one of the carrier distributions to see how it affects the gain.
The dashed curves shows the calculated gain when the holes are heated to T;= 320
K (T,=300 K) and the dotted curve shows the gain when the electrons are heated
to T.=320 K (T,=300 K). Note that even this small change in carrier temperature
affects the gain significantly. Figure 2.5 (b) shows the difference between the room
temperature gain and the hot electron (dotted line) and hot hole (dashed line)
gain. Note that the hot carrier induced gain change is relatively small for energies
just above the band-edge. Also note that the gain change due to heating the hole
distribution is smaller than the gain change due to heating the electrons. This
difference can be attributed to differences in mass. However, for energies near the
band edge, the gain change due to the hot holes is the dominant effect.

Figure 2.6 shows the calculated gain coefficient as a function of excess photon
energy when both the holes and electrons are heated. Heating the carriers com-
presses the gain and shifts the gain peak to longer wavelengths (lower energies).
In the dashed curve, the electrons and holes have a temperature T, = T,=320 K.
The peak gain coefficient has dropped from 240 cm™! to 180 cm™. In the dotted
curve, the carrier temperature has been increased to 340 K and the peak gain
coefficient is 140 cm™~!. The gain coefficient at the peak wavelength for the room
temperature gain curve is 120 cm™!. Thus, heating the carrier distribution by 40
K, with respect to the lattice, decreases the diode gain by about a factor of 2.

There are a number of assumptions that have been made in the calculation de-
scribed above. First, we have assumed that the k-selection rule is not obeyed. Near
the band-edge, and for high carrier densities, this assumption is valid. Second, we
have not considered the effect of the carrier-concentration-dependent energy band
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Figure 2.3: Calculated gain curves as a function of excess energy above the band
gap. The carrier densities are Nx 10'® cm™® = 0.7, 0.8, 0.9, 1.0, 1.2, 1.4, 1.6, 1.8,
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NAME SYMBOL VALUE UNITS
Planck's Constant A 6.6 E-13 meV-sec
Electronic Charge q 1.6 E-19 coul
Free Space Permitivity €0 8.8 E-17 coul/mV-cm
Boltzmann's Constant k B 0.08617 meV/K
Room Temperature T 300 K
Index n 3.6
Band Gap Energy Eg 750 meV
Split-off Band Energy A 312 meV
2
Free Electron Mass mO 57E-13 meV-sec
cm?2
Conduction Band Mass me 0.041 mO _m_fﬁ-_ggg
2
Heavy Hole Mass mh 0.62 m0 me_\_/_—;_eg
—cm=__,
Light Hole Mass mi 005mo | melsec
cm?2 5
Valence Band Mass mv 0.63 m0 me_\!-_gﬁ
cm

Table 2.1: Parameters used in the calculations in this chapter.
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Figure 2.4: Gain coefficient at a given excess energy (30 meV-solid line, and 50
meV-dashed line) as a function of carrier density.

gap reduction. In these long wavelength lasers, the band gap renormalization is
assumed to be the same as in GaAs [1], AE,q,(in eV)= (-1.6 x10~8)(P¥/3+ N'/%).
Note that this renormalization does not affect the value of the peak gain but
merely shifts the band edge and possibly the peak wavelength. Third, the active
regions in our diodes are almost intrinsic and we have not considered the effects of
band-tail states. Finally, we have assumed that the valence and conduction bands
are purely parabolic. Note that for energies well above the band-edge, it is not
valid to use the parabolic band approximation or to ignore the k-selection rules.
Despite these many approximations, our calculations are in good agreement with
previous calculations reported in the literature [22] [23] [24].

2.2.1 Carrier Dynamics

With an understanding of the physical mechanisms responsible for linear gain in
these semiconductor diodes, we can consider the proposed sources for the nonlin-
ear gain. Traditionally, we have discussed the carrier dynamics due to interband
effects, intraband effects, and diffusion effects. In general, diffusion and nonradia-
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Figure 2.6: Calculated gain curves versus excess energy above the band-gap for a
variety of carrier temperatures. The temperatures used are T, = T,=300 K (solid
line), 320 K (dashed line) and 340 K (dotted line).

tive recombination are not considered to be important effects in the subpicosecond
gain nonlinearities we investigate using pump-probe experiments. However, many
recent experiments have suggested that these effects can be significant, at least
on the time scale of a few picoseconds.

Stimulated absorption and emission induced by an optical pulse will instanta-
neously change the carrier population. In the case of stimulated absorption, the
increased carrier density will relax back to its equilibrium concentration via spon-
taneous emission, on a nanosecond time scale [1]. In pump-probe experiments,
which typically measure the 10 ps time interval around the pulse, this nanosec-
ond recovery is not observed. Instead, the change in gain due to pump-induced
carrier density changes appears as a step change in gain (see Figure 5.3). How-
ever, it has been suggested recently that nonradiative recombination and carrier
diffusion may increase the carrier density relaxation rate [25] [26]. At high carrier
densities, recombination in the diode active region can be dominated by Auger
recombination. Auger recombination requires a number of simultaneous particle
interactions and is therefore highly dependent on the carrier density, R, = CN s
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where R, is the Auger recombination rate, N is the carrier density and C is the
Auger coefficient. An example of an Auger process is energy released when an
electron and hole recombine being transferred to another electron (or hole) which
is excited to a high energy state in the band. This highly excited carrier will re-
lax back to thermal equilibrium via phonon emission. For the InGaAsP material
system, C is on the order of 5 x 1072° cm®/s [27] [28]. At high carrier densities,
N > 5 x 10 cm™3, Auger recombination can reduce the upper state lifetime to
a few hundred picoseconds [27]. This nonradiative recombination can become an
important effect in optical amplifiers because the unclamped carrier densities can
be as high as 5 x 10'® cm™3 [25]. However, a gain recovery time of 300-400 ps is
still too slow to be observed in our pump-probe experiments.

Recently, measured lifetimes as short as 100 ps have been observed in traveling-
wave semiconductor amplifiers. These lifetimes have been attributed to a combi-
nation of effects, Auger recombination and spatial hole burning [25] [26]. Spatial
hole burning occurs because some portion of the injected bias current leaks around
the active region and pumps the cladding layers of the diode. These cladding layers
have a different band-gap than the active region and do not provide gain. How-
ever, carriers in this region can diffuse into the active region where the carrier
density has been depleted by the optical field. A typical diffusion length depends
on a number of parameters such as the active layer width, the cladding layer width
and the mode confinement factor. However, the carrier density gradient is usually
assumed to extend approximately 1 um into the cladding regions. Even with these
relatively small diffusion distances, measurements in a bulk V-groove amplifier at
1.3 um have suggested that carriers diffusing from the cladding “storage regions”
shortens the gain recovery time to 100 ps. Again, we are interested in studying
the subpicosecond dynamics in these diodes. On a typical pump-probe delay scale
of 10 ps, even a 100 ps recovery time will produce an insignificant signal. We will
not consider the spatial hole burning effects due to longitudinal standing waves
because by antireflection coating our diodes we have eliminated the standing wave
effects.

Another diffusion effect that has recently been proposed as a cause of nonlin-
ear gain in semiconductor quantum well diodes is the so-called “well-barrier hole
burning” [29] [30] [31] [32] [33] [34] [35]. Quantum well active regions consist of a
series of wells and barriers embedded in a carrier confinement layer. Carriers that
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are removed from the bottom of the quantum well can be replenished by carri-
ers diffusing across this confinement layer and dropping into the wells. The time
constant associated with this effect is structure dependent. For typical confine-
ment layer widths of 0.8 nm-3 nm, diffusion times of 2-10 ps have been measured
[32] via a pump-probe technique. These carrier transit dynamics recovering with
time constants on the order of a few picoseconds might be expected to contribute
to the pump-probe signals we measure. However, we do not observe significant
contributions from these diffusion effects. The most probable explanation for the
difference between our results and those of Weiss et al. [32], is that our pump-
probe pulses are shorter (150 fs vs. 400 fs) and therefore can preferentially excite
the nonlinearities with the faster time constants. Also, our experiments are per-
formed at lower injection currents (carrier densities), where the importance of
Auger recombination and carrier gradient induced diffusion are reduced.

Presumably, the nonlinearities associated with carrier transit and capture
times can be minimized by careful design of the diode’s active region. However,
there are nonlinearities that are more fundamental in that they are associated
with the semiconductor material, not the diode structure. One such nonlinearity
is spectral hole burning. In an inhomogeneously broadened gain medium, the
stimulated transitions are wavelength dependent so that only resonant or near-
resonant transitions are allowed. In a semiconductor laser, this implies that only
electrons and holes in a certain energy range are available for gain or absorption.
In the gain regime, an optical beam will stimulate emission, but the electrons and
holes will be removed from a limited energy range, creating a “hole” in the carrier
distribution. In the absorption regime, carriers will be generated within a limited
range, bleaching a “hole” in the absorption. These holes are created by stimu-
lated transitions so that at the transparency point, where stimulated emission and
stimulated absorption are equally probable, there is no spectral hole burning. At
high carrier densities, such as are present in a semiconductor diode laser, the holes
in the carrier distribution persist until carrier-carrier scattering redistributes the
total density of carriers into a Fermi distribution. In semiconductor materials at
high carrier densities, the carrier-carrier scattering time is thought to be less than
100 femtoseconds [36] [37] [38].

In the time domain, gain and absorption nonlinearities due to spectral hole
burning have a well-defined signature. The transient change in gain due to spectral
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hole burning should have the same sign as the step change in gain due to stimu-
lated transitions because the hole is burned by stimulated transitions. However,
the hole will disappear quickly as the carriers reach an intermediate thermalized
distribution via carrier-carrier scattering. As the hole fills in and the carriers
reach this intermediate thermalized distribution, the gain or absorption exhibits
a partial recovery. Total recovery will not be achieved until carriers removed (or
added) by the stimulated transitions have been replenished by the injection cur-
rent (or depleted by spontaneous emission). This recovery time is the upper state
lifetime for the material (~ 1 ns, at our carrier densities).

Nonequilibrium carrier heating is another nonlinearity that is fundamental to
the semiconductor gain medium. As we have seen in the previous section, heating
the carrier distribution decreases the gain in the diode. The carrier distribution
can be heated by a number of mechanisms. Free carrier absorption (FCA) and
two-photon absorption (TPA) can create highly energetic carriers in both the
conduction and valence bands. Through carrier-carrier scattering, these “hot”
carriers can give up their excess energy to the distribution. As a result, the
distribution heats up. The distribution will cool back to the lattice temperature
via phonon emission. Figure 2.6 shows the calculated gain curves for three different
carrier temperatures. Note that heating the carrier distribution reduces the gain
across the entire gain bandwidth. Therefore, the time domain signature for carrier
heating is different than for spectral hole burning. Regardless of whether the diode
is biased in the gain, transparency or absorption regimes, carrier heating causes
a transient decrease in gain that recovers on a time scale that is consistent with
carrier-phonon scattering times (~ 200 fs [39]).

Besides FCA and TPA, the carrier distribution can be heated via stimulated
transitions. Consider the gain curve shown in Figure 2.7(a) (N = 1.8 x 10'®
cm™3). The dashed line shows the average energy of the carrier distribution and
the dotted line shows the electron-hole quasi-Fermi energy difference (Etrans)-
Carriers occupying energy levels below the average energy are said to be cold,
while those occupying levels above the average energy are said to be hot. Photons
with excess energies between 0 and Ei,,,, will stimulate emission, removing cold
electrons and holes from the distributions. Removing cold carriers effectively heats
the distribution. Photons with energies between Ejyq,, and < E > will stimulate

absorption, creating cold carriers. Photons with energies greater than < E > will
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stimulate absorption and create hot carriers. This process heats the distributions.
Note that the relative position of the average energy < E >, calculated according
to

_ J2% J(E)p(E)EdE
= ~ : (2.17)

<E>

and the electron-hole quasi-Fermi energy separation, E¢,qn,, depends on the carrier
density. However, even when the average energy is greater than the transparency
energy, there is a set of photon energies for which stimulated transitions will cool
the distributions. In Figure 2.7(b) (N = 4.0 x 10'® cm~3%) we show a distribution
where < E > is less than Ejqn.. In this case, photon energies between 0 and
< E > stimulate emission and heat the distributions. Excess photon energies
between < E > and Ejqns, stimulated emission and remove hot carriers. In
this case, stimulated emission effectively cools the distributions. Again, in the
highly absorbing regime, (excess photon energies greater than E.rons), stimulated

absorption creates hot carriers and heats the distributions.

Of FCA, TPA and stimulated transitions, it is nct clear a priori which mech-
anism for heating the carriers is dominant. Typically the stimulated transition
probability is orders of magnitude larger than the FCA probability. However, each
FCA event changes the total energy of the distribution by almost 1 eV, the single
photon energy. Each stimulated transition will change the total energy by only a
few meV. To investigate the relative importance of these two effects, we would like
to find a way to turn one of the effects off. As we have discussed previously, there
are no net stimulated transitions induced by photons with excess energies equal
to the transparency energy. Therefore, we can perform experiments at the trans-
parency point to investigate the relative importance of these two effects. Also,
we can perform experiments at photon energies below the band-gap. Below-band
photons can cause FCA but can not stimulate transitions. Note that FCA can
only heat the distribution. Stimulated transitions, however, can heat or cool the
distribution. Therefore, we might want to investigate the possibility of carrier
cooling and an associated transient increase in gain in these diodes. Figure 2.8
shows the average energy and the quasi-Fermi energy for the (a) electrens and (b)
holes, as a function of carrier density. Figure 2.9 shows the difference between the
electron and hole quasi-Fermi energies and the average energies. Note that for
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carrier densities less than ~ 3 x 10!® cm™3, the average energy is larger than the
quasi-Fermi energy separation. Then, stimulated absorption may be expected to
cool the carrier distribution. However, as we shall see in Chapters 5 and 7, carrier
cooling has not been observed in these InGaAsP diodes.

Two photon absorption (TPA) is not really a gain nonlinearity because it is
relatively insensitive to the carrier density and the optical wavelength. However,
it is a significant portion of the total nonlinear response of the InGaAsP diodes.
It is common to consider the effects of TPA when the energy separation between
two levels or two bands is greater than the single photon energy. In this case, the
single photon energy is below-band and can not stimulate transitions. A second
order process in which two photons combine, with energy E = 2Eypt0n, may now
be able to stimulate a real transition between the two levels. The TPA coefficient
is much smaller than the stimulated transition coefficient and the TPA probability
is intensity dependent. A simplified propagation equation for the optical intensity

is given by

dI ,
— =—ol—BI (2.18)

where I is the intensity, a is the stimulated loss (gain) coefficient, 8 is the TPA
coefficient and z is the direction of propagation. In the low intensity limit or for
B << a/I, the linear loss dominates and TPA is usually ignored. However, it is
important to realize that TPA occurs even when the photon energy is above band.
In fact, as we tune from below- to above- band, the linear absorption coefficient
will change dramatically, but the TPA coefficient will be relatively unaffected [40].
The TPA coefficient in our waveguides has been measured to be ~ 20 GW /cm?
[41] [42]. In a pump-probe experiment where the pump powers are low enough
that higher order processes can be ignored, the TPA signal will scale linearly with
pump power, as will the other nonlinearities we have discussed in this chapter.
Therefore, attenuating the signal to reduce the TPA signal will reduce the signal
due to the other nonlinearities as well.

As we shall see in Chapters 5 and 7, in our experiments we observe gain
nonlinearities due to carrier heating, spectral hole burning and TPA. The time
domain signatures of these three effects are quite different. TPA always removes

photons from the optical field and shows up as an instantaneous gain compression
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at zero time delay. Spectral hole burning should have a fast recovery time and
its amplitude will change sign at the transparency point. The sign change should
mimic that of the step change in gain due to stimulated carrier population changes.
Carrier heating can cause transient increases or decreases in gain, depending on
the relative heating efficiency of FCA and stimulated transitions, and depending
on the value of the average energy of the distribution compaz :~d to the difference
in the electron and hole quasi-Fermi energies. In our diodes only carrier heating
has been observed. In the next section, we will discuss the rate equation model
for carriers and photons in the semiconductor diode active region. We will show
that the gain nonlinearities may be incorporated into these equations in a variety

of ways.

2.3 Rate Equations

The carrier density, N, and the photon density, S, in the diode active region can

be modeled by the rate equations
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i 5‘7 - ;: —g(N — Ny)S (2.19)
and
ds -S§ BN
- ? + gT'(N — N:)S + r (2.20)

where I is the injection current, V is the volume of the active region, ¢ is the
electronic charge, IV is the carrier density at transparency, g is the differential
gain (dgo/dN), T is the mode confinement factor, B, is the spontaneous emission
factor, 7, is the photon lifetime in the cavity, and 7, is the upper state lifetime.
The small signal gain coefficient, go, plotted in Figures 2.2, 2.3, etc., is equivalent
to g(N — N;) in Eq. (2.19). Note that when N > N, the gain is positive and
when N < N, the gain is negative (absorption). These rate equations, or some
variation thereof, can be used to describe many of the performance characteristics
of semiconductor diode lasers. For instance, below threshold the photon density
is approximately zero and the steady state (&4? = 0) carrier density for a given bias

current can be found via

= -&7. (2.21)
Also, we can determine the threshold current for the diode,
|4
In =[] (V. - (T5) ™) (2.22)
8

where N,, is the steady-state carrier density, and losses due to finite mirror re-
flectivity, FCA, and scattering are included in 7.

The rate equations we have described above are accurate in the small signal
regime. However, in the regime where gain nonlinearities become important,
these equations are no longer adequate. Traditionally, these equations have been
modified to include the effects of nonlinear gain compression by multiplying the
differential gain coefficient by a term (1—¢€yS), where € is related to the nonlinear
gain compression [3]. This term was introduced to explain the damping of the
relaxation oscillation resonance in the high-speed response of typical diode lasers.
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This rate equation model for the high-speed modulation response of diode lasers
led to the introduction of a “universal relationship between resonant frequency
and damping rate” [43], or the “K-factor”, as a measure of gain nonlinearities in

semiconductor diodes. The K-factor is given by,
K= (2.23)
fo

where « is the damping rate and f, is the relaxation oscillation (or resonant)

frequency. The K-factor can be related to the nonlinear gain coefficient, €, via

2v/2
K = 4n? (r,, + %’“) = ‘3/;; (2.24)

maz

where f34B is the maximum frequency at which the measured response has been
reduced by a factor of 2 [44]. Recent experiments have shown that the K-factor is
neither universal [45] [46] [47] [48] [49], nor constant [35] [50]. While the K-factor
may be a convenient number to use to characterize the modulation response at
low powers, it can not be used to predict or determine the magnitude or the origin
of the gain nonlinearities.

In our work, we have taken a slightly different approach. Based on experimen-
tal results that show that the dominant gain nonlinearity in these diodes is due to
carrier heating, and on the calculated results which show that heating the carrier
distribution effectively reduces the carrier density at a given photon energy, we
model the gain nonlinearity as a third energy level. This level is “pumped” by
FCA and the carrier lifetime for this level is the measured carrier cooling time, ~

1 ps. Using this model, the rate equations become

dN I N

—dt = 3‘7 - '1: - g(N - Nt - ANh)S : (2.25)
and
d(AN, AN,
Th
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where oy, is the FCA coefficient, AN}, is the effective carrier density change due
to carrier heating, 7, is the carrier cooling time constant and ~; is the efficiency
factor that relates the number of FCA events to the actual gain reduction due to
heating. Comparing this formalism to the traditional modeling of nonlinear gain

we find

AN, = eS(N — N). (2.27)

Note that for modest injected carrier densities, where the average energy is much
greater than the quasi-Fermi energy separation, Eirans, Eq. (2.27) gives a good
description of the effect of carrier heating due to stimulated transitions. That
is, in the gain regime, where N > N, cold carriers are removed by stimulated
emission which effectively heats the distribution and increases AN,. However, in
the absorption regime where N < N, cold carriers are created, which effectively
cools the distribution and reduces AN,. The analogy breaks down when we
consider the FCA induced heating. As we mentioned before, FCA always heats
the distribution and reduces the gain. In Chapter 6, we extend this rate equation
model to include the effects of FCA in heating the distribution. Also, we model
the so-called “ultrafast” nonlinearity that opposes the effect of carrier heating as
a fourth level, with a 100-250 fs lifetime. As we shall see in Chapter 6, this rate
equation model is an accurate predictor of the saturation behavior in these diodes.

2.4 Index

The gain (go) and index (n) in the semiconductor materials are related to the

imaginary and real parts of the susceptibility tensor

x(w) = X' (w) — ix" () (2.28)

where
€ . [Ago
\/1+X= 1’50 =n—7J (—4") (2.29)
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and where x(w) is related to the polarization, P, via

P = eox€ (2.30)

where ¢ is the permittivity of free space and £ is the electric field. These real
and imaginary parts of the susceptibility tensor are related by a Kramers-Kronig
(KK) transformation. If we call g the linear gain coefficient and n the refractive
index, then the KK transformation tells us that [51]

n(w) =1+ [':F] /o = _9(w) g (2.31)

wlz — wz

A perturbational change in gain (or absorption), Agy, will have an associated

change in index given by

An(w) = [%] /; > g]-(’(—w')-d(«.)'. (2.32)

wﬂ — w2

Note that if an induced gain change is symmetric around some center wavelength,
wo, the corresponding change in index at wy is zero (An(wo)=0).

Referring back to the nonlinear gain changes discussed in Section 2.2, we can
predict the associated nonlinear changes in refractive index given by the KK trans-
form. For instance, the change in gain due to changes in the carrier population

can be calculated via

Ago = go(E, N1) — go(E, N2) (2-33)

where go( E, N;) is the gain curve derived for a carrier density of N;. This change
in gain can be substituted into Eq. (2.32) to determine the change in refractive
index due to carrier population changes. Figure 2.10 shows the computed change
in refractive index (a) for a given change in gain (b). The gain changes are
calculated for carrier density changes of AN = +0.02 x 10'® cm™ (solid line),
—0.02x 10 cm™3 (dashed line), —0.05 x 10'® cm~3 (dotted line), and —0.07 x 108
cm~3 (dashed-dotted line) around N=1.8 x10'® cm™3 [52] [53]. Note that for
excess photon energies near the band-gap, increasing the carrier density decreases
the refractive index and vice versa. Also note that the index changes extend below

45



the band-edge. These results are in agreement with previously published results
for GaAs diodes [52] [54] [55] [56].

We can also calculate the Agg’s due to carrier heating. Figure 2.11 shows
the computed change in (a) refractive index and (b) gain for carrier temperature
changes (electrons and holes) of +10 K (solid line), +20 K (dashed line), +30 K
(dotted line) and +40 K (dashed-dotted line). From these calculations of gain
and index changes for carrier density and carrier temperature changes, we can
calculate the linewidth enhancement factors. For carrier density changes, the
linewidth enhancement factor or a is defined as [57]

6xr/6N
= 5y JiN (2.34)
where x is the complex susceptibility and N is the carrier density. As we men-
tioned before, the real and imaginary parts of the complex susceptibility are re-
lated to the refractive index and the gain. As a result, a is commonly written

as

4w én /6N

=3 Ga/6N" (2.35)

Q=

Figure 2.12 (a) shows the calculated values of a as a function of excess photon
energy above the band gap. Very near the band-edge, 6g/6N is small and the
magnitude of a diverges. This behavior has been observed previously (58] [59].
Changes in gain and index also accompany changes in the carrier temperature.
Therefore, an o parameter that quantifies the relative gain and index changes
induced by a carrier temperature change, ar, is given by [60] [61]

8x./6T _ 4mén/6T

T6x:/6T ~ X 6g/6T° (2.56)

ap =
Figure 2.12 (b) shows the calculated o for the carrier temperature induced gain
and index changes shown in Figure 2.11. This calculation agrees qualitatively
with the values of ar predicted previously [62]. It is difficult to use the measured
values of Ag and An to compute the different a parameters and then compare
them to the theoretical predictions because we can not accurately determine our
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experimental excess photon energy. However, it is interesting to note that for a
given excess photon energy, the calculated values of ar are always smaller than a.
This behavior is consistent with the results presented in Reference [52] . We point
out that the o’s calculated for the different carrier density and carrier temperature
changes shown in Figures 2.10 and 2.11 are similar and can not be distinguished
on the scale shown in Figure 2.12.

TPA and other instantaneous absorption effects such as the optical Stark effect
are expected to contribute to the nonlinear refractive index, n;. There have
been some calculations performed using the KK transform to relate calculated
nonlinear pump-probe spectra to this instantaneous nonlinear refractive index [51]
[63]. However, experimental studies have yet to distinguish which instantaneous
gain nonlinearities are contributing to the index nonlinearites. The below band
measurements in AlGaAs devices suggest that TPA and the optical Stark effect
are important [64] [65] [66]. These results agree qualitatively with the above-band
measurements in AlGaAs diode lasers [67].

Few experimental and theoretical results exist that observe or predict the
effects of spectral hole burning on the nonlinear refractive index. The reason is
that the shape and the size of the spectral holes that may be burned are not
well understood and therefore difficult to model. However, if the k-selection rules
hold, and if the hole is symmetric around some center wavelength, wg, then the
corresponding refractive index change at wy will be zero. Illustrations of this basic

property of the KK transform can be found in many texts [59] [68] [69)].

2.5 InGaAsP Diodes

Semiconductor laser chips are waveguides with active cores. In the heterostructure
lasers we will study, the active region is sandwiched between two higher-band gap,
lattice-matched semiconductor materials. These higher band-gap cladding layers
serve two purposes. First, they help confine injected carriers (electrons and holes)
to the active layer. Electrons and holes recombine in the depletion region of the
p-n junction to provide gain. Poor carrier confinement leads to higher threshold
currents and heating of the laser chip. Second, the lower refractive index of these
cladding layers creates the waveguide that confines the optical mode to the active
layer. Without this waveguiding, the optical mode would radiate out into the
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lossy, unpumped cladding regions of the semiconductor chip. Feedback is provided
by cleaving facets perpendicular to the active waveguide. The semiconductor-air
interface reflectivity is approximately 35%. This reflectivity can be altered by
depositing coatings on the laser facets. In our work, anti-reflection coatings are
deposited on at least one facet of the semiconductor diode [70].

The dimensions of the active region are chosen with many competing perfor-
mance characteristics in mind. For instance, broad active cross-sections provide
high gain but multi-transverse mode operation. We will study single transverse
mode diodes where the width of the active region is 1-3 um and the thickness is
~ 0.1 um. The active region lengths are typically between 200 ym and 900 pm.
In general, chip lengths are chosen with a particular application in mind. For in-
stance, vertical cavity surface emitting lasers (VCSEL’s) have active regions that
are so short, only one longitudinal mode of the cavity falls under the gain curve.
Longer active lengths in conventional edge-emitting diodes are usually chosen to
minimize the effective loss. For the measurements we perform, the length of the
diode active region is important because it determines the amplitude of dispersive
effects on short pump-probe pulse propagation. Also, our pump-probe signals are
integrated over the entire length of the diode.

In our experiments, we study three different diode structures. One structure,
shown in Figure 2.13, is the channelled-substrate buried heterostructure (CSBH)
InGaAsP/InP V-groove laser [71]. After etching the V-groove, four epitaxial layers
are grown, an n-doped InP buffer layer, an InGaAsP active layer, a p-doped InP
layer and a p-doped InGaAsP contact layer. The first and third layers create
the p-n junction. The electrical contacts to the chip are at the top and bottom
of the chip as shown in Figure 2.13. The current flow is perpendicular to the
layers. The emission wavelength of the active region is determined by the relative
mole fractions in the In;_,Ga As,P;_, layer (see Figure 2.14). Typical active
region dimensions for these diodes are 0.2 x 2.5 ym. In this thesis, we will refer
to these diode structures as bulk diodes because the gain characteristics of the
active region can be modeled using the bulk, 3-dimensional representation of the
crystal lattice.

The second structure we will study is a separate confinement heterostructure
(SCH) quantum well laser. These diodes offer many advantages over the more
conventional bulk lasers. They have lower threshold currents, higher quantum
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Figure 2.13: Cross section of the channelled-substrate buried heterostructure laser.
(From Ref. [71].)

efficiencies and lower internal losses [72]. A schematic description of the laser is
given in Figure 2.15. The active region is comprised of four narrow (80 A each)
InGaAs wells separated by 300 A barriers (Ay,,=1.3 pm). The carriers are confined
to the active region by the semi-insulating blocked planar buried heterostructure
(SIPBH) design [73]. Note that the carriers are injected from the sides of the
diode as shown in Figure 2.15 (b), and the current flow is perpendicular to the
layers.

We will use pump-probe experiments to study the gain and index nonlinear-
ities in these bulk and multiple quantum well (MQW) diodes. In the context of
the pump-probe experiments, quantities like threshold current, internal loss and
quantum efficiency are unimportant. For our studies, there are two important
differences between the bulk and the MQW diodes. The first is the difference in
the mode confinement factor. The mode confinement factor, T', is 2 measure of
the fraction of the optical field that overlaps the active region. For the bulk diode,
with an active region area of 0.2 x 2.5 um = 0.5 um?, I'=0.30 [1]. In the MQW
diode, the active region area is much smaller and can be approximated by 4 (wells)
x 8 nm/well X 2 pm =0.065 pm?, and I'=0.05. The mode confinement factor is
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Figure 2.14: Wavelength range of semiconductor lasers covered by different ma-
terial systems. (From Ref. [1].)

important because it relates the measured amplitude of nonlinearities induced in
the active region to nonlinearities induced in the cladding. For instance, we might
expect TPA, which is relatively independent of carrier density and pump-probe
wavelength, to occur in the cladding as well as the active regions of the diodes.
However, nonlinear effects like carrier heating and spectral hole burning should
only occur in the electrically-“pumped” region (active region) of the diode. The
pump-probe pulses will induce and sense nonlinearities across the entire spatial
extent of the mode. However, in the bulk diodes, the ratio of the nonlinear sig-
nals generated in the cladding to those generated in the active region should be
less than for the MQW diodes. This is because, relatively speaking, the mode
samples more cladding in the MQW diodes. Therefore, we might expect TPA,
for example, to be a larger portion of the total nonlinear response for the MQW
diode than for the bulk diode.

The other important difference between the MQW and bulk diodes is that the
degeneracy of the heavy hole and light hole bands at the Brillouin zone center
is lifted by quantum confinement. It is well known that the energy levels for
a particle in a quantum well depend on the mass. In these diodes, the heavy
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Figure 2.15: Schematic description of the SCH QW laser. (a) the layer structure;
(b) the band diagram. (From Ref. [72].)

hole (hh) and light hole (lh) bands are split. Therefore, the hh-electron (hh-e)
transition wavelength is longer than the lh-electron (lh-e) transition wavelength.
Also, this separation of the heavy hole and light hole bands accentuates the im-
portance of the polarization selection rules. The polarization selection rules state
that at the Brillouin zone center, TM-polarized (perpendicular to the QW layers)
light can not stimulate hh-e transitions. However, lh-e transitions are allowed.
TE-polarized light (parallel to the QW layers) can stimulate both hh-e and lh-e
transitions [74]. These polarization selection rules hold for bulk as well as MQW
diodes but they have little impact on the gain in bulk diodes because the hh
and lh bands are degenerate. In those diodes, the gain material can be consid-
ered isotropic. Any polarization anisotropy that is observed can be traced to the
asymmetry of the waveguide [75].

We will see in our pump-probe experiments that the gain in the MQW diodes
can be considered isctropic as well. There are a number of reasons why the
polarization selection rules are relatively unimportant in these diodes. First, the
energy separation between the light hole and heavy hole bands is small compared
to the energy bandwidth of the pump-probe pulses. Therefore, both TE-polarized
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and TM-polarized pulses can cause stimul~ted transitions, TPA and FCA. Second,
the polarization selection rules are only strictly true at k=0. For other values
in k-space, there are no strictly forbidden transitions. Experimentally, we have
not observed a polarization-dependence of the measured responses in the MQW
diodes.

The third type of diode we study, the strained-layer multiple-quantum- well
(SLMQW) diode, is very sensitive to the polarization selection rules because of the
large energy separation between the lh and hh bands (~ 100 meV [76] [77]). These
structures are STPBH lasers with narrow strained quantum well regions (Figure
2.16). The active region consists of four 2.5 nm thick Ing 77Gag 23As quantum wells
with 1.53 % compressive strain sandwiched between 9 nm thick lattice matched
InGaAsP barriers. The active region width is approximately 2.5 um. The mea-
sured emission peaks are at 1.53 um for the TE mode and 1.38 um for the TM
mode [78]. Again, the polarization-dependence of the emission peaks is due to
the polarization selection rules and the large energy sub-band separation between
the 1h and hh bands in these diodes. The gain is clearly not isotropic. In fact,
pump-probe pulses (with center wavelengths near 1.5 pm) that are TM-polarized
are below band and do not experience gain. However, TE-polarized pulses, with
center wavelengths near 1.5 um can stimulate hh-e transitions and see gain.

In this chapter, we have discussed the semiconductor physics relevant to gain
in diode lasers and amplifiers. We have calculated the carrier density dependence
and the carrier temperature dependence of the gain coefficients. The time evolu-
tion of the carrier and photon densities has been modeled by rate equations. The
index changes, related to the gain changes by a Kramers-Kronig transformation,
have been calculated for changes in carrier density and carrier temperature. Also,
we have discussed the mechanisms responsible for gain and index nonlinearites
and have described how these nonlinearities will appear in the pump-probe exper-
iments that follow. Finally, we have given a brief description of the three diode
structures, bulk, MQW and SLMQW, that will be studied in this thesis.
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Figure 2.16: Band diagram of the strained-layer multiple quantum well device.
(Ref. [78].)
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Chapter 3

Additive Pulse Modelocked

(APM) F-Center Laser

3.1 Introduction

There is a great deal of interest in lasers that can produce ultrashort pulses at
1.5 pm, both as sources for fiber optic communication systems and as diagnos-
tic tools. Until 1987, short pulse generation in this wavelength region had been
accomplished by actively modelocking InGaAsP diode lasers [79] and by soliton
formation in fibers [80]. Since that time, a number of new modelocking schemes
have been demonstrated. Passively modelocked color center lasers with intra-
cavity multiple quantum well saturable absorbers have produced pulses as short
as 275 fs, tunable from 1.59 um to 1.7 um [81]. Very recently, passively mode-
locked erbium doped fiber lasers, producing 77 fs pulses, have been demonstrated
[82]. Optical pulsewidths of approximately 100 fs duration are optimal for our
pump-probe investigations because they are the shortest pulses that will propa-
gate through the diode without experiencing significant pulse broadening. In our
lab, we have developed a modelocked source, based on the original soliton laser,
that produces 100 fs pulses tunable near 1.5 yum. The Additive Pulse Modelocked,
or APM, color center laser consists of 2 synchronously-pumped color center laser
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coupled to a nonlinear auxiliary cavity [83] [84] [85]. In the APM scheme, pulses
in the auxiliary cavity experience an intensity dependent phase shift. The inter-
ferometric addition of pulses from the main cavity and phasé-shifted pulses from
the auxiliary cavity produces the pulse shortening. As a result, the auxiliary cav-
ity in the APM laser can contain any medium (positive dispersion fiber, negative
dispersion fiber, semiconductor waveguide, etc.) with an instantaneous refractive
index nonlinearity. In this chapter, we will discuss the operating principles and
design of the APM KCI:TI color center laser.

3.2 Operating Principles

The color center laser is synchronously pumped by a cw-modelocked Nd:YAG
laser that produces ~ 100 ps pulses at an average power of 5-6 W. The Nd:YAG
laser cavity is 1.5 m long corresponding to a pulse repetition rate of 100 MHz.
The optical resonator consists of a concave HR (highly-reflective) rear mirror
and a convex front mirror. The cavity is unstable by design and only becomes
stable when an intracavity focussing element is included. Intracavity focussing is
achieved via thermal lensing in the Nd:YAG red. For normal flashlamp currents,
the YAG rod approximates a 30 cm focal length lens [86]. An aperture in the
cavity forces the laser to oscillate in the TEMqo mode.

The gain material in the color center laser is a KCLTI? crystal. This crystal
is composed of color centers, electron or hole trapping defects that produce the
optical absorption and emission bands in insulating crystals [87] [88]. These de-
fects are produced by irradiating the crystal with high-energy (2 MeV) electrons
while the crystal is immersed in liquid nitrogen. The crystal must be kept cold
to prevent the defects from “walking out” from the sites where they are induced.
Typical irradiation current densities are 5 pA/cm?. The laser-active color centers
are efficient for two reasons. First, the gain has a large cross-section, o = 3 X 10716
cm? because the emission band represents a fully allowed transition. Second, the
gain is homogeneously broadened so that all the centers contribute energy to the
lasing mode. The absorption is homogeneously broadened as well so that all cen-
ters may be pumped by a laser operating in the pump band. The peak of one of
the absorption bands is 1.06 um which is why the laser is pumped by a Nd:YAG

laser.
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Figure 3.1 shows the color center laser with the auxiliary cavity. The design is
that of a folded, astigmatically compensated cavity [88]. Mirrors M1 and M2 are
contained within the vacuum enclosure that provides the thermal isolation for the
cold finger and that protects the crystal surfaces from condensation. A lens and
and the substrate of mirror M1 combine to form a thick lens with an effective focal
length of 33 mm that focusses the pump beam onio the laser crystal. The crystal
is held by a cold finger at a distance from M1 determined by the stability criterion
for the cavity [89]. Mirrors M3, M4 and MO are outside the vacuum enclosure and
are arranged in a folded configuration to save table space. The cutput coupler,
MO, has a reflectivity of 80 %. The color-center cavity length is matched to the
Nd:YAG cavity length (1.5 m). The synch-pumped pulses from the color center
laser are typically 20 ps in duration. The laser can be tuned from 1.46 pm to
1.58 um using a birefringent tuning plate [90]. Typical output powers range from
20-300 mW.

The auxiliary cavity, measured from MO, is 1.5 m long to match the cavity
length of the color center and Nd:YAG lasers. A beamsplitter directs 50 % of the
output power to the auxiliary cavity. The beam transmitted by the beamsplitter
is the output beam from the APM color center laser. Light in the auxiliary cavity
is coupled by a 10 cm focal length convex lens and graded index (GRIN) lens
combination into a 40 cm length of dispersion-shifted, non-polarization-preserving .
fiber. Dispersion-shifted fiber is used because it has a smaller core diameter, 5
pm, than standard 9 pm fiber, (AT&T 5D), yielding a higher nonlinearity for the
same input power. The output end of the fiber is butt-coupled to a gold mirror.
The reflected light travels back through the fiber and lenses and is split at the
beamsplitter. The power transmitted by the beamsplitter (Prrper) is used to
monitor the linear phase of the auxiliary cavity. The fiber is glued (5-minute
epoxy), under tensicn, to a piezoelectric transducer (PZT). Coarse adjustments
to the auxiliary cavity length can be made manually by translating the stage that
holds the GRIN lens and input fiber end. The length of the auxiliary cavity can
be controlled precisely by applying a voltage to the PZT and stretching the fiber.

The simple picture that describes APM is that of two pulses interfering. One
pulse, circulating in the main color center cavity, is modeled as having a constant
phase. The other pulse circulates in the auxiliary cavity. The puises can be
overlapped at a common mirror. The linear phase difference between the pulses is
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Figure 3.1: Schematic of the color center laser with the auxiliary cavity.



set by the relative lengths of the two cavities. If the two cavity lengths are exactly
matched, the two pulses are in phase and interfere constructively. If the round
trip auxiliary cavity length is changed by A /2, the two pulses will be out of phase
and will interfere destructively. Besides this linear phase shift, pulses circulating
in the auxiliary cavity experience an intensity dependent (nonlinear) phase shift in
the optical fiber. The nonlinear phase shift, A®(t), due to self-phase modulation
in the optical fiber, is given by

27rn2L

A«p(t):( . )I(t) (3.1)

where L is the fiber length, A is the center wavelength of the optical pulses,
n, = 3.2 x 10716 cm?/W [91], and I(¢) is the intensity profile of the pulse. Thus,
the peak of the optical pulse is shifted in phase relative to the wings. Then, if
the linear phase difference between the two cavities is 7, so that the wings of the
pulses are out of phase and interfere destructively, the peaks of the pulses will be
closer in phase and can interfere constructively. It was this interferometric pulse
subtraction in the wings and pulse addition at the peaks that lead to the name,
Additive Pulse Modelocking.

In our laser, we think of the two pulses interfering at the laser output coupler
MO. The pulses from the two coupled cavities will interfere in the time domain as
long as there is some overlap of the pulse envelopes. A 100 fs pulse at 1.5 pm is
approximately 20 cycles long. Therefore, as long as the laser cavity and auxiliary
cavity lengths are within 30 um of each other (round-trip), the pulses from the two
cavities will interfere. To study the effects of pulse interference, we monitor the
power in the main laser cavity, PmaiIn, the output power, Poyr, and the amount
of second-harmonic generated as a function of auxiliary cavity length. Figure 3.2
shows the measured powers and SHG as the cavity length is ramped from —6xm
to +6um. The sinusoidal variation in powers Puyarn and Poyr is also observed
in power Prrper. The slight discontinuity in the top two power-versus-length
scans is associated with perfect matching of the two cavity lengths. The peaks
of the Pyarn sine wave correspond to the pulse reflected back from the auxiliary
cavity being in phase with the pulse circulating in the main cavity. Then the
two pulses add constructively at the mirror and the overall power in the main
cavity is increased. These points represent effective increases in MO reflectivity
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and occur simultaneously with minima in the output power. Likewise, when the
effective reflectivity of MO is lowered, the output power increases, corresponding
to destructive interference of the two pulses at MO. The amplitude of the SHG
signal is inversely proportional to the output pulse width. Note that short pulse
operation is achieved only over a finite range of cavity detunings.

Characterizing the stability ranges for short pulse operation in these lasers has
been an active area of research [92] [93] [94]. It is clear from Figure 3.2 that the
relative detuning of the cavity lengths must be maintained in order to achieve
stable modelocking. We stabilize the cavity detuning using a scheme designed
by Mitschke and Mollenauer [95]. A detector is placed after the beamsplitter
to monitor Priggr. This average power will fluctuate as the cavity detuning
fluctuates. However, there will be a specific power level (reference level) that
corresponds to the auxiliary cavity phase bias that supports APM. A home-made
circuit compares the real power level to the reference level and the difference signal
is used to drive the PZT attached to the fiber. Stretching the fiber with the PZT
changes the length of the auxiliary cavity and allows us to lock the optical phase
that supports APM. Figure 3.3 shows the intensity autocorrelation traces of the
(a) synch-pumped and (b) APM laser pulses. In this case, the pulses have been
shortened from 25 ps to 130 fs by the APM technique, a factor of almost 200.

3.3 Tricks

Like all state-of-the-art equipment, the APM color center laser has idiosyncrasies
that must be acknowledged. The most important thing to remember when de-
signing an auxiliary cavity is to eliminate all reflections. It has been theoretically
predicted that extraneous reflections in the auxiliary cavity may keep an APM
laser from self-starting [96] [97]. In fact, extraneous reflections may keep the laser
from modelocking at all. For example, replacing the beamsplitter in Figure 3.1
with a variable beamsplitter, consisting of a half-wave plate and a polarization
beamsplitting cube, made it impossible to APM the color center laser. The optics
had all been anti-reflection (AR) coated for 1.5 um, reducing the reflection coeffi-
cient at each face from 4% to 1%. Also, the reflectivity of the variable beamsplitter
was adjusted to match that of the plate beamsplitter. However, the synch-pumped
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Figure 3.2: Variations of laser cavity power Puparn, output power, Poyr, and
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pulses would not shorten. Using a microscope objective to couple to the fiber in
the auxiliary cavity had a similar effect.

There are many ways to eliminate reflections in the auxiliary cavity. First,
minimize the number of optical components in the cavity because even AR-coated
optics reflect. Commercial coatings typically reduce the glass-air interface reflec-
tivity from 4% to 1%. Beware of microscope objectives. They have three lenses (6
reflecting surfaces) inside the housing. Second, tilt the optical components so that
the transmitted and reflected beams are not collinear. Third, use index matching
fluid between glass components when possible. In our set-up, the GRIN lens is
AR-coated on the input face (from the color center laser) and the output face is
uncoated. Index matching fluid is inserted between the GRIN lens and the fiber
endface. To further reduce the reflections from the fiber endface, we bevel it at 8°.
For light coupled into the fiber, beveling the endface will direct the reflected light
away from the cavity axis. For light exiting the enaface, the amount of reflected
power that is recaptured by the core is -60 dBm.

Maintaining the color center laser is an art all its own [88]. The crystal is
replaced about once a year. Usually the laser fails because the crystal itself has
degraded and the power levels have become unacceptably low or the vacuum fails.
Every time the crystal is replaced, the APM changes personalities. However,
experimenting with parameters such as the beamsplitter reflection/transmission
ratio, the auxiliary cavity fiber length, and the birefringent tuning plate, eventu-
ally returns the laser to stable operation. The APM performance is only weakly
dependent on the synch-pumped perfermance of the color center laser and the
modelocked performance of the Nd:YAG laser. Amplitude fluctuations on the
Nd:YAG pulses translate to amplitude fluctuations on the APM pulses, but the
small-signal pump-probe experiments are relatively insensitive to amplitude fluc-
tuations as high as 20% of the total average power. Slow drifts in the length of
the Nd:YAG laser broaden the output modelocked pulses and therefore the color
center synch-pumped pulses. However, APM is such a strong modelocking mecha-
nism that 100-150 fs pulses will build up even from very broad color center pulses.
On occasion, this laser has self-started. In self-starting, the Nd:YAG modelocker
is turned off and the pulses build up from noise. This behavior has only been
observed at high output powers from the color center laser (average Foyr > 300

mW).
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Finally, we point out that the tuning range of the synch-pumped laser has
not been maintained under APM operation. The APM laser can be tuned from
approximately 1.48 um to 1.52 um. Tuning to even longer wavelengths produces
pulses that are broader and that have wings. This behavior is not well understood
and will be the subject of future iavestigations.

In conclusion, we have discussed the operating principles of Additive Pulse
Modelocking. We have described an APM source consisting of a synchronously
pumped color center laser coupled to a nonlinear external cavity that produces
tunable, subpicosecond pulses near 1.5 um. The APM color center laser is an
excellent source for our pump-probe experiments for many reasons. First, it pro-
duces 100-200 fs, transform-limited pulses, tunable near 1.5 pum. Second, using
an external stabilization circuit, stable pulses are produced for hours at a time.
Third, the average output power is high enough to supply many picojoules of pulse
energy to the pump and probe pulses. Finally, the pulses are clean and pedestal-
free, allowing us to perform high resolution temporal studies of InGaAsP diode

lasers and amplifiers.
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Chapter 4

Group Velocity Dispersion

4.1 Imtroduction

Before we can investigate the gain and refractive index nonlinearities in these
diode amplifiers via pump-probe measurements, we must study the effects that
cause pulse distortion. As we will describe in Chapter 5, pump-probe results are
fit by convalving an assumed impulse response function, h(t), with the experimen-
tally determined autocorrelation function, G?(t — 7). If the pump-probe puises
are distorted as they travel through the diode, the autocorrelation function is not
an accurate representation of the pulse in the diode and the mathematical fitting
procedure breaks down. Therefore, it is important to start our experimental inves-
tigations by comparing the pulses before and after they travel through the diodé,
to verify that the diode introduces no significant pulse distortion. In this chapter,
we will investigate the effect of group velocity dispersion on short pulse propaga-
tion in these diodes. We will present the first time-domain measurements of the
group velocity dispersion in bulk and multiple quantum well (MQW) InGaAsP
devices at 1.5 um.

Group velocity dispersion (GVD), defined as the second derivative of the prop-
agation constant with respect to frequency, %2—,, is an important quantity because
it describes limitations in the propagation and generation of short pulses in semi-
conductor diode lasers and amplifiers. In the frequency domain, GVD can affect
experiments by limiting the phase matching bandwidth and by creating an arti-
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ficial spectral hole. In the time domain, GVD can cause pulse broadening, and
polarization-dependent group velocities can cause orthogonally polarized pulses
to walk-off from each other. Both pulse broadening and pulse walk-off limit the
time resolution of the measurements.

We begin by noting that the semiconductor material is polarizable and can
be modeled as an ensemble of dipole oscillators. Then, following the description
of Butcher and Cotter [69], we say that in the presence of an electric field, these

dipoles oscillate according to

f‘ —m|LZ TIPS L (v®z? + vz + )| = —¢E (4.1)
7 = :

where 0 is the resonance frequency, T is the damping constant and z is the
displacement of the dipole charge froin its equilibrium position. If we assume that
the applied electric field causes only small displacements of the charges, then the
dipole’s response to the field is linear and we can ignore the anharmonic terms
(v@z?, etc.). If E is sinusoidal

E(t) = Epcos(wt), (4.2)
then
= _9E et +c.c (4.3)
T o2m[? - 2jTw —w?] )

where c.c. denotes the complex conjugate. The polarization, P is given by

P = gxE = —Ngz (4.4)

where N is the density of oscillating dipoles, ¢ is the permittivity of free space,

and y is the linear susceptibility,

=2 | (45)

eom —2Tw —w?

The refractive index, n, is given by
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n(w) = Rey/1+ x " (4.6)

and is frequency dependent. For our discussion, it is more convenient to consider
the wavelength dependence of the refractive index as opposed to the frequency
dependence, so we define the GVD as —-A%}L, rather tha.n . The wavelength
dependence of the refractive index is important for short pulse propagation be-
cause the different wavelength components contained in the spectral bandwidth
of the pulse travel at different speeds. This effect can cause pulse broadening or
narrowing, depending on the size and the sign of the wavelength dependence and
whether or not the pulse is chirped.

In the experiments described in this chapter, we measure the wavelength de-
pendence of the pulse round-trip transit time. The pulse energy, or pulse envelope,
travels at the group velocity, v,, which is related to the propagation constant, 3,

via

1 _db _dBdr_n, (4.7)

v, Tdw drdw ¢
where 8 = 2mn.s7(A) /A, dw = (=25)d] and n, is the group index. The effective in-
dex, n.sy, can be thought of as a weighted average of the core and cladding indices
and can be determined using the effective index approxiration [98]. Substituting

for 3, we get

A dn,
Ny = N5y (1 - Tooss 'T;—!-) ’ (4.8)

The pulse round-trip transit time in the diode is related to the group velocity and

the group index via,

T, = L (2—1) ng. (4.9)

v, c

Dispersion in the group velocity can be characterized by,

dn, dry d’n.y
oy _ = 2\ Rets 10
d\ (21 ) d\ —A dx2 ’ (4-10)
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where %’} is the wavelength dependence of the pulse round-trip time in the diode.

4.2 Experiments

The first measurements of GVD in semiconductor diodes were performed in the
frequency domain. In those experiments, the variation in the longitudinal mode
spacing was measured for 0.8 um AlGaAs devices [99] [100] [101] and 1.5 pm
InGaAsP[102][103] devices. More recently, the GVD in 1.3 ym InGaAsP diode
lasers was measured by an envelope phase shift technique [104] and an interfero-
metric technique [105]. A discussion of the limitations of these various techniques
can be found in Reference [105]. The time domain measurements, or pulse echo
measurements, were first performed by Kesler et al., on AlGaAs diodes [14] at 0.8
um. In our experiment, we extend the pulse echo technique to measure the GVD
for both TE- and TM-polarized pulses at 1.5 pm [106].

The experimental setup is shown in Figure 4.1. The tunable, 100 fs pulses gen-
erated by the Additive Pulse Modelocked (APM) color center laser pass through
a half-wave plate and are coupled into a short length of dispersion shifted fiber
that is terminated with a microlens. The fiber microlens couples the optical pulses
into the diode laser active region and a microscope objective couples them out.
Each pulse that enters the diode will be partially reflected at the facets and will
experience some gain so that the output contains a sequence of pulses spaced by
the diode round-trip time. This pulse sequence is then passed through a second
half-wave plate and is cross-correlated with a gating pulse. The cross-correlation
of the output pulse sequence for the bulk, V-groove laser is shown in Figure 4.2.
In this case, the pulse center wavelength was 1.521 um and the diode was 475 pm
long.

By varying the pulse center wavelength and measuring the resulting change in
pulse round-trip time, we can determine the dispersion in the group index. Figure
4.3 (a) shows two pulse sequences, one for a pulse center wavelength of 1.520um
(solid line) and the other for a pulse center wavelength of 1.492 pm (dashed line).
Notice the small but measurable difference in the pulse echo spacing as a function
of wavelength. Figure 4.3 (b) shows the pulse sequences for TE-polarized (solid
lines) and TM-polarized (dashed lines) pulse trains with the same pulse center
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Figure 4.1: Schematic of the pulse echo experiment.
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Figure 4.2: Cross-correlation of the output pulse train produced by a single pulse
incident on an uncoated, 475 um long, bulk, V-groove laser diode. In this case
the diode bizs current was 40 mA (I;,=20 mA), the pulse center wavelength was
1.521 um, and the pulse was TE polarized.

wavelength. The difference in the group velocity is clear.

Figure 4.4 shows the measured round-trip time for pulses having TE and TM
polarizations, for the bulk and the MQW diodes, as a function of wavelength. In
these experiments, the bulk laser was 475 pm long and the MQW laser was 900 um
long. The measurements were performed on the diodes when they were biased
above *4reshold so that we could resolve many echoes. Therefore, the carrier
density was relatively independent of current. The effects of carrier induced index
changes on waveguide anisotropy and GVD are small [55] and are neglected. As
described previously, the slope of the lines in these plots, %, gives the dispersion
of the group index and the corresponding group velocity dispersion via Eq. (4.10).
Notice that the slopes of the lines are similar for both diode structures and for
both polarizations. This result implies that the group velocity dispersion is similar
in both diodes. However, the difference in the round-trip transit times for the
TE and TM polarizations, implies that the group velocity itself is polarization
dependent. This polarization dependence of the group velocity has been observed
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Figure 4.3: Cross-correlation of the output pulse train produced by a single pulse
with (a)center wavelength = 1.520 um (solid line) and 1.492 pm (dashed line) and
with (b) TE-polarized pulses (solid line) and TM-polarized pulses (dashed lines).
In (a), the pulses are TE-polarized in both cases and in (b), the center wavelength
is 1.52 pm in both cases.
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in bulk diodes at 1.3 um [105] and has been attributed to differences in waveguide
dispersion for the two polarizations.

The effect of GVD on pulse broadening can be determined in the following
manner. Assume that the electric field incident on the waveguide can be described

in the time domain by a Gaussian,

E(t,z = 0) = l~@n2)/1, (4.11)

The intensity full width at half maximum (FWHM) of this pulse is 7;,. In the
frequency domain, this short pulse can be described as a superposition of dif-
ferent frequencies centered around wo. If the Fourier transform of E(t,z = 0)
is E(w,z = 0), then after traveling a distance [ in a dispersive medium, where
each frequency has experienced a different phase shift, the field is described by
E(w,l) = E(w,0)e~7#@)¥, where f(w) can be expanded in a Taylor series

%ho (w wo) + l%( —wo)? + ... (4.12)

B = Po+ 2 dw?

Transforming E(w,l) back to the time domain yields a Gaussian pulse with a
FWHM of

Tout = TinY/ 1+ (Tc/fin)4- (413)

The critical pulsewidth, 7, is given by

(2N Fregy) \[(_2’_"2_)&(@\/1)). (4.14)

¢ w2 d\? me?

A pulse of width 7. will broaden by a factor of \/2 after passing through the
medium. Table 4.1 summarizes the measured values of A‘ and the calculated
values for GVD and critical pulsewidth for the two dxodes. In Figure 4.5 (solid
line) we show the calculated output pulsewidth versus input pulsewidth for a
waveguide with a critical pulsewidth of 75 fs. The dotted and dashed lines in
Figure 4.5 show the calculated pulse broadening when 7,=50 fs and 7,=100 fs
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Figure 4.4: Measured transit time through the diode as a function of pulse center
wavelength for (a) a 900 zm long MQW laser and (b) a 475 pm long bulk V-groove
laser. The open circles are values for TE-polarized pulses and the solid circles are

values for TM-polarized pulses.

75



2
Diode L At At _ dzll, _xd 2 T T
HLB Zﬂm A a? a? che e
E M
Bulk 475um | 20 fynm | -30fsom | 063pm™ | 095pm™” | 58fs 71 fs
MoW | 900um | 42fsem | 45fsam | 071 pm” | 074pm” | 84fs 86 s

Table 4.1: Measured values of ﬁ and calculated values of the group velocity
dispersion and the critical pulsewidth for the bulk V-groove and MQW devices.
Results are presented for both the TE and TM polarizations.

respectively. Note that for typical pulses used in the pump-probe experiments
(+1n=150 fs) there is negligible pulse broadening in these diodes.

Figure 4.6 compares the autocorrelation (solid line) for a 104 fs input pulse,
with the cross-correlation (dashed line) of that pulse after traveling once through
(a) all the components in the optical path except the diode and (b) all the optical
components in the path, including the MQW diode. We have calculated the
pulsewidths assuming a Gaussian pulseshape so that we can compare our results
to the critical pulsewidth theory. Notice that in Figure 4.6 (a), the pulse was
broadened by ~ 15 fs by the optics. After passing through the optics and the
MQW diode, the pulsewidth has been broadened to 160 fs (Figure 4.6(b)). If
we use the measured value of GVD to obtain a critical pulsewidth, and then
predict the output pulsewidth, based on the dispersion in the diode alone, we
expect 7, = 125 fs for an input pulsewidth of 7;, = 104 fs. The difference
between the measured and calculated values is due in part to pulse broadening
in the optics. If we calculate the critical pulsewidth as the geometric mean of
the critical pulsewidth for the optics (77 fs) and the critical pulsewidth for the
diode (85 fs), we obtain a critical pulsewidth of 7. = 115 fs. This value predicts
an output pulsewidth of 155 fs for 7, = 104 fs, in much better agreement with
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Figure 4.5: Output pulsewidth versus input pulsewidth for a waveguide with a
critical pulsewidth of 50 fs (dotted line), 75 fs (solid line) and 100 fs (dashed line).

the measured value. The remainder of the difference is most likely the result of
pulsewidth fluctuations (10 fs pulse-to-pulse), the deviation of the pulse shape
from Gaussian and the deviation of the pulse spectrum from transform limit.

In Figure 4.6 we have shown the cross-correlation for a pulse polarized parallel
to the active layer (TE mode) of the diode. The measured cross-correlation for a
pulse polarized in the orthogonal direction (TM mode) showed similar amounts
of pulse broadening. This similarity is consistent with the fact that the critical
pulsewidth is approximately the same for both polarizations. We have also mea-
sured the pulse broadening from echo to echo in the bulk diodes and the results
are consistent with the measured values of GVD. In making this comparison, it
should be noted that 7. scales as v/nL where L is the diode length and n is the
number of transits.

The difference in the group velocity for TE- and TM-polarized pulses means
that orthogonally polarized pump-probe pulses walk-off from each other as they
pass through the diode. This walk-off effectively broadens the pump-probe pulse
and limits the time resolution of the experiments. It can be shown that this pulse
broadening due to pump-probe pulse walk-off can be accounted for by convolving

77



1.0

0'5 =~

Ampiitude (arb. units)

o.o N
-0.87 0.00 0.67

005

Amplitude (arb. units)

o.o !
-0.67 0.60 0.67

Figure 4.6: (a) Autocorrelation (solid line) of the incident pulse (r=104 fs) and
cross-correlation (dashed line) of the output pulse (r= 120 fs) after traveling
through the optics in the set-up. (b) Autocorrelation (solid line) of the incident
pulse and cross-correlation (dashed line) of the pulse (r=160 fs) after traveling
through the optics described in (a) and the MQW diode.
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the input pulse with a square pulse of duration equal to the single-pass walk-off.
In our diodes, there is a pump-probe walk-off of approximately 100 fs. For the
pulses used in our experiment, the effective pulse broadening due to walk-off is
less than 10 % [107]. Larger relative changes in effective pulsewidth are expected
for longer diodes and shorter pump-probe pulses.

Finally, we point out that this pulse echo technique is perfectly general and
can be used on any waveguide sample. For example, we have measured the GVD
of passive waveguide samples cleaved from a monolithic extended cavity laser
[108]. Figure 4.7 shows the cross-correlation of the output pulse train when the
laser center wavelength was 1.492 um (solid line) and 1.530 ym (dashed line). The
echo spacing was very close because the waveguide samples were short, L=130 ym.
Also, only a few echoes were visible, probably because the signal was attenuated
by loss in the waveguide. On this timescale, there was no measurable wavelength
dependence of the echo spacing. Comparing autocorrelation traces with cross-
correlation traces of the second and third echo pulses, also shows no measurable
effects of GVD on pulses in such a short sample (Figure 4.8). In order to see the
effects of GVD on pulses in these waveguides, we had to study pulse broadening
in longer devices.

Figure 4.9 shows a schematic of the waveguide we have measured. The device
consists of a 1.03 cm long 1.3 um quaternary layer, passive waveguide segment,
sandwiched between two 650 um MQW InGaAs/InGaAsP active regions. The
MQW active regions are similar to those measured and described in the previous
section of this chapter. Pulse echo experiments were not performed on this diode
because of the large echo spacing (~ 7 cm) compared to the travel of the Klinger
stepping stage (~ 10 cm) used to set the delay between the two arms of the auto-
correlator. Rather, we characterized the GVD by measuring the pulse broadening
in the device. Note that the pulse broadening we measure includes that due to the
active as well as the passive waveguide sections. Figure 4.10 shows the autocorre-
lation (solid line) of the incident pulse and the cross-correlation (dashed line) of
the pulse after traveling through the waveguide. The decorrelated pulsewidth of
420 fs suggests that the critical pulsewidth for this diode is 7.= 260 fs. This value
yields —/\d—?fguz —0.6 pm™!. Thus, the GVD in this device is comparable to that
measured for the diode lasers we described previously. Note that this value of
GVD is consistent with the fact that we observed no pulse broadening even after
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Figure 4.7: Cross-correlation of the output pulse train from a passive waveguide
segment for input pulses with center wavelengths of 1.492 um (solid line) and
1.530 pum (dashed line). The pulses are TE-polarized. The waveguide length is
130 pym.

2.5 round-trips in the 130 um long device (Figure 4.8). The calculated critical
pulsewidth for a 650 um device (5 trips through a 130 um long sample) is 7.= 65
fs. If the input pulsewidth was 180 fs, the output pulsewidth should have been
181.5 fs, a negligible difference.

4.3 Discussion

To compare our results to theory, we performed a simple numerical calculation
of the GVD for a waveguide structure using well-known expressions [109]. Using
the formalism outlined in Reference [109], the total dispersion for the structure
is expressed as the sum of the material dispersion, the waveguide dispersion, the
composite profile dispersion, and a remainder term. The remainder term includes
all the terms in the expression for the total dispersion that could not be clearly
and singularly identified with one of the other three types of dispersion. For the
sake of discussion, and to compare the relative importance of the different types of
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Figure 4.8: Autocorrelation (solid line) of the input pulse and cross-correlation
(dashed line) of the second echo pulse shown in Figure 4.7. The second echo
has traveled through the diode 5 times, (~ 650 pm), and has experienced no
measurable broadening.

dispersion, we give the expressions for these separate dispersion terms. However,
the numerical calculation solves the equation for the total dispersion. Also, we
assumed that the geometrical parameters of the structures [44] [71] justified the
use of the effective index method in calculating the dispersion for the waveguide.
This assumption allowed us to model the devices as symmetric, one-dimensional
waveguides [98]. This approximation was reasonable because of the large aspect
ratio of the core region. The analysis for the bulk versus the MQW device differed
in the assumed values for the active region thickness. Also, an effective material
dispersion in the MQW waveguide was calculated by considering the quantum
wells, the confinement layer, and the cladding layer separately. The dispersion in
these different regions was weighted according to width, and averaged, and this
weighted material dispersion was used to describe the core region [107].

The material dispersion was calculated using semi-empirical expressions for the
wavelength dependence of the refractive index of InGaAsP alloys [109] [110]. These
calculated values were then assumed to contribute to the net material dispersion

81



fe—>] Contact

MQw (- p-InGaAsl;;\‘ v c -

Stack — 1.3-um Quaternary Waveguide \ =
ninP / 4\

Id 1.03cm —P

Figure 4.9: Schematic of the monolithic extended cavity laser.
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where n; is the refractive index of the core, n; is the refractive index of the
cladding, and T is the power confinement factor. This so-called composite mate-
rial dispersion is a weighted average of the material dispersion coefficients of the
core and cladding materials. The weighting is determined by the proportion of
the optical power carrier in each region. The material dispersion of each region
is determined by the wavelength dependence of the refractive index. In this for-
malism, the waveguide dispersion, which depends on the average index difference
between the core and the cladding, and the core diameter, is given by

mle v d’(bv)

= Md*es1/dX*)ug = Angy  dv?

(4.16)

where m, is the core group index, A is the relative index difference between core
and cladding, v is the normalized frequency and b is the normalized propagation
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Figure 4.10: Autocorrelation (solid line) and cross-correlation (dashed line) traces
of the pulses before and after traveling through the diode. The input pulsewidth
is 180 fs and the decorrelated output pulsewidth is 420 fs.

constant. Note that all the terms that depend on A, the relative index differ-
ence, are grouped into this waveguide dispersion term. Defining the waveguide
dispersion in this manner neglects the importance of the terms that result from
ihe wavelength dependence of the relative index difference, A’. These terms are
grouped in the composite profile dispersion term. It is called composite profile
dispersion because it depends on the index profile of the core and cladding regions

and it is given by

Z2Al ’
_ A 7P V- N L)
A 1regs /AN )epa = = (Fa — 7R b) +v—3"] (4.17)
where A' = dA/d). In a less explicit formalism, the GVDy, and the GVD,pq
together would be referred to as waveguide dispersion. Finally, there is the con-
tribution referred to as the remainder term, which is a consequence of writing the

total dispersion as a sum of components [109]
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GVDtotal == GVDmaf + GVDw, + GVDcpd + GVD'-. (4-18)

As we pointed out previously, this remainde: term is made up of terms that could
not be easily categorized and included in any of the previous expressions and is

given by

1
Ness

[m22A(T — b) — n,? + my’T + my?(1 - T)).
(4.19)

GVD,. = —A(d’n,”/dz\z), = —A

The details of these expressions are explained in [109] and will not be repeated
here.

The calculations yielded a total GVD (—A%,u) of —0.46 pum™! for the TE
polarization and —0.47 ym™? for the TM polarization for the bulk laser. In these
calculations we assumed that I'rg = I'rar = 0.3 and that the active region thick-
ness was C.2 um. The power confirement factor for the two polarizations is not
the same, but the calculation is only very weakly dependent on T', so the approxi-
mation that T'rg &~ I'ras is a good one. It is interesting to note that the calculated
GVD is due largely to the material dispersion. As an example, for the bulk diode
with pulses TE polarized, the GVD, term (—0.02 um~1) was small enough to be
neglected and the GVD,,; and GVD,p, terms (1.63 um™! and -1.62 pm™!) were
approximately equal in magnitude and opposite in sign. If material dispersion is
the dominant contribution to the total dispersion, then it is reasonable to assume
that the GVD should be similar for bulk and MQW devices. For the MQW de-
vice, we assume the active region thickness is 0.3 um [44] and calculate a weighted
GVD as described previously. In this case, we obtain GVD values of —0.516 pum™!
and —0.521 pm™! for the TE and TM polarizations respectively. The agreement
between experiment and theory is quite good considering the rough approxima-
tions made by the model. Note that the theory predicts that the GVD for the
TM mode will be slightly higher than for the TE mode, and that the GVD for the
MQW device will be slightly higher than for the bulk device. The theory can also
be checked by the round-trip transit time it predicts for the different polarizations.
In the case of the bulk diode, the theory predicts that the TE and TM round-trip
transit times are 10.6 ps and 10.5 ps respectively. These values are within 10%
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of the measured values. The small discrepancy between experiment and theory
may be attributed to the fact that we used a purely one-dimensional model, that
we oversimplified the active region structure, or that we did not correct for the
carrier induced refractive index change.

In summary, we have used time domain (pulse echo) measurements in the 1.5
pm region of the spectrum to determine the GVD in a bulk and a MQW laser for
TE and TM polarizations. Also, we have measured the pulse broadening in a 1
cm monolithic extended cavity laser and computed the GVD. The range of val-
ues, —z\‘%’i‘%‘: —0.60 to —0.95 um™1, is in reasonable agreement with previously
reported values for diode lasers at other wavelengths [14] [102] [105]. We have com-
puted critical pulsewidths of less than 100 fs for the 475 um long bulk diode and
the 900 pm-long MQW diode, and less than 300 fs for the 1 cm-long monolithic
device. These results have been confirmed by cross-correlation measurements.
These results give us confidence that the pulses used in our pump-probe experi-
ments are not significantly distorted in the time domain after traveling through
the waveguide devices under test. Therefore, the experimentally determined auto-
correlation function is a good representation of the optical pulse and can be used
in the data fitting procedure outlined in Chapter 5. Finally, we have compared
our results with a model of dispersion in a simple one-dimensional waveguide and

found good agreement between experiment and theory.
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Chapter &

Cross-Polarized Pump-Probe

Measurements

5.1 Introduction

Pump-probe experiments are commonly used to characterize the ultrafast dynam-
ics of materials in the time domain [13]. These experiments have found a wide
range of applications because the technique itself is rather simple and requires no
high-speed detectors. Instead, accurate relative timing between pump and probe
pulses is required. At each pump-probe delay setting, many pulses are averaged
on the detector, yielding an average value of the probe pulse transmission. As the
delay between pump and probe is varied, new values of average probe transmis-
sion are measured. Plotting the measured probe transmission versus pump-probe
delay gives a map of the ultrafast gain changes as a function of time.

Figure 5.1 shows a pump-probe arrangement used to study ultrafast relax-
ation processes in bulk samples. The output from a modelocked laser is split at
beamsplitter BS1 into two beams, a strong pump and a weak probe. Here we are
assuming that the pump and probe are at the same wavelength. One arm, in this
case the pump, contains a precision stepping stage, used to set the time delay be-
tween the pump and probe pulses. After traveling path lengths that are sepurate
but nearly equal, the pump and probe are focussed by a lens onto the bulk sample
as shown. After the sample, a detector is placed in the path of the probe. Data
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Figure 5.1: Pump-probe set-up with spatially separated beams.

are collected by measuring the probe transmission as a function of pump-probe
delay. Note that in this set-up we could also measure the probe reflectance as
a function of pump-probe delay [13]. This measurement would yield information
about pump-induced refractive index changes in the sample.

The experimental arrangement we have discussed so far is useful for bulk
samples and has the advantage that the pump and probe beams are easily dis-
tinguishable because they are spatially separated. However, non-collinear beams
can not be coupled simultaneously and efficiently to an optical waveguide. There-
fore, we must find a way to distinguish between collinear pump and probe beams.
Usually, the polarization of cne beam is rotated with respect to the other, and a
polarizer is placed after the waveguide to select the probe beam for detection. An
example of this arrangement is shown in Figure 5.2. The beam from the mode-
locked laser is split, at beamsplitter BS1, into a strong pump and a weak probe.
The pump arm contains a precision stepping stage, and the probe arm contains
a zero-order half-wave plate to rotate the probe polarization by 90° with respect
to the pump. A zero-order waveplate is used to minimize pulse broadening. The
pump and probe beams are recombined collinearly at the polarization beamsplit-
ting cube (PBS). In our experiments, to increase coupling to the active region
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Figure 5.2: Cross-polarized pump-probe set-up for experiments on waveguides.

of the diode, the pump and probe beams are coupled into a short length of dis-
persion shifted fiber that is terminated with a microlens. The coupling efficiency
between the microlensed fiber and the diode active region is approximately 50%
and the single-mode fiber insures collinearity of pump and probe beams. There is
no measurable pulse broadening in the fiber. A polarizer, placed after the diode,
is used to select the probe beam for detection. For all the experiments discussed
in this section, unless stated otherwise, the pump beam is TE-polarized and the
probe beam is TM-polarized. Also, we will refer to the unstrained, non-quantum

well diodes as bulk diodes, even though they are waveguide structures.

In our experiments, the optical signal in the diode is characterized by S(t),
the total photon flux. This total photon flux takes the form of a pair of pulses,

S(t) = Sprope(t) + Spump(t +7) = as(t) + s(t +7) (5.1)

where 7 is the delay between the pump and probe pulses, and where we v ill adopt
the convention that the pump pulse is delayed with respect to the probe. The
probe intensity is usually much less than the pump intensity, (0 < a << 1).
We will show that the measured time-dependent signals are proportional to the
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product of the pump and probe pulse intensities. Therefore, a is just a constant
scaling factor that we do not bother to carry through.

In its simplest form, the nonlinear change in gain, or the differential gain seen
by the second pulse, can be written as

ag(t) = || : h(t — ') S (¢')d¢" (5.2)

where h(t—1') is the response of Ag(t) to an impulse of light, and S(t') is the total
(pump and probe) photon flux. We point out that the integration, written for
analytical convenience from —oco to co, need only be over an interval that is long
compared to the response time of the dynamics of interest. Recovery is assumed
to be complete between pulse pairs. This change in gain that is induced by the
pump-probe pair is also sensed by the pump-probe pair. The induced change in
the photon flux, AS(7), can be written as

AS(r) =— /_ : [s(t) + s(t + 7)] f_ : h(t —t') [s(t') + s(t' + 7)] dt'dt. (5.3)

The change in photon flux is the quantity measured in the pump-probe experi-

ments. However, different pump-probe schemes are sensitive to different compo-

nents in AS(r). We will consider each of the terms in AS(r) separately, in order

to see which terms contribute to the pump-probe signal that we measure.
Expanding Eq. (5.3), we obtain 4 terms. The first two terms,

f_ : s(t) /_ : h(t — ') s(t')dt'dt (5.4)

and

/_ : st +7) [_ Z h(t —t')s(t' + 7)dt'dt (5.5)

represent the signals due to the probe pulse sensing the change in gain caused by
the piobe, and the pump pulse sensing the change in gain caused by the pump,
respectively. Neither of these gain changes depends on the pump-probe delay.
Thercfore, itese signals can only contribute as alterations in the background signal
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level. In the case where the pump beam is chopped and lock-in detection is used,
the signal represented by Eq. (5.4) is not chopped and not detected. Also, if
the pump and probe pulses are distinguishable (e.g. via spatial separation or
orthogonal polarizations), the signal represented by Eq. (5.5) can be blocked at
the detector. In these kinds of experiments, the measured pump-probe signals are
said to be background-free. The remaining terms in the expansion,

/_ ‘: s(t) f_ : h(t —t')s(t' + )dt'dt (5.6)

and

[ s+ 7 it - #)s(e)ar'at (5.7)

represent the signals due to the probe pulse sensing the pump-induced gain change,
Eq. (5.6), and the pump pulse sensing the probe-induced gain change Eq. (5.7).
Both of these signals depend on 7, the pump-probe delay. In cases where the
pump can be blocked at the detector, only the response described by Eq. (5.6) is
measured. '

In the experiment shown in Figure 5.2, the pump and probe beams are or-
thogonally polarized and the pump beam is chopped. In this case, the detected
signal is given by Eq. (5.6). We use a simple change of variable and show that

Eq. (5.6) can be rewritten as

AS(r) = / * h(r - )G (t)dt (5.8)
-0
where G?)(t) is the experimentally determined intensity autocorrelation function
of the pump-probe pulses. We have written a simple computer program that con-
volves the measured autocorrelation function with a predicted impulse response
function, h(t). We can vary the amplitudes and time constants in the impulse
response function to obtain the best fits to the data. One trick in using this sim-
ple fitting technique is defining zero pump-probe delay. The zero delay position
is not well defined experimentally because the pump and probe pulses travel at
different speeds and walk off from each other. An approximate zero delay position

can be determined by comparing the pump-induced change in probe transmission
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Eq. (5.6) with the probe-induced change in pump transmission Eq. (5.7). These
signals are time reversed images of each other. When plotted on the same scale,
their intersection gives a good estimate of zero time delay. Finally, real changes
in probe transmission can be measured by chopping the probe (rather than the
pump) and repeating the experiments described above.

The simple calculation of the photoinduced absorption described above is in-
complete because it does not consider the interaction of the pump and probe
pulses when they are overlapped in time. When overlapped, the pump and probe
interfere and their coherent interaction may affect the measured signals. In that
case, the nonlinear change in photon flux, AS(7), should contain terms due to the
coherent artifact [13]. These terms have been derived in a paper by Vardeny and
Tauc [111]. In that paper, the nonlinear changes in probe transmission are related
to changes in the third order polarizability and the impulse response function is
related to x(®), the nonlinear susceptibility. For the case of parallel polarized
pump-probe beams, the total change in probe transmission is given by

ALy o () + By) (5.9)
where
M= /dtdt'ls(t - T)lzhzzzz(t - t’)ls(t')|2 (5.10)
and
By = f dtdt's* (t — 7)5(t)hazas(t — t')s* (¢)s(t' — 7). (5.11)

Here, the form of the impulse response function, hzz:(t), suggests its relation to
the appropriate tensor component of the nonlinear susceptibility. Note that for

any impulse response function, fzzz, 7)(0) = 8;(0). For orthogonally polarized
pump-probe pulses, the total change in probe transmission is proportional to the

sum of
N = [ dtdt'|s(t — 7)[Phaayy (t — ¥)|s(£)]? (5.12)
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and

By = j dtdt's* (t — 7)8(t) hagys(t — t')8" (¢')s(¢' — 7). (5.13)

Notice that in the case of orthogonally polarized pump-probe beams, v, and 8.
depend on Xzzyy and Xzyyz- Therefore, it is not necessarily true that v.(0) = 8. (0).

Therefore, in copolarized pump-probe experiments, the nonlinear response is
always enhanced by the coherent artifact. The coherent artifact can be removed
from the data by subtracting a field autocorrelation function (centered at zero
pump-probe delay) with amplitude equal to half the total signal at zero delay.
The coherent artifact in cross-polarized data is more complicated because the size
of its effect depends on the relation between X;zyy and Xzyyz- In cross-polarized
pump-probe experiments, the interaction of the pump and probe beams causes
the total field polarization to change as a function of pump-probe delay. The
total field polarization is important because it preferentially excites dipoles with
certain momentum vectors. If the dipole dephasing time is fast compared to
the optical pulsewidth, then the material has no polarization memory and the
coherent artifact is zero [111]. In semiconductor diodes, the dephasing time is
assumed to be less than 100 fs [1]. For this reason, the importance of the coherent
artifact has often been neglected in cross-polarized pump-probe experiments on
semiconductors. This assumption may not be valid for the portion of the cross-
polarized signal due to instantaneously recovering effects [112]. In this chapter,
we will not consider the possible importance of the coherent artifact in our data.
However, in a later chapter (Chapter 7) we will describe how the coherent artifact
may be contributing to both copolarized and cross-polarized pump-probe signals.

5.2 Pump-Probe on Waveguides

The waveguides we characterize are active and can be described in three different
regimes of operation: absorption, transparency and gain. If the pump energy
is greater than the electron-hole quasi-Fermi energy separation, stimulated ab-
sorption is more probable than stimulated emission and the diode is operating
in the absorption regime. This condition is usually met at low injection currents
and short pump-probe wavelengths. Stimulated absorption of the pump creates
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electron-hole pairs and increases the carrier density, N. This increase in carrier
density persists until the carriers recombine via spontaneous emission. This car-
rier density change recovers with a time constant of approximately 1 ns (1], the
upper state lifetime, 7,. A probe pulse that travels through the diode after the
pump will see a higher carrier density, (because carriers have been added by stim-
ulated absorption of the pump) and experience reduced loss. If the pump energy
is less than the electron-hole quasi-Fermi energy separation, then its net effect is
to stimulate emission, thereby decreasing the carrier density and the gain experi-
enced by the probe. This condition is normally met at high carrier densities and
long pump-probe wavelengths. Since the pump experiences gain, the diode is said
to be in the gain regime. However, the probe transmission is lowered if it follows
the pump pulse through the diode. The carrier density is replenished by carriers
injected by the bias current, on a timescale similar to the upper state lifetime. At
the transparency point, the pump energy is equal to the electron-hole quasi-Fermi
energy separation. In this case, stimulated emission and stimulated absorption of
the pump are equally probable and there is no net pump-induced change in the
carrier density. We often call this regime of operation the transparency “point”
because unlike the absorption and gain regimes that can be reached by many
pump-probe wavelengths and many bias currents, the pump-probe energy equals
the electron-hole quasi-Fermi energy separation at only one wavelength for a given
bias current (and correspondingly, only one bias current for a given wavelength).
The reason the diode is characterized in all three regimes of operation is that
information about fast dynamics, occurring near zero time delay, can be gained
by knowing whether or not these dynamics have the same sign as the change in
transmission due to carrier density changes.

In the impulse response function, k(t), pump-induced carrier density changes
are modeled by an exponential term with a time constant of 1 ns. In Figure
5.3, we plot the exponential, e~t/(179) on a typical pump-probe time scale, 10 ps.
On this short time scale, the exponential does not recover. Therefore, we say
that the pump-induced carrier density change causes a “step” change in probe

transmission. Mathematically, the unit step function, u(t), is given by

_ 0 t<m7
u(t — 7o) = { 1 otherwise. (5.14)
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Figure 5.3: The exponential, e—t/1n¢ 55 a function of time for a typical pump-probe
measurement time scale, 10 ps.

In the data fitting program, this step change in gain is subtracted from the data,
and the impulse response function is determined by fitting the ultrafast terms;
carrier heating, transient absorption bleaching, and two photon absorption (TPA). -
Therefore, when we list the impulse response functions used to fit the data in this
chapter, they will not contain the term aou(t).

Figure 5.4 shows the diode’s gain curve as a function of energy for a carrier
density of 1.5 x 10'® cm™3. Note that we can access the three regimes of operation
by tuning the pump-probe center wavelength. The three arrows in Figure 5.4
indicate the pump-probe center wavelengths that would access the (a) gain, (b)
transparency and (c) absorption regimes. However, the pulsewidth of the APM
color center laser is not constant across its tuning range. Therefore, we access the
different regimes of operation by changing the bias current to the diode. Changing
the bias current changes the steady-state carrier density and the gain seen by the
pump and probe pulses. To compensate for these gain changes, we hold the
average output power of the pump constant by adjusting a vaviable attenuator
placed before the diode. We have not observed any variation in the measured
time constants due to these changes in steady-state carrier density. Figure 5.5
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Figure 5.4: Diode gain as a function of energy (E — E,p). The 3 arrows indicate
the pump-probe wavelength in the (a) gain, (b) transparency and (c) absorption
regimes.

shows the diode’s gain curve for three applied bias currents (carrier densities). In
this calculation, we assume a carrier density at transparency of 1 x 10'® cm™3 [1]
corresponding to a measured transparency density of 14 mA. Consider a pump-
probe center wavelength as indicated by the arrow in Figure 5.4. At bias current
I, (solid line, 9 mA), there is stimulated absorption of the pump (absorption
regime), at I5 (dotted line, 20 mA) there is stimulated emission caused by the
pump (gain regime), and at I, (dashed line, 14 mA) there is no carrier density

change induced by the pump (transparency regime).

5.2.1 Bulk Diodes

Figure 5.6 (solid lines) shows the measured change in probe transmission as a
funciion of pump-probe delay for the bulk, V-groove diode biased in the three
regimes of operation [113] [114]. Keep j.. mind that the pump and probe are
cross-polarized for all the data presented in this chapter. The data are displayed
on a time scale that includes negative time delays (probe leads the pu:ap) as well
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Figure 5.5: Diode gain as a function of energy (E — E,,;,) for 3 bias currents
(carrier densities). The arrow shows the pump-probe wavelength.

as positive delays (probe lags the pump). The negative time delays are shown
to verify that the system is causal and that there are no strange misalignments
in the pump-probe arms that might cause a change in probe transmission in the
absence of the pump. In these data, we have varied the bias current 1o change
from the absorption to the gain regime. However, similar results are obtained
when the pump-probe wavelength, rather than the bias current, is varied (Figure
5.7 [115] [116]). Notice that for time delays greater than 3 ps, the gain seen
by the probe is increased in the absorption regime and decreased in the gain
regime. This is the step change in gain due to pump-induced carrier density
changes. As expected, in the transparency regime, where stimulated emission
and stimulated absorption are equally probable, there is no long-lived change in
gain seen by the probe. Notice also, that for each current setting, there is a
transient gain compression that recovers with a time constant of approximately
600 fs. Because this dynamic has the same sign in the gain and absorption regimes,
and is not zero at the transparency point, it can not be explained by interband
transitions alone. Rather, we believe this gain compression is due to a heating of
the carrier distribution by stimulated transitions and free carrier absorption. As
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was discussed in Chapter 2, heating the carrier distribution reduces the gain in all
regimes of diode operation. Another component in the diode’s response is observed
clearly in the absorption regime. This dynamic, when it is present, acts like an
absorption bleaching (transient increase in gain), and recovers with a 100-250 fs
time constant. Also, there is an instantaneous gain compression term, present in
all three regimes, that we believe is due to two-photon absorptior. (TPA). This
instantaneous gain compression is only weakly dependent on carrier density and
wavelength.

The pump-probe data change in both amplitude and shape with variations
in current or wavelength [113] [114] [115]. As described previously, we evaluate
these changes quantitatively by assuming the diode response can be modeled as
an impulse response function consisting of a sum of exponentials with different
time constants. The dashed lines in Figure 5.6 show the fits obtained using an

impulse response function of the form,

h(t) = u(t)[a1e™/™ + aze™/™] + asb(t). (5.15)

Here a, is the amplitude of the absorption bleaching that recovers with ;=200 fs,
a, is the amplitude of the carrier heating term that recovers with 7= 600 fs and
6(t) models the TPA. All the data shown are fit by keeping 7,=200 fs and 7,=600
fs and by varying the a;’s. The impulse response functions that have been used

to fit the data are

h(t) = 27702 _ 15.5¢74/9%* — 1,06(t) (5.16)

for the absorption regime,

h(t) = 27¢7H/0%° _ 20¢74/°% _ 1.05(t) (5.17)

for the transparency regime, and

h(t) = 29e7/0-%s _ 25¢7t/06P _ 1,05(¢) (5.18)
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Figure 5.6: Measured change in probe transmission as a function of pump-probe
delay for a bulk V-groove diode biased in the three regimes of operzi.:on; (2)
absorption (I= 12 mA), (b) transparency (I= 14 mA) and (c) gain (/= 16 mA).
The pump is TE-polarized and the probe is TM-polarized. The dashed lines show
the fits.
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Figure 5.7: Measured change in probe transmission as a function of pump-probe
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pm (gain). The pump is TE-polarized and the probe is TM-polarized.
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for the gain regime. In Figure 5.8 we show the separate components for the fits
of Figure 5.6. Notice that in all three regimes of operation there is a transient
absorption bleaching term, but that the amplitude of this term is decreasing, rel-
ative to the carrier heating term, as the diode is tuned from the absorption to
the gain regime. Also notice that at the transparency point, the carrier heating
component and absorption bleaching component have amplitudes that are ap-
proximately equal, but opposite in sign. The importance of this behavior will be
explained in a later chapter.

The results we have described in this section agree qualitatively with the most
recent pump-probe results on AlGaAs diode amplifiers [67]. However, the original
results for AlGaAs amplifiers were quite different [11] [12] [60] [67] [117] [118]. In
those experiments, no transient absorption bleaching was observed. The biggest
difference between the early AlGaAs pump-probe experiments and the more recent
ones is the quality of the pump-probe pulses. Recently, experiments have been
performed using a modelocked Ti:Sapphire laser that produces 100 fs pulses that
are essentially background-free, and nearly transform limited. However, the earlier
experiments were performed with pulses that were either longer (7pwgar > 300
fs) or which contained significant pedestals. We believe that the pump-probe
pulse quality was poor enough to obscure faster dynamics that were occurring
near zero time delay. The APM color center pulses have always been relatively
short (Trwmar < 200 fs) and nearly transform limited. As a result, all of the
reported measurements of gain nonlinearities in InGaAsP diode amplifiers clearly
show contributions from TPA and a transient absorption bleaching [42] [113] [114]
[115] [116] [119] [120].

5.2.2 Multiple Quantum Well Diodes

Figure 5.9 shows the measured change in probe transmission as a function of
pump-probe delay for a MQW diode [72]. The impulse response functions that
have been used to fit the data are

h(t) = 6.5¢7/0%P _ 3.7¢7t/0P¢ _ 1 04(t) (5.19)
for the absorption regime,
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Figure 5.8: Carrier heating, absorption bleaching, step and TPA components
separated out from the total fits shown in Figure 5.6. In these plots, the solid
lines show the contributions of TPA (asé(t)) and the step change in gain due to
stimulated transitions (aou(t)). The dashed lines show the contributions of the
ultrafast absorption bleaching (a;e~t/™u(t)) and the carrier heating (aze™*/"u(t)).
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h(t) = 5.0e7t/0%P¢ — 4.5¢74/0TP° — 1,06(t) (5.20)

for the trahsparency regime, and

h(t) = 3.7 /02P2 _ 4 5¢t/07Ps _ 1,06(t) (5.21)

for the gain regime. Notice that the instantaneous absorption is a larger percent-
age of the total signal than it was in the bulk diode. We believe this difference can
be explained by the difference in the mode confinement factor for the bulk diode
(T =0.3) [1] and the MQW diode (I'=0.05) [72]. TPA is a dynamic that is present
in the cladding layer as well as the active layer of the diode. Therefore, TPA
happens across the entire spatial mode of the pump-probe field. Gain dynamics,
like carrier heating and absorption bleaching, are expected to occur only in the
active layer of the diode. A smaller mode confinement factor means that the ratio
of the signals due to active layer effects to the signals due to effects happening
across the entire spatial extent of the mode is small compared to this same ratio
in a diode with a larger mode confinement factor. Relative to the active region
signal, TPA is a larger portion of the total response in the MQW diodes than in
the bulk diodes but the TPA absorption coefficient, 8, calculated in both cases is
comparable (20 cm/GW).

Qualitatively, however, the data for the MQW amplifier are the same as for
the bulk amplifier. Each regime, absorption, transparency, and gain, is charac-
terized by the step change in transmission. In each regime we observe a fast gain
compression, due to carrier heating, that recovers with a 700 fs time constant.
Also, in all three regimes there is an absorption bleaching that recovers with a
250 fs time constant. Finally, TPA is present in all regimes of operation.

The similarities in the responses for the bulk and the MQW amplifiers suggest
that the complicated dynamics are somewhat independent of the diode struc-
ture. The relative amplitudes of the different components in the response may be
structure-dependent, but qualitatively, both structures show nonlinearities due
to carrier heating, TPA and absorption bleaching. The polarization selection
rules discussed in Chapter 2 have negligible effects on our pump-probe results
because the heavy hole-light hole energy separation is rather small. Therefore the
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Figure 5.9: Measured change in probe transmission as a function of pump-probe
delay for an MQW diode biased in the three regimes of operation; (a) absorption
(I= 6 mA), (b) transparency (I= 11 mA) and (c) gain (I = 20 mA). The pump
is TE-polarized and the probe is TM-polarized. )
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pump-probe pulse energy bandwidths are large enough to access both the heavy
hole-electron and light hole-electron transitions and the gain appears isotropic. As
we will see in a later chapter, the polarization selection rules are very important
in MQW diodes with larger heavy hole-light hole energy separations.

5.3 Bias Lead Monitoring

The qualitative similarity between the pump-probe results for bulk and multi-
ple quantum well (MQW) diodes suggests that the measured nonlinearities are
not structure-dependent, but are material properties, characteristic of the In-
GaAs/InGaAsP active regions. To eliminate the possibility of any anomaly in
the optical measurement, we have performed pump-probe experiments on these
diodes using the diode amplifier to measure its own response [121]. In this exper-
iment, we monitor the pump-induced dynamics by measuring the voltage changes
across the active region of the diode as a function of pump-probe delay.

The signals generated in these experiments differ from those in previous pump-
probe experiments because we can not distinguish between the orthogonal polar-
izations. Therefore, we measure both the change in probe transmission due to
the pump and the change in pump transmission due to the probe. We assume
that the change in the photon flux, described in Section 5.1, is due to a change in
carrier density, N. Then, we write the expression for the change in carrier density

(population) as

ANi(7) = AN(7) + AN(—7) + AN, (5.22)

where ANy(7) is the total carrier population change produced by a pulse pair as
a function of the pulse pair separation Eq. (5.3). The population change due to
stimulated transitions caused by the probe, s(t), in the presence of the nonlinear,
time-dependent gain, Ag(t), produced by the pump, s(t + 7), is given by AN(r)
(defined by Eq. (5.6)). In this formalism, the population change induced by s(t),
the probe, and sensed by s(t + 7), the pump, is AN(—7) (Eq. (5.7)). Terms in
the response that are independent of pump-probe delay (defined by Eq. (5.4) and
Eq. (5.5)) are contained in ANj.
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A population change in the active region of the diode causes a voltage change
in the electrical measuring circuit [122] [123] [124] [125] [126] [127] [128]. In
response to repetitive excitation, the circuit, which responds slowly compared to
the diode population dynamics, produces a time-averaged voltage, Av(7), that
is linearly proportional to AN(7). For this reason, the time resolution of the
measurement is not limited by device parasitics or details of the detection circuit.
Of course the absolute magnitude of the average voltage signal is dependent on
device parasitics and the detection circuitry, but we are concerned only with
relative voltage changes in our measurements. We will verify experimentally, the
linear relation ship between AN(7) and Av(r).

The experimental set-up is identical to that shown in Figure 5.2 except that
the diode is both the device under test and the detector. Figure 5.10 shows the in-
duced junction voltage change as a function of pump-probe delay for various injec-
tion current levels. The voltage measurement detects both AN(7) and AN(-7),
and the data are symmetric around zero time delay. Note that in these data,
it is difficult to observe clearly the TPA component and the absorption bleach-
ing component of the response. However, all the dynamics measured in previous
pump-probe experiments are still represented in these data. For instance, in all
three regimes of operation there is a net positive voltage change with a 600 fs
recovery time. This time constant agrees with that previously ascribed to carrier
heating. In the absorption regime there is a rapid dynamic (absorption bleaching)
whose effect is opposite in sign to carrier heating. In the transparency regime,
the relative amplitude of this dynamic has decreased but the effect is still evident.
Note that the in the symmetrized data, fast dynamics occurring near zero time
delay are difficult to quantify.

We can construct predicted curves for the diode voltage measurements by
assuming that the diode’s gain impulse response, h(t), is that described in the
previous section of this chapter, and that AN(7) corresponds to the change in
probe transmission versus pump-probe delay. This presumes that the signals
observed in the optical pump-probe experiments are due to gain changes in the
active region of the diode. We obtain AN (—7) by reflecting AN(7) around the
zero delay point (see Section 5.1). Then we add AN(r) and AN(—7) and the
symmetrized sum is compared to the measured traces in Figure 5.10. Figure 5.11
shows the predicted plots of change in junction voltage as a function of pump-
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Figure 5.10: Measured change in diode junction voltage as a function of
pump-probe delay for the three regimes of operation; (a) absorption (/=6 mA),
(b) transparency (I=9 mA) and (c) gain (= 12 mA).

106



probe delay in the three regimes of operation. These predictions agree well with
the measured plots, indicating that the h(t) deduced from optical pump-probe
studies represents nonlinear processes that are characteristic of the active region
material and are not sensitive to the diode structure. Note however, that the
symmetrized nature of the induced change in diode voltage obscures the fast

nonlinearities that were so pronounced in the probe transmission data.

In summary, we have described the importance of the pump-probe technique
in measuring ultrafast nonlinearities in active waveguides. We have shown the
results of the original time-domain investigations of nonlinearities in bulk and
MQW diodes operating at 1.5 um. In these experiments, orthogonally polarized
pump-probe beams are coupled to the active waveguide and a polarizer after
the diode is used to select the probe beam for detection. These early experiments
suggest that the important contributors to the diodes’ nonlinear response are TPA,
carrier heating and transient absorption bleaching. To verify that these dynamics
are material properties of the active region, (with the exception of TPA which
happens across the entire sj:atial extent of the optical mode), we performed pump-
probe experiments where the population changes were measured as changes in
diode junction voltage. These experiments yielded symmetrized pump-probe data
because the pump and probe were indistinguishable. As a result, fast dynamics
happening near zero time delay were obscured.

These experimental results suggest two new areas of study. First, when the
diode is biased in the gain regime, TPA and carrier heating (recovering with a
subpicosecond time constant) are the dominant nonlinearities. These nonlineari-
ties can be preferentially excited by subpicosecond optical pulses. Therefore, the
single-pass gain experienced by a subpicosecond pulse in the amplifier is expected
to differ from the single-pass gain experienced by a multipicosecond pulse. Sec-
ond, our understanding of the nonlinearities is incomplete because we still have no
physical explanation for the transient absorption bleaching observed in all three
regimes of operation. We will be able to characterize this effect more completely
with better time resolution in our experiments. One way to increase the time
resolution of these experiments is to eliminate pump-probe pulse walk-off by us-
ing co-polarized pump-probe pulses. However, we will need to find some way to
distinguish between the pump and probe pulses so that fast dynamics occurring
near zero time delay are not obscured. In the next chapter we will study the gain
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Figure 5.11: Predicted change in diode junction voltage as a function of
pump-probe delay for the three regimes of operation; (a) absorption (I=6 mA),
(b) transparency (I=9 mA) and {c) gain (I= 12 mA).
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saturation behavior for these diodes as a function of input optical pulse width. In
the chapter after that, we will describe a novel, heterodyne pump-probe technique
that takes advantage of acousto-optic modulator frequency shifting to distinguish
between collinear, copolarized pump-probe pulses.
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Chapter 6

Short Pulse Gain Saturation

6.1 Introduction

The short pulse amplification properties of semiconductor optical amplifiers are
important to the design of future high-speed all-optical networks. As we have
discussed in Chapter 5, these amplifiers exhibit large subpicosecond gain nonlin-
earities. These subpicosecond nonlinearities are expected to influence the gain
of femtosecond pulses to a greater extent than they influence the gain of multi-
picosecond pulses. In this chapter, we will study the saturation behavior of bulk
and multiple quantum well (MQW) optical amplifiers for input pulsewidths of 15
ps and 150 fs. We will show that the measured output saturation intensity is
pulsewidth dependent. Also, we will discuss a simple rate equation model based
on the pump-probe results that predicts the observed pulsewidth-dependent be-
havior.

Several groups have studied the amplification of picosecond pulses in InGaAsP
optical amplifiers at 1.3 pm and 1.5 um both experimentally [6] [7] [129] [130] [131]
and theoretically [130] [132] [133] [134]. TlLese studies have concentrated on ob-
taining high output powers and on studying the pulse repetition-rate dependence
of the output saturation energy. We will concentrate on comparing the results
of saturation measurements for short (150 fs) and long (15 ps) pulses. A similar
comparison has been made by Saitoh et al. [131] [133]. Their results suggest

110



that the output saturation energy depends only on pulse energy (not pulsewidth)
and that the effect of carrier heating on pulse energy gain is “negligibly small”.
However, the short pulses used in their experiments were generated by a mode
locked diode laser and had significant pedestals. We believe these authors failed
to observe the pulsewidth dependence of the output saturation energy because
the broad pedestals made their short pulses (0.49 ps) also, in effect, long pulses
(4.4 ps and 21 ps). We will show that the effect of carrier heating on pulse energy
gain is significant and can be used to explain the observed pulsewidth dependence
of the output saturation energy [42] [119] [120].

6.2 Experiment

The experimental set-up is shown in Figure 6.1. We perform the energy satura-
tion experiments using 15 ps pulses from the synchronously-pumped mode locked
color center laser and 150 fs pulses from the same laser in the additive pulse mod-
elocked configuration. The train of pulses from the laser passes through a variable
attenuator and is focussed by a microscope objective into a 3 dB coupler made
with dispersion-shifted fiber. One output arm of the coupler is terminated with
a microlens that is used to achieve high coupling efficiency to the active region
of the diode. The other output arm is used to monitor the input power to the
diode. By using the two arms of the coupler as the input and the reference, we can
normalize out amplitude variations due to drift and beamsteering by the variable
attenuator. The coupler arms are short enough, ~ 20 cm, that pulse broadening
in the fiber is negligible. After the diode, a microscope objective collects the am-
plified beam and focusses it onto a detector. We estimate a total coupling loss
across the diode of 8 dB. Note that the time between pulses is 10 ns, much longer
than the estimated population recovery time of 1 ns in the bulk device [1] and 500
ps in the MQW device [25].

The pulses used in these experiments have negligible pedestals (Figure 3.3).
Also, the group velocity dispersion measurements showed that input pulses longer
than ~ 100 fs experience no significant change in pulse shape after traveling
through the diode, even under conditions of output gain saturation. (We did
not study the spectral changes under these conditions.) Figure 6.2 shows the
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Figure 6.1: Experimental set-up.

amplifier gain as a function of output power for both pulsewidths (150 fs and 15
ps) and for both the (a) bulk, V-groove amplifier and (b) MQW amplifier. The
saturation behavior for the long and short pulses is quite different. As expected at
low output energies, both pulses experience the same gain. However, at an output
energy of 40 fJ, the gain for the 150 fs pulse in the bulk amplifier has decreased
by 3 dB while the gain for the 15 ps pulses remains unsaturated. The 15 ps pulses
have an output saturation energy of 150 fJ. Likewise, for the MQW amplifier, the
150 fs pulse has an output saturation energy of 200 fJ, compared to 6 pJ for the
15 ps pulse. The output saturation energy is clearly pulsewidth dependent.

Notice that the measured output saturation energies for the MQW amplifier
are greater than those for the bulk amplifier. The output saturation energy, Esap,
(for the longer pulses) can be related to the saturation energy [135] [136]

hvA
g,T

E,= (6.1)

k]

via:
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Figure 6.2: Amplifier gain as a function of output energy for pulses with widths of
At=150 fs (circles) and At=15 ps (diamonds). (a) The bulk amplifier bias current
was three times threshold and the pulse wavelength was A=1.515 ym. (b) The
MQW amplifier bias was two times threshold and the pulse wavelength was A=
1.51 pm. The solid lines are theoretical fits obtained from a rate equation model.
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1.38

(1 + a/g0) B (6.2)

E3qp = [
where a is the loss coefficient, go is the small signal gain coefficient, g, is the
differential gain coefficient, I' is the mode confinement factor and A/I' is the
mode area. The MQW diodes have smaller mode confinement factors but larger
differential gain coefficients. Therefore, we might expect similar values for E, in
the two devices. However, « is much smaller in the MQW devices [72], making
E.;5(MQW) large compared to Es4p(bulk). We point out that our measured value
of E345=6 pJ for the MQW device agrees well with a previously measured value
of E3sp=>5.1 pJ [135]. The output saturation energies for the shorter pulses can
be described by similar equations if g,, the differential gain coefficient, includes

the effects of nonlinear gain, g, = (g9, + Ag).

6.3 Discussion

We model the saturation behavior of the diode using rate equations that describe
a pulse propagating in a traveling-wave amplifier [137]. These rate equations
include the standard expressions for the photon flux and the total carrier density,
as well as equations that describe the carrier heating and the transient absorption
bleaching observed in the pump-probe results. The effects of carrier heating and
absorption bleaching are modeled as other energy levels with time constants that
match the experimentally determined recovery times (700 fs for carrier heating
and 150 fs for absorption bleaching). The set of rate equations, including the

nonlinear effects, can be written as

dS/dz = T'g,(N — N; — N, + N,) — es.N|S — 852, (6.3)
N I
dN/dt = —g,(N — N; — N + N,)5 — —+ v (6.4)
dNy/dt = yyo; NS — g—’!, (6.5)
h
AN, [t = 7ugsS — % (6.6)

u
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Here, S is the photon flux, N is the total carrier density, IV, is the carrier density at
transparency, N}, is an effective carrier density change at the emission wavelength
caused by carrier heating, N, is the effective carrier density change caused by
the absorption bleaching, I' is the mode confinement factor, g, is the differential
gain, oy, is the free carrier absorption coefficient, 8 is an effective two-photon
absorption coefficient that depends weakly on N, 4, determines the relative rate of
the absorption bleaching, «y, represents how efficiently free carrier absorption heats
the carrier distribution, 7, is the upper state lifetime, 7, is the absorption bleaching
time constant and 7, is the relaxation time of the heated carriers. Carriers are
injected into the system via the bias current, I/qV, where I is the applied bias,
V is the volume of the active region and ¢ is the electronic charge. We adjust the
coefficients of these equations to fit the pump-probe data and then use the model
to predict the saturation results.

In the numerical calculations, most of the parameters that are independent
of z and ¢, are taken from the literature. In the case of the bulk diode, we use
I'=0.3, g,=2.5 x 1071 cm?, and N;=10 cm™2 [1]. For the MQW diode, the mode
confinement factor is I'=0.05 [72]. For both diodes, parameters such as 73, 7u, 8,
@j., Yn and v, are determined by fitting the pump-probe results. The rate equation
model can fit pump-probe data in all three regimes of diode operation, absorption,
transparency and gain. We reach the different regimes of diode operation by
varying the bias current. These changes in bias current are modeled as changes in
the initial value of the carrier density, N, in the numerical fits. Figure 6.3 shows
the experimental data and the fit for pump-probe measurements on an unbiased
MQW diode. Here, the initial carrier density is zero, and we can determine 3, v,
and 7,. The measured recovery time for the transient absorption bleaching is ~
200 fs.

In fitting the data shown in Figure 6.3, we have assume that the probe intensity
is much lower than the pump intensity. We assume an initial value for S and then
integrate Eq. (6.4), Eq. (6.5), and Eq. (6.6) with respect to time for a fixed
propagation distance, z. This integration yields values for N, Nj, and N, which
are substituted into Eq. (6.3). Then Eq. (6.3) is integrated with respect to 2,
yielding a new value of S. This process is repeated until z equals the length of
the active region. The differential gain in the diode at position z and time ¢ is

given by
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Figure 6.3: Normalized probe transmission (solid line), and fit (dashed line), as
a function of pump-probe delay for an unbiased MQW diode. The vertical scale
corresponds to a ~ 3 % change in probe transmission.

G(t,2) = T(g,[N(t, 2) — Ny — Ni(t, 2) + Nu(t, 2)] — areN) — BS(2, 2). (6.7)

If we know the differential gain, we can calculate the output probe intensity,
So(t — 1), via:

so(t —7) = si(t - r)e(f: ° G(t:z)dz) (6.8)

where s;(t — 7) is the input probe intensity and 2 is the length of the diode, and
7 is the delay between the pump and probe pulses. Finally, the gain seen by the

probe, which is the quantity we measure, is given by:

Gprobe (7) = 5_—2:%—:_-:-:‘)% . (6.9)

This same fitting procedure is used for pump-probe results with nonzero initial
carrier densities. The results of fitting data for the MQW diode in the absorption,
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transparency and gain regimes are shown in Figure 6.4. To fit these data, we use
7, = 700 fs and 7, = 200 fs. We find that § and ~, must be adjusted in the different
regimes of diode operation to obtain the best possible fits. The fact that these
parameters are carrier density dependent suggests that they are not due solely
to two-photon absorption and transient absorption bleaching. It is possible, for
instance, that some portion of these terms is describing spectral hole burning, a
signal whose amplitude should be carrier density dependent. Note that once we
have obtained good fits to the pump-probe data, we used exactly those parameters

to calculate the saturation energy for the diode.

Figure 6.5 (a) shows the experimental pump-probe results along with the fit
for a bulk laser amplifier operating in the gain regime. In this case, the pump-
probe pulsewidth is 150 fs. Notice that the gain compression is due mainly to
two-photon absorption and carrier heating and that there is little observed tran-
sient bleaching of the absorption. However, the absorption bleaching term is still
needed to obtain a good fit. If we take the parameters in this fit, and assume an
input pump-probe pulsewidth of 15 ps, we obtain the predicted change in probe
transmission shown in Figure 6.5 (b). Notice that the ultrafast gain nonlinearities
are a significant portion of the 150 fs pulse’s gain response, while they are virtu-
ally nonexistent in the 15 ps pulse’s gain response. We will show that it is these
ultrafast nonlinearities that are causing the observed pulsewidth dependence of
the gain saturation.

As stated previously, the exact parameters that are used in the rate equation
model to fit the pump-probe data in the gain regime are used to calculate the
saturation energy for the diode. The only adjustable parameter is N, the initial
carrier density. We adjust the initial carrier density to match the observed linear
gain. The calculated curves for the output saturation energy are shown as solid
lines in Figure 6.2. Notice that the roll-off of the gain curves, as predicted by
the theory, is in good agreement with the experiment. These results suggest that
carrier heating will play an important role in the amplification of subpicosecond
pulses. It is important to note that although the saturated output energy fcr
ultrashort pulses is lower than that for the longer pulses, partial gain recovery fol-
lowing such pulses is very fast (~ 1 ps). Thus a rapid sequence of ultrashort pulses
may be used to extract the same net energy as a long pulse. We also note that
the measured output saturation energy should be higher for signal wavelengths
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Figure 6.4: Normalized probe transmission (solid lines), along with the fits (dashed
line), as a function of pump-probe delay for an MQW diode biased in the (2)
absorption, (I = 6 mA), (b) transparency, (I = 10 mA), and (c) gain, (I = 60
mA), regimes. The vertical scale in the gain regime corresponds to a transmission
change of ~ 20 %.
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Figure 6.5: (a) Measured (solid line) change in probe transmission as a function of
150 fs-pump-probe delay for a bulk diode biased in the gain regime. The dashed
curve shows the fit obtained using the rate equation model. (b) Predicted change
in probe transmission versus 15 ps pump-probe delay.
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Figure 6.6: Predicted amplifier gain as a function of output energy for pulse
widths of At = 200 fs (solid line), 500 fs (dashed line), 1 ps (dotted line),
5 ps (dashed-dot-dot line), 10 ps (solid line), 15 ps (dotted line), and 20 ps
(dashed-dot-dot line).

close to, or longer than, the diode’s peak gain wavelength [138].

Finally, we consider the pulsewidth dependence of the output saturation en-
ergy. Figure 6.6 shows the calculated gain curves for a number of pulsewidths
between 150 fs and 20 ps. These curves were calculated using the same param-
eters as in the fits of Figure 6.5 (a). Note that for pulses longer than ~ 10 ps,
the carrier heating nonlinearity has negligible influence on the gain. For these
longer pulses, the saturation behavior of the diode is pulse energy dependent, not
pulsewidth dependent. However, even pulses as long as 5 ps have reduced output
saturation intensities due to the carrier heating nonlinearity.

In summary, we have measured the saturation behavior of bulk, V-groove and
MQW diodes for short pulses with different pulsewidths. Our results show that
the output saturation energy is pulsewidth dependent. Table 6.1 summarizes
the measured 3 dB output saturation energies for the two diodes and the two
pulsewidths. These results suggests that carrier heating will play an important role
in the amplification of subpicosecond pulses. Based on the results of the pump-

120



E (sat-out) | E (sat-out)

DE Length | | (bias
DIO J (bias) At=150fs |At=15ps

BULK | 250um | 3XI(th) | 40fJ | 150%

MQW 400pm | 2XI(th) | 200fJ 6 pJ

Table 6.1: Summary of results of the measured output saturation energies for bulk
and MQW diodes and pulsewidths of At = 150 fs and At = 15 ps.

probe experiments presented in Chapter 5, a rate equation model including the
effect of carrier heating has been developed to provide a quantitative explanation

for the pulsewidth dependent saturation behavior.
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Chapter 7

Heterodyne Pump-Probe

Measurements

7.1 Introduction

As we described in Chapter 5, pump-probe experiments provide direct, time-
domain measurements of gain [12] [26] [114] [118] and index [61] [64] [67] [139]
nonlinearities in optical waveguides. In these experiments, the pump and probe
beams must propagate collinearly so they can be coupled to the waveguide. Gen-
erally, the pump and probe beams are orthogonally polarized so that a polarizer
at the waveguide output can select the probe beam for detection. If the probe
beam is polarized parallel to, and is indistinguishable from, the pump beam,
background-free measurements are difficult. In this chapter, we will describe a
novel pump-probe technique in which the pump and probe have parallel polar-
izations and are nominally at the same wavelength but are still distinguishable.
This technique uses heterodyne detection of frequency-shifted femtosecond pulses
to separate the pump and probe signals. It can improve the time resolution of
some experiments by circumventing the group velocity walk-off associated with
orthogonally polarized pump and probe, and it allows the study of anisotropy in
the waveguide nonlinearity.

In the heterodyne technique, three pulses, pump, probe and reference, are
generated. The probe and reference pulses are deflected at acousto-optic mod-
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ulators (AOM’s), and their spectra are upshifted by the AOM drive frequency
[59] [140]. Shifting the spectra will allow us to “tag” the probe beam so that it
may be distinguished from the pump. In our experiments, the 100 MHz pulse
train generated by the APM color center laser contains a 150 fs pulse every 10
ns. We can represent this pulse train in the time domain as the convolution of a
150 fs pulse with a train of delta functions. A schematic of this representation is
shown in Figure 7.1 (a). (Note that the axes in this figure are not to scale.) In
the frequency domain, the representation is a train of delta functions spaced by
100 MHz, multiplied by the Fourier Transform of the 150 fs pulse. If the optical
pulse can be described by a Gaussian in the time domain, then it transforms to
a Gaussian in the frequency domain with a full-width-half-maximum (FWHM) of
Av = 0.44/(At) =3 THz. Figure 7.1 (b) shows the frequecy domain repre-
sentation of the pulse train from the color center laser. When this optical pulse
train passes through an AOM, the spectra of the deflected pulses are upshifted
by f.s, the AOM drive frequency, shown schematically in Figure 7.1 {c). Notice
that the total frequency bandwidth of the pulses is broad compared to the delta
function spacing so that the amplitudes of the delta functions appear constant.
The deflected pulse frequency shift is so small compared to the total pulse band-
width, we say that the deflected and undeflected beams are nominally at the same
wavelength. However, if we overlap these two pulse trains in time and space, we
will observe a beat at f,;. We will use this beat frequency to distinguish between

pump and probe beams in the heterodyne technique.

An experimental arrangement for the heterodyne pump-probe technique is
shown in Figure 7.2. The APM color center laser output beam passes through a
fused silica acousto-optic modulator (AOM) that deflects 20% of the power into
the probe beam. The fused silica AOM introduces no measurable pulse broadening
in the pump and probe pulses, however, it does upshift the spectra of the probe
pulses by 39 MHz, the AOM drive frequency. At beamsplitter BS1, power is split
between the pump and reference arms. Note that all three beams, pump, probe,
and reference have the same polarization. The pump and probe are recombined
at BS2. The reference beam passes through a second AOM (made from standard
flint glass), where it is deflected and upshifted by 40 MHz. The flint glass does
introduce measurable pulse broadening (80 fs pulses broaden to 120 fs), but the
reference pulsewidth does not limit the time resolution of the experiment. The
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Figure 7.1: Schematic of the pulse train generated by the APM color cen‘er laser in
the (a) time domain and (b) frequency domain. In (c), we compare the frequency
domain representation of the portion of the pulse train that is undeflected by an
AOM with the portion that is deflected. Note that the axes are not to scale.

124



reference beam is recombined with the pump and probe beams at BS3 and all
three propagate collinearly to the diode. The reference pulses lead the pump-
probe pulses by approximately 600 ps.

This single beam, of three pulses, is coupled to a short length of dispersion
shifted fiber and then to the diode amplifier via a fiber microlens. A microscope
objective collimates the output beam and directs it to an imbalanced Michelson
interferometer where the probe and reference pulses are overlapped in time, at
the detector. We use a high-frequency ham radio receiver to monitor the beat fre-
quency between the reference and probe at 1 MHz. We can perform background-
free pump-probe experiments by chopping the pump signal at a few kilohertz and
passing the output from the radio receiver through a lock-in.

This experimental set-up can be modified to perform measurements where the
pump and probe beams are orthogonally polarized by placing a half-wave plate in
the pump arm and rotating its polarization by 90°. Note that this modification
does not affect the power levels incident on the diode, nor does it affect the
heterodyne detection because we are detecting the beat between the reference and
the probe. Therefore, we can use the same detection technique for orthogonally-
polarized pump-probe experiments. In our experiments, this method produced the
same results as those obtained by simply placing a polarizer after the collimating
microscope objective and selecting the probe beam for detection (Chapter 5). In
the cross-polarized measurements discussed in this chapter, the pump pulses are
TM-polarized and the probe pulses are TE-polarized, unless stated otherwise.
Also, the pump-probe wavelength is 1.51 um.

We chose the AOM difference frequency to be 1 MHz so that we could use
a standard AM radio as the heterodyne receiver. However, the signals we ob-
tained using this receiver were noisy. Using a spectrum analyzer to detect the 1
MHz beat yielded a much better signal to nocise ratio. We found that the filters
in the AM radio receiver, which are broad by design (to pass the entire audio
band, 20 Hz-20KHz), are too broad to yield clean pump-probe signals. The fil-
ters in the spectrum analyzer, by contrast, can be as narrow as a few KHz, just
enough to pass the chopped signal. Also, the filters are sharp, with shape factors
(Af _s4p/Af _goas) of approximately 2.40. A high-frequency, (ham radio) receiver
has filters that are as narrow as, and even sharper than, those in the spectrum
analyzer. Also, a ham radio receiver has AM and FM reception at the same
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frequency, suggesting that both probe amplitude and probe frequency (phase)
changes can be detected. Therefore, we chose the ham radio receiver to detect the
1 MHz beat signal in our experiments.

7.2 Gain Nonlinearities

7.2.1 Bulk Diodes

Figure 7.3 shows the measured change in probe transmission as a function of
copolarized (dashed lines) pump-probe delay for a bulk [71] diode biased in the
absorption, transparency, and gain regimes. In this experiment, we reach the
separate regimes of operation by changing the bias current to the diode. These
data are best fit by assuming the impulse response functions are

h(t) = 18~t/9%%s _ 10.7¢~4/2%0* _ 1.06(t) (7.1)

for the absorption regime,

h(t) = 17e7*/0%P2 _ 10.5¢~/9%2 _ 1,05(2) (7.2)

for the transparency regime, and

h( t) = 17e~t/02ps _ 11.5¢t/06p2 _ 1.05(t) (7.3)

for the gain regime. For comparison, we also show the change in probe transmis-
sion as a function of cross-polarized (solid lines) pump-probe delay in the three
regimes of operation. The impulse response functions for the cross-polarized data
are given by Eqs. (5.16)-(5.18). Note that for time delays greater than 2 ps, the
measured response for the copolarized and cross-polarized beams is essentially the
same. We observe gain compression in all three regimes of operation, recovering
with a 600 fs time constant. This compression is associated with the hot carrier
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distribution cooling back to the lattice temperature. Also, we observe the step
changes in probe transmission that are characteristic of the three regimes of opera-
tion (Chapter 5). However, for cross-polarized pump-probe results near zero time
delay, the fast response (200 fs), associated with a transient absorption bleaching,
is washed out. There are a number of possible explanations for the blurring of
the response function near zero time delay. First, the group velocity is different
for different polarizations so that cross-polarized pump-probe pulses walk off from
each other as they travel through the diode. This walk-off limits the time resolu-
tion of the measurements and washes out interesting fast dynamics near zero time
delay. Second, we expect differences in the amplitude of the coherent coupling
term for copolarized and cross-polarized beams. Finally, the difference in the two
results may be due to an anisotropy in the waveguide nonlinearity.

The effect of pulse walk-off can be taken into account by cross-correlating the
pulse autocorrelation function with a square pulse of duration At [106] (Chapter

4),

©0

s = [ se+nw(er = [ * St +r)dr, (7.4)

where

1 0<7<At
W(r) = { 0 otherwise (7.5)

and At is the pulse walk-off. This cross-correlation broadens the impulse response
and results in reduced temporal resolution. As an example, we calculate the
broadening in our experiment. Our diode is 270 pum long, which gives a single-
pass walk-off (At = L/Av,) of approximately 100 fs [106]. Figure 7.4 (a) shows
the copolarized pump-probe data from the gain regime along with the fit (dashed
line). Figure 7.4 (b) shows the cross-polarized pump-probe data (solid line) and
the predicted curve obtained by convolving the broaderied autocorrelation function
with the impulse response funcivion determined for the data in Figure 7.4 (a) (Eq.
7.3). If effective pulse broadening due to pump-probe walk-off alone were enough
to explain the differences in the data shown in Figure 7.3, the predicted response
would match the cross-polarized pump-probe response. Clearly, pulse walk-off
alone can not explain the differences in the response.
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Figure 7.3: Change in probe transmission as a function of copolarized (dashed
lines) and cross-polarized (solid lines) pump-probe delay when the bulk diode is
biased in the (a) absorption, (b) transparency and (c) gain regimes.
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Figure 7.4: (a) Normalized probe transmission (solid line) as a function of copo-
larized pump-probe delay for a bulk diode biased in the gain regime along with
the fit (dashed line). (Data is the same as in Figure 7.3 (c).) (b) Cross-polarized
data (solid line) from Figure 7.3 (c) along with the fit (dashed line) predicted
by convolving the broadened autocorrelation function with the impulse response

function determined in (a).
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The coherent coupling term contributes to the copolarized pump-probe data
and may contribute to the cross-polarized data as well. As we explained previously
(Chapter 5), the coherent artifact is always present in copolarized data, and the
amplitude of this term at zero time delay is well-defined, (¢ = 0) = g;(t = 0).
However, the importance of the coherent artifact in the cross-polarized data is
less clear. Previous experiments have shown that the coherent artifact can be ne-
glected in cross-polarized pump-probe experiments where the optical pulsewidth
is greater than the dipole dephasing time and the response has a measurable time
constant [111]. However, coherent artifacts have been observed in cross-polarized
experiments when the response is instantaneous [112]. Our cross-polarized pump-
probe responses are a sum of terms with measurable time constants and an instan-
taneous term. Since the dipole dephasing time is much shorter than the optical
pulsewidth, there should be no coherent artifact associated with the terms that
have measurable time constants. However, there may be a coherent artifact in the
instantaneous component (TPA) of the response.

Initially, we will consider the coherent artifact in the copolarized data only.
In this case, the shape and the amplitude of the coherent coupling term is well
defined. Figure 7.5 shows the copolarized pump-probe data from Figure 7.3 (c)
with the coherent artifact removed (dashed line). The cross-polarized pump-
probe data is shown for comparison (solid line). If we assume that half of the
TPA component in the cross-polarized data is due to coherent coupling, and we
subtract the coherent term from the total response, we obtain the dash-dotted
curve shown in Figure 7.5. It is clear from this comparison that coherent coupling
alone can not explain the differences between the copolarized and cross-polarized
results.

We can predict the the combined effect of the pump-probe pulse walk-off and
the cocherent artifact by convolving a broadened autocorrelation function with the
impulse response function that fits the copolarized data after the coherent term
has been removed. Figure 7.6 shows the response predicted by these combined
effects (dashed line) along with the cross-polarized data (from Figure 7.3 (c))
(solid line) for comparison. Again we note that the predicted response does not
agree with the measured response. There are a number of possible explanations.
First, any uncertainty in the definition of the zero pump-probe delay point will
lead to uncertainties in the size of the coherent artifact that is subtracted from the
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Figure 7.5: Measured change in probe transmission as a function of cross-polarized
pump-probe delay (solid line). The dashed line shows the copolarized data after
the coherent artifact has been subtracted. The diode bias conditions are given in
Figure 7.3 (c).

signal. Second, in calculating the coherent artifact, we used the experimentally
determined intensity autocorrelation function rather than the field autocorrelation
function. This is not a bad approximation when the pulses are nearly transform
limited. Third, we have assumed that all the dynamics we measure are due to
free carriers, and that the material can be considered isotropic. We have no
experimental proof for this assumption. Finally, we may be measuring anisotropy

in the waveguide nonlinearity.

7.2.2 Strained-Layer Multiple Quantum Well Diodes

We can use this heterodyne technique to study the gain nonlinearities in more com-
plicated diode structures like the strained-layer multiple quantum well (SLMQW)
devices [78] (Chapter 2). The measured emission peaks for these diodes are 1.53
pm for the TE mode and 1.38 um for the TM mode [78]. The emission peaks are
polarization dependent because the selection rules state that heavy hole-electron
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Figure 7.6: Measured change in probe transmission as a function of cross-polarized
pump-probe delay (solid line). The dashed line shows the response predicted
by convolving a broadened intensity autocorrelation function with the impulse
response function describing the copolarized data after the coherent artifact has
been removed. The diode bias conditions are given in Figure 7.3 (c).

(hh-e) and light hole-electron (lh-e) transitions are allowed for TE polarized light
(parallel to the quantum well layers), whereas hh-e transitions are forbidden for
TM polarized light (orthogonal to the layers) [74]. The quantum well energy lev-
els and the allowed transitions are shown schematically in Figure 7.7. While the
polarization selection rules are only strictly true at the Brillouin zone center, the
effects of band mixing are weak at modest applied bias currents. The weak band

mixing at modest applied bias currents will be verified experimentally.

Figure 7.8 shows the measured change in probe transmission as a function of
copolarized pump-probe delay for the diode biased in the absorption, transparency
and gain regimes [141] [142]. We reach these separate regimes by changing the bias
current to the diode. The results for TE polarized pump and probe are shown by
the solid lines and the results for TM polarized pump and probe are shown by the
dashed lines. The TM polarized results show only an instantaneous absorption
due to two-photon absorption (TPA). No other dynamics are observed because
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Figure 7.7: Schematic of the energy levels and allowed transitions in a strained
quantum well. Note that the pump-probe pulse energy is below-band for the lh-e
transition.

the pump-probe wavelength (A=1.51 um) is below band for the lh-e transition
(A=1.38 um) and the hh-e transitions are forbidden. This result confirms that
the effects of band-mixing at bias current levels below 20 mA are weak. The
limited tuning range of our APM color center laser, 1.47 ym to 1.52 ym, restricts
above-band pump-probe measurements to the TE polarization.

The TE polarized results show similar dynamics to those observed previously
in bulk and MQW diodes (Chapter 5). The three regimes are distinguished by the
step change in probe transmission due to stimulated emission (gain) or absorption
(absorption) of the pump. At the transparency point, there are no net stimulated
transitions and no step change in probe transmission. All three regimes show a
gain compression that recovers with a time constant of ~ 1 ps. This compression
is associated with the heated carrier distribution cooling back to the lattice tem-
perature. In the absorption and transparency regimes, there is an intermediate
transient increase in probe transmission recovering with a time constant of ap-
proximately 150 fs. Also, there is an instantaneous decrease in gain, present in all
regimes of operation, associated with TPA. This instantaneous gain compression
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Figure 7.8: Change in probe transmission as a function of copolarized pump-probe
delay. The solid lines are for TE polarized pump-probe pulses and the dashed
lines are for the TM polarized pulses. The pump-probe center wavelength is 1.51
pm. The bias current is (a) 10 mA in the absorption regime, (b) 12 mA in the
transparency regime, and (c) 18 mA in the gain regime.
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is a significant fraction of the total response but is not attributed to spectral hole
burning because it does not disappear at the transparency point and it does not
cause a transient increase in transmission in the absorption regime.

Using orthogonally polarized (cross-polarized) pump and probe pulses, we take
further advantage of the large valence subband energy separation (~ 100 meV)
and the polarization selection rules to pump below band for one transition while
probing above band for another. When the pump is TM polarized, it is “below-
band” for lh-e transitions and is able to stimulate only intraband transitions.
However, the TE polarized probe can monitor the carrier distribution via the
interband hh-e transition. Note that since the pump cannot stimulate interband
transitions, there should be no observed change in gain associated with a change
in carrier number. Also, nonlinearities due to interband transitions, like spectral
hole burning, should not be observed in this case. In other words, when the
pump and probe are TE polarized, nonlinearities due to both intraband [e.g.,
carrier heating due to free carrier absorption (FCA)| and interband [e.g., spectral
hole burning and carrier heating or cooling due to stimulated transitions] effects
may be observed. But, when pump (TM) and probe (TE) are cross-polarized,
only nonlinearities associated with intraband processes are possible. Figure 7.9
shows the pump-probe result for a SLMQW diode biased in the absorption regime
when the pump-probe pulses are (a) copolarized and (b) cross-polarized. The
solid lines are the data and the dashed lines are the fits. The step increase in
probe transmission in the copolarized data, associatec with carrier generation
by stimulated absorption of the pump, is almost absent in the cross-polarized
data. The small step increase observed in the cross-polarized case is an order of
magnitude smaller than that observed in the copolarized case and may be due to
either band-mixing effects or imperfect polarization decoupling between pump and
probe. Note that both sets of data show the heated carrier distribution cooling
to an equilibrium temperature with a time constant of ~ 1 ps. Alsc, both show
a transient increase in gain, recovering with a time constant of ~ 150 fs. In the
cross-polarized data, this dynamic cannot be due to spectral hole burning but can
be explained by a delay in the turn-on of carrier heating.

Figure 7.10 shows the measured probe transmission as a function of cross-
polarized pump-probe delay. The bias conditions for the diode are the same as
those for the data shown in Figure 7.8. Notice that the three curves are almost
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Figure 7.9: Measured change in probe transmission (solid line) and fit (dashed
line) as a function of pump-probe delay for the SLMQW diode biased in the
absorption regime when (a) the pump and probe are TE polarized and (b) the
pump is TM polarized and the probe is TE polarized. The bias current is 8 mA.
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identical. There is no step change in transmission associated with pump-induced
stimulated transitions distinguishing the different regimes of operation. Notice
also that the real change in probe transmission due to carrier heating for the
cross-polarized results is approximately half that measured in the copolarized
results. These carriers are heated by FCA (and possibly TPA). When we fit
these data by convolving the impulse response function with the experimentally
determined autocorrelation function, we find that the transient bleaching term is
opposite in sign, but nearly equal in amplitude to the carrier heating term. We can
combine these two opposing exponential terms into a single term that describes a
delayed gain compression term. Physically, we are suggesting that there is a delay
of 100-200 fs associated with the time it takes the initial nonequilibrium carrier
distribution to evolve into a new hot Fermi distribution. This hot distribution
then cools back to the lattice temperature with a time constant of ~ 1 ps.

We rewrite Eq. (5.15) so that it includes a delay in the onset of carrier heating

explicitly,

h(t) = u(t) [aze /(1 — e7/711) + (a1 + az)e™/™] + a36 () (7.6)

where 1/7.5y = (1/11) — (1/72). By forcing Eq. (5.15) into this form, we create a
residual term whose amplitude changes sign, depending on the relative magnitudes
of a; and a;. To the extent that this term changes sign at the transparency point,
it behaves like spectral hele burning.

Figure 7.11 shows the amplitude of the residual term, a; + a3, as a function
of the bias current for the copolarized (open circles) and cross-polarized (solid
circles) pump-probe results. Both amplitudes a; and a; are normalized to e, the
magnitude of the TPA term. Normalizing all terms with respect to ag automati-
cally eliminates discrepancies due to the presence of a coherent coupling term in
the copolarized data. Notice that in the cross-polarized data, a; + a; ~ 0 for all
bias currents, as we would expect when spectral hole burning is absent. In this
case, heating occurs via FCA. That is, some carriers are excited to high lying
states by FCA and there is some delay associated with the transfer of their excess
energy to the rest of the carrier distribution. For the co-polarized data, there is,
in addition to the delay in carrier heating, a transient bleaching (a; + a; > 0) in
the absorption regime that goes away at transparency. This behavior is consistent
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Figure 7.10: Measured change in probe transmission as a function of
cross-polarized pump-probe delay for the SLMQW diode biased in the (a) absorp-
tion (I=10 mA), (b) transparency (I=12 mA), and (c) gain (I= 13 mA) regimes.
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Figure 7.11: Amplitude of (a; + a;), the spectral hole burning component of the
impulse response function, as a function of bias current for copolarized (open
circles) and cross-polarized (solid circles) measurements. In this case, 1=170 fs

and 7,=1ps.

with spectral hole burning. However, in the gain regime, the magnitude of this
component is small. We expect the amplitude of the spectral hole burning com-
ponent to scale with the amplitude of the step. Figure 7.12 shows the measured
amplitude of step, ay, normalized to as, as a function of diode bias current. The
step change in gain is leveling off at high bias currents because the gain coefficient
is effectively saturated (Figure 2.4).

We can fit the cross-polarized pump-probe data for bulk and MQW diodes,
presented in Charier 5, using this new impulse response function that includes
explicitly the delay in the onset of carrier heating. The results are shown in
Figure 7.13. Notice that the results for these diodes also show a residual term that
behaves like spectral hole burning. However, the sign of the residual term does
not always flip right at transparency. There are a number of possible explanations
for this behavior. First, the two opposing terms that represent the carrier heating
and the delay are large, and their time constants can be determined accurately.
Howevei', the spectral hole burning component is buried in the total response and
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Figure 7.12: Amplitude of @y, the step component of the impulse response func-
tion, as a function of bias current for copolarized (open circles) and cross-polarized
(solid circles) measurements. These components are from the same impulse func-
tions used in Figure 7.11.

is observed only after two much larger terms have been subtracted from the data.
There are usually substantial errors associated with attaching physical significance
to terms that result from the subtraction of two large numbers. Besides errors in
the amplitude of the spectral hole burning component, it is possible that there
are errors in the determination of the time constant as well. It appears that the
100-200 fs component we originally called the transient absorption bleaching is
really a dela.y. in the carrier heating. However, to make the impulse functions
consistent, we forced the spectral hole burning term to take on this time constant.
Since we have verified the delay in the onset of carrier heating, we should allow the
three exponential terms, delayed carrier heating, carrier cooling, and spectral hole
burning, in the impulse response function to have independent time constants.
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Figure 7.13: Amplitude of (a; + a;), the spectral hole burning component of
the impulse response function, as a function of bias current for cross-polarized
pump-probe measurements for (a) a bulk amplifier and (b) a MQW amplifier.
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7.3 Index Nonlinearities

Ultrafast refractive index changes are important because they affect the chirp
[143] and the spectrum [144] [145] of short pulses propagating in the waveguide.
Refractive index nonlinearities might also be exploited in an all-optical switch.
While these ultrafast refractive index changes have been studied in the time do-
main in active [61] [67] and passive [64] [65] AlGaAs waveguides, there have been
no time-resolved studies of InGaAsP waveguides. We will use the heterodyne
technique described in this chapter to measure the subpicosecond refractive index
nonlinearities in InGaAs/InGaAsP diodes at 1.5 um.

The experimental technique is similar to that used to measure the gain nonlin-
earities described above. The set-up is shown in Figure 7.2. In these experiments,
the pump beam is chopped and the ham radio receiver is used as an FM receiver.
When the probe precedes the pump, its phase is not modulated and the radio
receiver output is zero. However, when the probe lags the pump, its phase is
modulated (chopped). The radio receiver detects this modulation in phase and
generates an output signal that is proportional to its derivative. The lock-in de-
tects this signal, integrates it, and yields an output voltage that is proportional to
the pump-induced phase change. This measured phase change is then calibrated
with respect to a known optical phase change. In our case, one of the mirrors
in an interferometer arm (Figure 7.2) is modulated by a piezoelectric transducer
(PZT) and the phase shift is obtained by observing fringes.

There are a few important points regarding the calibration of the heterodyne
receiver. First, the rise time of the chopped signal must be fast enough that the
phase-locked loop (PLL) in the FM receiver can not follow it. If the PLL can
follow the rising slope of the chopped signal, it can start to correct the phase
before the phase has reached its maximum value. In this situation, the measured
phase shift will vary as a function of chopper frequency (risetime). Figure 7.14
shows the measured probe phase shift at an arbitrary value of pump-probe delay
for different chopper frequencies. Note that for chopper frequencies greater than
700 Hz, (or a rise time steeper than ~ 0.3 ms), the measured signal is independent
of chopper frequency. All the measurements we report are performed with chopper
frequencies greater than 700 Hz. We will not choose chopper frequencies that are
much higher than 2 KHz because we want to take advantage of the narrow, cw
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Figure 7.14: Signal from the FM radio receiver as a function of chopper frequency.
The signal is the measured change in probe transmission at an arbitrary pump
probe delay.

filters (2.4 KHz) in the radio receiver.

Second, to observe fringes, (and calibrate the PZT), we couple the two arms of
the Michelson interferometer into a short length of fiber (Figure 7.15). Coupling
both arms into the fiber insures that the phase fronts for the two beams are
matched. Also, we adjust the length of the two arms to be equal so that we can
measure the interference of like pulses (probe with probe, or pump with pump,
etc.). We measure the interference of like pulses because they beat at DC. If we
measure the interference between probe and pump for example, they beat at their
difference frequency, 39 MHz. We could calibrate the PZT in this manner, but
experimentally, it is easier for us to measure the fringes at DC. The fiber output
is monitored by a slow detector. As the length of the arm containing the PZT
is varied, we observe a sinusoidal variation in the power incident on the detector.
In our case, applying 4 V across the PZT changes that arm’s path length by A/2,
corresponding to a phase shift of 7. We can calibrate the sign of the phase shift
by knowing that positive voltages applied to the PZT shorten the interferometer
arm. We remove the fiber and slow detector and replace the high-speed (25 .
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Figure 7.15: Interferometer set-up used to calibrate the ham radio receiver.

MHz) detector used in the pump-probe experiments. Then we apply a square-
wave voltage to the PZT. The phase change due to the moving PZT simulates
the probe phase change due to the chopped pump. The signal generated at the
output from the ham radio receiver when the applied square-wave voltage is 4 V
corresponds to a 7 phase shift.

Note that in FM operation, the radio receiver detects frequency changes, or
the derivative of the phase changes (f ~ ‘%). A lock-in amplifier can be used to
integrate the signal to obtain the desired phase change. Also note that a hetero-
dyne pump-probe technique and an FM receiver has a number of advantages over
the single-frequency time domain interferometer (TDI) used in previous experi-
ments [61] [64] [65] [67] [139] [146] [147]. First, the phase-locked loop in the FM
receiver automatically stabilizes the interferometer against slow phase drifts due
to thermal and acoustic fluctuations. No additional stabilization of the interfer-
ometer arms is required. Second, the pump pulse can be either co-polarized or
cross-polarized with respect to the probe pulse without affecting the heterodyre
detection scheme. Third, we do not need to use a balanced detector scheme be-
cause the limiter in the FM receiver eliminates signals due to amplitude changes
of the probe. Finally, this technique can be used with collinear pump and probe
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beams.

7.3.1 Fiber

We can test the accuracy of this new experimental technique by measuring a
known nonlinear refractive index. The instantaneous nonlinear refractive index,
ny, in optical (silica) fibers, is n; = 3.2x 107'® cm?/W [91]. This nonlinear index
can be used to describe self-phase and cross-phase modulation and the optical Kerr
effect, for example. Silica is isotropic and the nonlinear index is instantaneous and
can be described by the third order polarizability via:

€
P = 2y (3[E.| + 2|E,[") E. = 260nms[B(w) "E(w) (7.7)

where E, = |E;|e/(“*+4:), the linearly polarized field in the z direction and so on
for |E,| [148] [149]. In this equation, the self-phase modulation (SPM) term is

proportional to

SPM « 3|E.|*E., (7.8)

and the cross-phase modulation (XPM) term is proportional to

XPM « 2|E, |*E,. (7.9)

Comparing the two terms yields the well know ratio of SPM/XPM=3/2. In a
pump-probe experiment where the pump and probe are cross-polarized (Epymp =
E.,E,.s. = E;), the measured response is described by Eq. (7.9) and the mea-

sured index change is given by,

1
An, o« -é-eox,,,,IEp,,,,,,,P (7.10)

where we have used the identity [149)
Pg) (w) = 2eonAn = 2€onng|E(w)|’E(w). (7.11)
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K the pump and probe are copolarized, Ep,m, + Eprobe = E;, and we can show
that the measured index change is given by

3
Anj o 2 €0Xzzzz | Epumpl®- (7.12)

Therefore, in a pump-probe experiment, the ratio of An/An, is 3/1 [139] [149].
We can understand the difference between the SPM/XPM ratio and the pump-
probe ratio in terms of the coherent artifact. In calculating SPM and XPM, the
coherent coupling term is automatically included by the conventional mathemati-
cal formalism [149]. However, in that formalism, the coherent coupling term does
not contribute to the magnitude of the SPM term because there is only one field.
In a copolarized pump-probe experiment there are two fields, pump and probe,
and a coherent artifact is present. Therefore, we must double the magnitude of
the SPM term when relating it to a copolarized pump-probe results. XPM is
calculated assuming two fields are present and is an accurate representation of
the cross-polarized pump-probe results.

Figure 7.16 shows the measured probe phase shift as a function of copolarized
(solid line) and cross-polarized (dashed line) pump-probe delay. In this case, the
waveguide is a 23 cm length of dispersion shifted fiber. We can use the measured

probe phase shift to determine n, in this fiber via

A
Any = 2_7I'L-A§ = 2ngy 1 (7.13)

where ] is the pump-probe wavelength (1.5 um), L is the fiber length, A® is the
measured phase shift, I is the intensity and An = 2nyI has the factor of two
to account for the coherent artifact. The diameter of the dispersion shifted fiber
is approximately 5 um. The effective mode area, given by 7rrf”, is assumed to
be 35 pm?. The pulse peak power is 67 W giving a measured ny =2.6 x 107
cm?/W. This measured ny is in good agreement with the commonly used value
of rngy =3.2 x 107¢ cm?/W.
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Figure 7.16: Measured probe phase shift as a function of pump-probe delay for
copolarized (solid line) and cross-polarized (dashed line) pump-probe beams. The
waveguide is a 23 cm length of dispersion shifted fiber.

7.3.2 Bulk Diodes

The results from the fiber measurements verify that the heterodyne technique
and the ham radio receiver can be used to measure the ultrafast refractive index
nonlinearities in waveguides. Figure 7.17 shows the measured probe phase shift
as a function of copolarized (dashed lines) and cross-polarized (solid lines) pump-
probe delay for a bulk diode biased in the (a) absorption, (b) transparency, and
(c) gain regimes [150]. Notice again that the fast dynamics occurring near zero
time delay are not as sharp in the cross-polarized data as in the co-polarized data.
This blurring of the response is due to a combination of effects; pump-probe pulse
walk-off, anisotropy in the nonlinearity and differences in the coherent coupling
term. However, both sets of data are qualitatively the same.

The long-lived change or step change in refractive index is associated with
pump-induced carrier density changes. In agreement with previous results [54]
[61] [67], a decrease in carrier density increases the refractive index. A simple
physical picture that confirms this behavior is given by the Drude model. If
the electrons and holes in a semiconductor can be treated as free, noninteracting
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Figure 7.17: Measured probe phase shift as a function of pump-probe delay for
copolarized (dashed line) and cross-polarized (solid line) pump-probe beams for
2 bulk diode biased in the (a) absorption, (b) transparency, and (c) gain regimes.
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particles [21], then their influence on the material refractive index can be related

to the plasma frequency, wp, via

N¢'

o (7.14)

whp =
where N is the free carrier density, ¢ is the electronic charge, ¢, is the permittivity
of free space, and m is the mass of the carriers. The refractive index, n, is given

by

n? =¢ew) =1- . (7.15)

In the absorption regime, the carrier density, N, is increased by stimulated absorp-
tion of the pump. Therefore, the plasma frequency increases and the refractive
index decreases. Conversely, in the gain regime, stimulated emission caused by
the pump decreases the carrier density, decreasing the plasma frequency and in-
creasing the refractive index. At the transparency point, there is not net carrier
density change and no long-lived change in refractive index.

In addition to the long-lived change in refractive index, there is a transient
increase in refractive index observed in all three regimes of diode operation, recov-
ering with a time constant of ~ 600 fs, consistent with the delayed carrier heating
signal we observed in the gain data. This result agrees with previous studies of
AlGaAs devices that showed that for photon energies near the band-gap energy,
heating the carrier distribution increases the refractive index [61]. To the extent
that carrier heating causes a temporary decrease in the gain experienced by the
probe, the increase in refractive index is also consistent with the Drude picture.
Finally, in all three regimes of operation we observe an instantaneous decrease in
the refractive index. This component has been attributed to a rapid electronic,

or virtual, process [51] [61] [67].

7.3.3 Strained-Layer Multiple Quantum Well Diodes

Figure 7.18 shows the measured probe phase shift as a function of copolarized
(dashed lines) and cross-polarized (solid lines) pump-probe delay for a SLMQW
diode biased in the (a) absorption, (b) transparency, and (c) gain regimes [151].
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In these diodes, differences between copolarized and cross-polarized results are
attributed to the polarization selection rules as well as to pump-probe pulse walk-
off and differences in the coherent artifact. Note that these pump-probe results are
qualitatively similar to those obtained for the bulk diodes. In the copolarized data,
there is a long-lived change in index due to pump-induced carrier density changes.
In all three regimes, for both the copolarized and cross-polarized results, there is a
transient increase in index that recovers with a 1 ps time constant and is associated
with the heated carrier distribution cooling back to the lattice temperature. Also,
in all cases we observe an instantaneous decrease in the refractive index.

We analyze the ultrafast refractive index data the same way we analyzed the
nonlinear gain data. We assume a form for the impulse response function, h(t),
and then convolve it with an experimentally determined autocorrelation function.
The difference between the h(t) used to fit the gain data and the h(t) used to
fit the index data is the value of the various a;’s. For instance, in the refractive
index data, @y < 0 in the absorption regime and ay > 0 in the gain regime because
increasing the carrier density decreases the refractive index and vice versa. Also,
carrier heating increases the refractive index so that a; > 0 and the delay causes
a; < 0. The instantaneous change in refractive index is modeled by a3, and is
negative in all three regimes.

We can fit all the data in Figures 7.17 and 7.18 using the impulse response
function given by Eq.(7.6). Table 7.1 lists the values of the amplitudes (a,’s) and
time constants (7;’s) used in the fits. In these data, we have not subtracted the
coherent couplizg term from the copolarized data. The reason is that in these
index data, the magnitude of the pump-probe signal at zero time delay is almost
zero, due to the offsetting behavicr of the instantaneous and delayed carrier com-
ponents. Therefore, the amplitude of the coherent coupling term (proportional to
the half the value of the pump-probe signal at zero time delay) is small. Also, the
slope of the pump-probe signal at zero time delay is so large, that small errors
in defining the zero time delay position will result in relatively large changes in
the estimation of the amplitude of the coherent artifact. Note that we are inter-
ested in understanding the amount of phase change one pulse induces on another.
Therefore, the impulse response function, including the coherent artifact, is the
most accurate predictor. For this reason, we have not subtracted the coherent
coupling term from the instantaneous portion of the cross-polarized data either.

151



0.00

i [
X [
- ¥
-n/10 F l'
- {
i 1

Probe Phase Shift (radians)

0.00 -—ﬁ/\

L |
r'\
L2
~’

®
(=]
N
o
(]
L+

Delay (ps)

Figure 7.18: Measured probe phase shift as a function of pump-probe delay for
copolarized (dashed line) and cross-polarized (solid line) pump-probe beams for
a SLMQW diode biased in the (a) absorption, (b) transparency, and (c) gain
regimes.
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DIODE %1 g %2 2 | %3
BULK (gain) -1 0.2 ps 1 0.6 ps 0
(transparency) -9 0.2 ps ) 0.6 ps -1

(absorption) -2.8 0.2ps 28 0.6 ps -1
SLMQW (gain) -7.5 0.15 ps 7.5 1ps -1
(transparency) -3.5 0.15ps 3.5 1ps -1
(absorption) -2.5 0.15 ps 25 1ps -1

(a) Copolarized pump-probe

DIODE a4 ™y a, T, ag
BULK (gain) -1 0.2ps 1 0.6 ps 0
(transparency) -9 0.2ps 9 0.6 ps -1

(absorption) -4.2 0.2 ps 4.2 0.6 ps -1
SLMQW (gain) -3.5 0.15ps 3.5 1ps -1
(transparency) -2.5 0.15ps 25 1ps -1

(absorption) -2.5 0.15ps 2.5 1ps -1

(b) Cross-polarized pump-probe

Table 7.1: Components in the impul-e response function fits for the (a) copolarized
and (b) cross-polarized data shown in Figures 7.17 and 7.18.
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It is interesting to note that the amplitude of the residual, or spectral hole
burning component in the fits, {(a; +a3), is always zero for the index data. Spectral
hole burning is not expected to contribute to the refractive index measurements if
the spectral hole is symmetric around the pump-probe wavelength. This behavior
is a property of the Kramers-Kronig transformation. Transforming an absorption
(or gain) curve that is symmetric around Ao gives zero index change at Ao. Our
measurements of the gain nonlinearities suggest there is spectral hole burning in
these diodes. The measurements of the index nonlinearities suggest the spectral
hole is symmetric. Behavior consistent with symmetric spectral holes has also
been observed in active AlGaAs devices [67].

From these measurements, we can deduce the intensity dependent portion of
the refractive index, An. The measured change in phase is related to the change in
refractive index by, An = E,%ZA‘I” where A is the wavelength, A® is the measured
phase change, and L is the length of the diode. To compare the relative magnitudes
of the various components, we use the data fitting procedure to separate out each
of the components’ contribution to the total response [61] (Figure 5.8). Figure 7.19
shows the fit (solid line), along with the separate components of the fit (dashed
lines) for the co-polarized data in Figure 7.18 (c). The instantaneous portion
of the signal gives index changes proportional to the intensity, I, according to
ny = An;/I where I = P,/A.s;. In the gain regime, we estimate ny = —1.8x1071?
cm?/W for the co-polarized pump-probe case and ng; = —0.8 X 107!? cm?/W for
the cross-polarized pump-probe case. Assuming the position of zero time delay is
correct, these values of n; are twice the amplitude of the real n, for the material,
due to the coherent artifact. The long-lived refractive index change due to pump-
induced carrier changes recovers on a nanosecond time scale and is proportional
to the subpicosecond pump pulse energy, &, rather than the peak power. We will
characterize this index change by a term Ang,,/E,, where E, = &,/A.s; is the
pulse energy density. For our data, A®,.,;=0.08 7 radians, yielding An,z.p| [Ep =
8 cm?®/J. There is no step change in index for the cross-polarized data because
stimulated transitions are forbidden for the TM-polarized pump. Since our pulses
are also much shorter than the 1 ps carrier heating lifetime, the amplitude of
that induced index change is also proportional to the pulse energy density. We
calculate the index change due to deiayed carrier heating as Ancg/E, and obtain
A®cy)=0.07 7 radians and A®cy;=0.02 x radians, yielding Ancy) [Ep, = 6.7
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Figure 7.19: The solid line shows the fit to the copolarized data in Figure 7.18
(c). The dashed lines are the separate components in the fit.

cm?/J and Ancgy/E, = 1.5 cm?/J. Thus, in our experiments the delayed carrier
heating induced index change can be as large as the other measured index changes.
In fact, at higher applied bias currents, the dominant index nonlinearity is that
due to carrier heating. Note that for pulses longer than 1 ps, the delayed carrier
heating index changes can be characterized by nz., = Anch /I = (Ancurcr)/Ep,
where ngy = 1 x 1072 cm?/W and ngey = 0.22 X 10712 cm?/W. A summary
of the calculated An’s for the bulk and SLMQW diodes in the three regimes of
operation is given in Table 7.2.

Note that the amplitudes of the refractive index nonlinearities change in the
different regimes of operation. This behavior suggests that the nonlinearities are
carrier density dependent. In the nonlinear gain measurements, we observed that
the amplitude of the step change due to pump-induced stimulated transitions and
the carrier heating term were related to the free carrier density, N. In fact, in
the rate equation model, both terms scale with N. Therefore, it is not surprising
that the contributions of these components to the total index nonlinearity change
in the various regimes of operation. However, the instantaneous term, that was
only weakly dependent on carrier density in the gain measurements, depends
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strongly on N in the index measurements. At high carrier densities, n, approaches
zero. This behavior is consistent with a virtual process and has been previously
attributed to the optical Stark effect [63] [67].

We point out that the An’s we calculate are modal index changes. Any index
change induced in the active region of the diode will be averaged across the spatial
extent of the mode. Our estimation of the effective mode area in the diode, 3 x
1078 cm?, should be considered accurate to within a factor of 2. It is difficult to
compare our measurements of n, to those in the literature because the calculated
values depend very sensitively on approximations for A.;;. However, within an
order of magnitude, our results agree with those reported for passive [64] [65] [66]
and active [61] [67] AlGaAs devices. However, our results are inconsistent with
those of Grant et al. [145]. The order of magnitude of their deduced n, agrees
with our measured value, but the sign of n; does not agree. Further investigations
are needed to clarify this discrepancy.

In conclusion, we have developed a novel heterodyne pump-probe technique
in which the pump and probe pulses are collinear, copolarized, nominally at the
same wavelength, but are still distinguishable. This technique uses heterodyne
detection of femtosecond pulses whose spectra have been shifted by deflection
at an acousto-optic modulator. Using a high-frequency (ham) radio receiver to
detect the probe-reference beat, we are able to measure both gain and index
nonlinearities in the InGaAsP diode amplifiers. The new technique improves the
time resolution of some experiments by circumventing the group velocity walk-
off associated with cross-polarized pump-probe beams and it allows the study of
anisotropy in the waveguide nonlinearity.

Comparing copolarized and cross-polarized pump-probe transmission results
in a SLMQW diode revealed a delay in the onset of carrier heating. When included
explicitly in the impulse response function, a residual term whose amplitude flips
sign at the transparency point was revealed. This residual term, while small
compared to the carrier heating term, is the first clear time domain evidence for
spectral hole burning in InGaAsP diodes. Measurements of the pump-induced
index changes were used to calculate n, and Ancgy, the instantaneous and carrier
heating index nonlinearities. Our results agree well with previous results for active

AlGaAs devices.
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5I0DE Ny Angep | ANcy | PocH
(X 10 Zem?m) (em2A) @emyy  |(x 10" %mm)
BULK (gain) 0 42 43 6.5
(transparency) -15 0 5.0 0.8
(absorption) -3.5 -7.7 5.3 0.8
SLMQW (gain)| -1.8 8.0 6.7 1.0
(transparency) -1.6 0 3.3 0.5
(absorption) -2.0 -4.8 2.7 04
(a) Copolarized pump-probe
DIODE :‘22 , An‘:_tep Anzc H nf’l
(X10 cm“/W) (cm) em &) [(X10 “em wW)
BULK (gain) 0 33 33 5.0
(transparency) -0.8 0 2.7 0.4
(absorption) -2.0 -5.6 47 0.7
SLMQW (gain) -0.8 0 15 0.2
(transparency) -0.9 0 1.0 0.1
(absorption) -0.7 -0.5 1.0 0.1

(b) Cross-polarized pump-probe

Table 7.2: Calculated values for the nonlinear index coefficients.

157




Chapter 8

Conclusion

Through a series of time domain studies, we have characterized the ultrafast non-
linearities in InGaAs/InGaAsP diode lasers and amplifiers at 1.5 um. Our results
suggest that delayed carrier heating, two photon absorption and spectral hole
burning contribute to the gain nonlinearities and delayed carrier heating and an
instantaneous electronic, or virtual process contribute to the index nonlinearities
in these diodes. In this chapter, we will consider the importance of these nonlin-
earities to applications such as high-speed laser modulation, diode modelocking,
short pulse a.mpliﬁcétion, and all-optical switching. We will show that our re-
sults are consistent with a number of other experiments, both in the time and
frequency domains. Finally, we will discuss some future experiments and present

conclusions.

8.1 Summary of Our Results

Measurements of the group velocity dispersion (GVD) in the 1.5 um diodes led to a
number of interesting conclusions. First, we observed the polarization dependence
of the group velocity [105] [106] and learned that cross-polarized pump-probe
pulses were walking-off from each other as they traveled through the diode. Pump-
probe pulse walk-off gives an effective pulse broadening that can limit the time
resolution of some experiments. As a result, we developed the heterodyne pump-
probe technique. The GVD measurements also showed that critical pulsewidths
for 0.5 mm to 1 mm long devices were less than 90 fs. Therefore, pulses longer than
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~ 150 fs experienced negligible broadening while passing through the diodes. We
also found that the dispersion in the diode is dominated by material dispersion.
The material in the bulk and MQW active regions is similar, consistent with the
similar GVD measured in the two structures.

We reviewed some of our earlier measurements of gain nonlinearities in diode
amplifiers at 1.5 um [114] [121]. Those data showed strong gain nonlinearities
due to two photon absorption (TPA) and carrier heating. In addition to these
nonlinearities, we observed a transient increase in probe gain in all three regimes
of operation that recovered with a 100-200 fs time constant. Using a novel het-
erodyne pump-probe technique to study the gain nonlinearities in strained-layer
multiple quantum well (SLMQW) diodes, we found that most of the transient in-
crease in probe gain can be associated with a delay in the onset of carrier heating
[141] [152]. This delay is attributed to the thermalization time for highly excited
free carriers in a dense carrier sea. Analyzing the data with an impulse response
function that included the delay in carrier heating explicitly revealed the préséhée
of a component of the total nonlinear response whose amplitude changed sign at
the transparency point. This component of the response has been attributed to
spectral hole burning. In the gain regime, the amplitude of the spectral hole burn-
ing component is small compared to the delayed carrier heating and two photon
absorption components. Using this explicit impulse response function to analyze
our original pump-probe results for bulk and MQW diodes also revealed a small
component in the total nonlinear response due to spectral hole burning.

Besides the study of more complex structures such as the SLMQW diodes, the
heterodyne pump-probe technique allowed us to compare results of copolarized
and cross-polarized pump-probe experiments. Differences between the copolarized
and cross-polarized responses may be due to difference: in the amplitude of the
coherent artifact, effective pulse broadening in the cross-polarized experiments
and anisotropy in the waveguide nonlinearity. Data analysis suggested that the
effects of the coherent artifact and effective pulse broadening accounted for most
of the observed differences in the copolarized and cross-polarized results.

Short pulse gain saturation measurements showed that the output saturation
energies for subpicosecond pulses differed significantly from those for multipi-
cosecond pulses [42] [120]. In fact, the saturation behavior for 20 ps pulses was
essentially the same as for a cw beam with the same average power. To model
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the saturation behavior, we altered the standard set of rate equations for car-
rier density and photon flux to include the effects of carrier heating. This model
predicted output saturation energies for the 150 fs and 15 ps pulses that agreed
very well with the measured energies. We point out that the calculated difference
in the output saturation energies is governed only by the carrier heating (cool-
ing) time constant. Therefore, the excellent agreement between the predictions of
the simple model and the experimental results suggest that carrier heating is the
dominant gain nonlinearity for diodes biased above the transparency point.

We also performed the first subpicosecond pump-probe studies of refractive
index nonlinearities in these long wavelength diodes by extending the heterodyne
pump-probe technique to measure pump-induced probe phase changes [151]. We
measured the nonlinear probe phase shift for bulk and SLMQW diodes biased
in the absorption, transparency, and gain regimes. Our results revealed pump-
induced index changes due to stimulated transitions, delayed carrier heating, and
 an instantaneously recovering process. This instantaneous process has been ob-
served in passive [64] [65] [66] and active [67] [142] AlGaAs waveguides and has
been attributed to a rapid electronic, or virtual process. Theoretical predictions
have suggested that such a response may be due to TPA, electronic Raman, and
the optical Stark effect [63]. We showed that the n, associated with the rapid
electronic or virtual process is on the order of —107'* cm?/W. The nicy asso-
ciated with delayed carrier heating for picosecond pulses has the opposite sign,
but is of the same order of magnitude as n,. These values of the nonlinear index
are carrier density, and pump-probe wavelength, dependent. For instance, nscy
increases with increasing carrier density, whereas n, decreases with increasing car-
rier density. We will show that the relative importance of index nonlinearities due
to carrier heating and the instantaneous process will depend also on the optical
pulsewidths used to induce and sense the nonlinearities.

Much hope has been held out for the application of semiconductor waveguides
to all-optical switching. One possible advantage of semiconductor waveguides,
compared to optical fibers for instance, is the large magnitude of n, (four orders
of magnitude greater in the semiconductor waveguides than in optical fibers).
We have performed initial investigations into the applicability of these InGaAsP
active waveguides to all optical switching. For some time, researchers have pro-
posed using the below-band (no linear loss) index nonlinearities to build all-optical
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switches. However, pulse intensities large enough to produce significant index
changes also induce TPA. In some cases, this nonlinear absorption completely at-
tenuates (limits) the signal. Even in cases where there is not complete absorption
of the signal pulse, the carrier generation associated with TPA has limited switch-
ing speeds to a few nanoseconds [65] [66]. Our results suggest that better switches
may be designed using above-band index and gain nonlinearities. First, there is a
resonant enhancement of n, above the band-edge [61]. Second, the diode can be
biased to the transparency regime, where there is no net carrier generation due to
stimulated transitions. For high intensity pump pulses, where significant numbers
of carriers can be generated via TPA, the diode bias current can be tuned so that
on average, there is no net carrier generation. With no net carrier generation, the
switching speed should be limited only by the recovery times of the nonlinearities
that are producing the phase shifts. In our diodes, pumped with subpicosecond
optical pulses, we expect the nonlinearities to have recovered completely within
approximately 5 ps.

Figure 8.1 shows the measured pump-induced probe phase shift for a bulk
diode biased at the transparency point. (Note that in a switching application, the
pump would be called the control pulse and the probe would be called the signal
pulse.) In this case, the pump pulse energy was ~ 10 pJ, and the pulsewidth was
150 fs. Note that very large index changes are observed, even for this modest
pump pulse energy. However, for these short pulses, the sign of the nonlinear
index varies, depending on the relative delay between the pump and probe pulses.
For all-optical switching applications, it may be desirable to have an index non-
linearity that doesn’t change sign. One way to accomplish this is to lengthen
the optical pulse. Figure 8.2 shows the probe phase shift predicted by convolving
the appropriate impulse response function determined in Chapter 7 with auto-
correlation functions that represent pulses of various pulsewidths but the same
pulse energy. Note that as the pulsewidth increases, carrier heating dominates
the nonlinear response. For pulses longer than 600 fs, the nonlinear index change
is always positive. Note also that in these calculations, we have held the pump
pulse energy constant. As a result, the peak phase shift induced by the longer
pulses is less than that induced by the shorter pulses (because the pulse peak
power is less). Increasing pump energy in the longer pulses should produce larger
peak phase shifts.
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Figure 8.1: Measured probe phase shift versus copolarized pump-probe delay for
a pump pulse energy of ~ 10 pJ and pulsewidth of 150 fs. The bulk diode is
biased at the transparency point.

We have measured the changes in probe phase shift as a function of copolarized
pump-probe delay for pump pulses with ~ 10 pJ pulse energy and pulsewidths
ranging from 160-700 fs. Figure 8.3 shows the measured probe phase shifts. Note
the excellent agreement between the measured and calculated (Figure 8.2) re-
sponses. Note also, that the largest observed probe phase shifts are 0.7 7. This
phase shift may be too small for practical switching devices which would require
a phase shift of = to turn completely on or off. Presumably, we could increase
the probe phase shift if we increased the pump pulse energy. Unfortunately, ~
10 pJ was the highest pulse energy attainable at the time. Also note that the
effective n, for the semiconductor waveguide is pulsewidth dependent. Figure 8.4
shows the measured index nonlinearities (solid lines) along with the experimen-
tally determined pump-probe autocorrelation functions for the 160 fs and 700 fs
pump-probe pulses. For pulses shorter than ~ 150 fs in duration, the “instan-
taneous” nonlinearities dominate and the effective n; is negative. However, for
pulses greater than 1 ps in duration, the carrier heating nonlinearities dominate
and the effective n, is positive. For pulsewidths between 150 fs and 1 ps, ng is
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Figure 8.2: Calculated probe phase shift as a function of pump-probe delay.
The curves are generated by convolving an experimentally determined impulse
response function with autocorrelation functions representing pulses of constant
pulse energy but varying pulse width (=100, 200, 300, 400 and 500 fs).

undefined.

There are large gain nonlinearities associated with the index nonlinearities
shown in Figures 8.3 and 8.4. Figure 8.5 shows the change in probe transmission
associated with the probe phase shift shown in Figure 8.3. Even for these modest
pump pulse energies, the probe transmission is changing by more than 95%. Thus,
the probe pulse is almost completely absorbed in the waveguide. Note that both
TPA and carrier heating contribute significantly fo the nonlinear gain. These
large gain changes can be utilized in an absorptive switch. However, reactive
switches, based on index nonlinearities, rather than resistive switches, based on
gain nonlinearities, may be preferable because absorptive nonlinearities generate
heat.

These results suggest that subpicosecond picojoule pulses can be exploited in
designing nonlinear devices based on optically-induced gain changes. However,
all-optical switches based on index nonlinearities may be more difficult to design
because we must find a way to take advantage of the large index nonlinearities
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Figure 8.3: Measured probe phase shift versus copolarized pump-probe delay for
pump pulse energies of ~ 10 pJ and pulsewidths of 160 fs (solid line), 420 fs
(dashed line) and 700 fs (dotted line). The diode is biased at the transparency
point.

while avoiding the large gain nonlinearities. One way to avoid the gain nonlin-
earities in an SLMQW device is to use TE-polarized pump pulses to stimulate
large, above-band nonlinearities that will be sensed by a TE-polarized (below
band) probe. Theory (Figure 2.11) and experiment [67] have shown that below-
band probe pulses are sensitive to index changes induced above-band. In our
case, we can imagine a TM-polarized probe delayed by -0.5 ps with respect to a
TE-polarized pump. In a SLMQW diode, the only induced nonlinearity in probe
transmission is TPA. The TPA nonlinearity is instantaneous and has recovered
completely for pump-probe delays greater than 0.5 ps. Therefore, the 0.5 ps offset
is enough to insure that the probe transmission is unaffected by the presence of
the pump. However, the pump-induced index nonlinearities are still significant
at a pump-probe delay of 0.5 ps (Figure 7.18). Therefore, by experimenting with
pump-probe delays, polarizations, and pulsewidths, it may be possible to design
an all-optical switch based on index nonlinearities, using devices that exist today.
Further research is needed to determine the relative strengths and weaknesses of
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Figure 8.4: Measured probe phase shift as a function of copolarized pump-probe
delay (solid lines) for pump pulse energies of ~ 10 pJ and pulsewidths of (a) 160 fs
and (b) 700 fs. The dashed lines show the experimentally determined pump-probe
autocorrelation functions. The diode is biased at the transparency point.
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Figure 8.5: Measured change in probe transmission versus copolarized
pump-probe delay for a pump pulse energies of ~ 10 pJ and pulsewidths of 160
fs (solid line), 420 fs (dashed line), and 700 fs (dotted line). The diode bias
conditions are the same as in Figure 8.3.

all-optical switches based on gain and index nonlinearities in these diodes.

8.2 Summary of Other Results

Recently, there have been a number of experiments by other research groups that
have confirmed the importance of carrier heating and TPA to the nonlinear gain in
InGaAsP lasers and amplifiers. In the time domain, cross-polarized pump-probe
measurements of gain nonlinearities in bulk diodes have agreed qualitatively with
our cross-polarized results [116]. In those experiments, the authors varied the
pump-probe wavelength rather than the diode bias current to reach the three
regimes of operation. Their experimental results agree qualitatively with ours
[115]. They attribute the nonlinear changes in probe transmission to carrier heat-
ing, TPA and spectral hole burning. However, there are discrepancies between
the theoretical model and the data. These discrepancies may be due to the delay
in the onset of carrier heating. Still, it is clear from their experimental plots, as
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well as from other experiments with longer pump-probe pulses in MQW amplifiers
[26], that carrier heating causes significant nonlinear gain compression and that
the gain nonlinearity recovers with a limiting time constant cf ~ 1 ps.

Pump-probe experiments on active AlGaAs devices have confirmed the im-
portance of carrier heating to the diode’s total nonlinear response as well. Below
band measurements of the nonlinear refractive index were the first to suggest the
importance of free carrier absorption (FCA) in heating the distribution, and to
show clearly, the delay in the onset of carrier heating [67]. Subsequent experiments
on strained AlGaAs devices have suggested that the carriers are heated mainly
by stimulated transitions [153]. It is clear from the calculations plotted in Figures
2.5 and 2.7 that the relative magnitudes of the stimulated and free carrier effects
depend on a number of parameters. First, they depend on the ratio of the gain
coefficient to the FCA coefficient. Also, they depend on the carrier density and the
pump-probe wavelength (energy), relative to the average wavelength (energy) of
the carrier distribution. There are diode bias conditions (low carrier densities and
short pump-probe wavelengths) where stimulated carrier cooling should become
the dominant effect. Therefore, carrier heating due to FCA and carrier heating
or cooling due to stimulated transitions can cause nonlinear gain compression in
these diodes. Which effect dominates depends on the bias conditions to the diode,
the diode structure, and the optical wavelength.

Besides the time domain experiments described above, frequency domain ex-
periments have attributed some portion of the diode’s nonlinear response to carrier
heating. In four wave mixing (FWM) experiments, two detuned optical signals
(f1 and f;) are coupled into the waveguide under test. These two optical signals
beat at their difference frequency (f; — f2). When this beat frequency is less than
100 GHz, (nearly-degenerate FWM) the dominant effect is the modulation of the
carrier density. However, the carrier density can not respond to driving frequen-
cies greater than ~ 100 GHz (nondegenerate FWM), and the response due to the
nonlinear gain takes over. The modulation of the nonlinear gain can be thought
of as a modulation of the intraband carrier energy distributions. This modulation
of the gain (and the associated modulation of the index) will generate sideband
signals at 2f; — f; and 2f, — f1. The power in these sidebands is related to [154]

167



1
S T e A
where K; is the strength of the physical effect responsible for the nondegenerate
FWM signal and 7; is the time constant. Measurements of the relative sideband
power versus frequency detuning have shown a roll-off in the frequency detuning
range of 200-500 GHz [62] [154] [155] [156]. Tiemeijer and Vahala et al. showed
that their data could be fit by including the effect of nonlinear gain with a char-
acteristic time constant of 650 fs [154] {155]. Kikuchi et al. show a similar plot
of relative sideband power versus frequency detuning. However, their maximum
detuning frequency was only 400 GHz (compared to Tiemeijer’s 600 GHz and
Vahala’s 1.7 THz). They saw a resonance due to nonlinear gain but did not ob-
serve a clear roll-off in the generated sideband power. Therefore, they concluded
that the nonlinearity time constant must be shorter than 400 fs (1/[27 A f] where
Af=400 GHz). Further experiments are needed to resolve the discrepancies in

(8.1)

these results.

There are other reports in the literature that attribute some portion of an
observed nonlinear response to carrier heating. However, these reports are uncon-
vincing either because they use carrier heating to explain the leftover portion of
the signal not explained by spectral hole burning [157] [158] or because the index
changes or gain changes they observe are not consistent with those due to carrier
heating [145]. There are other reports in the literature that may be explained by
carrier heating. For instance, to date, the shortest optical pulses produced directly
from a modelocked semiconductor laser have a pulsewidth of 640 fs [159]. This
pulsewidth is consistent with the measured carrier cooling time. As we showed
in Chapter 6, short pulses saturate the gain more easily than longer pulses. This
gain saturation may limit the attainable pulsewidth in modelocked diode systems.

8.3 Future Work

While we have shown extensive time domain evidence for gain nonlinearities due
to delayed carrier heating and TPA, and for index nonlinearities due to delayed
carrier heating and an instantaneous electronic, or virtual process, there is still
much work to be done. First, we should characterize our diodes, under the same
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bias conditions, in the time and frequency domains. The strength of, and the
time constants for, the nonlinearities measured in the pump-probe experiments
should be verified by highly nondegenerate FWM experiments. Because the color
center lasers have very wide tuning ranges, compared to temperature-tuned dicde
lasers for example, we should be able to measure the relative sideband ratio for
frequency detunings greater than 500 GHz. Such a study would clarify the rela-
tionship between pump-probe and FWM experiments. Also, we should map out
the behavior of the various components in the nonlinear response as a function
of wavelength. In that case, the carrier density, N, would be constant. Then it
may be possible to determine the relative importance of FCA induced heating and
stimulated heating or cooling.

The measurements of the nonlinear index presented in this thesis are prelimi-
nary. There again, careful studies of how the different components in the nonlinear
response scale with pump-probe wavelength and carrier density may illuminate
some of the different mechanisms responsible for the total response. As we men-
tioned before, further experiments are needed to determine the maximum phase
shift attainable in such a device. Such a study may determine the strengths and
weaknesses of various all-optical switching architectures.

8.4 Final Word

In conclusion, we have reported the results of an extensive experimental study of
the ultrafast gain and index nonlinearities in InGaAsP diode lasers and amplifiers
operating in the 1.5 um region of the spectrum. We have studied the physical
mechanisms responsible for linear and nonlinear changes in gain and refractive
index. We have described the operation of the Additive Pulse Modelocked color
center laser that generates the 100-200 fs optical pulses used in the experiments.
We have employed a variety of time domain techniques to characterize the diodes.
Pulse echo experiments measured values of the GVD that ranged from —0.6 to
—0.95 pum™~!. Cross-polarized and bias-lead monitoring pump-probe experiments
revealed large gain nonlinearities due to carrier heating, TPA, and an unidenti-
fied transient increase in probe transmission. A novel heterodyne pump-probe
technique was developed to study strained quantum well structures and to study
copolarized as well as cross-polarized pump-probe results. Measurements using
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this new technique showed a delay in the onset of carrier heating. Most of the
previously unidentified transient increase in probe transmission was attributed to
this delay in the onset of carrier heating. A residual component of the nonlinear
response was attributed to spectral hole burning. The heterodyne technique was
extended to measure refractive index nonlinearities. Large index nonlinearities
due to delayed carrier heating and an instantaneous electronic, or virtual process
were observed. Pulsewidth-dependent output saturation energies in these diodes
were explained by the delayed carrier heating and TPA nonlinearities. The mea-
sured carrier cooling times were 650 fs for the bulk diodes, 700 fs for the MQW
diodes and 1 ps for the SLMQW diodes. The hot carrier thermalization time was
100-250 fs in all three diode structures.
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