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Abstract

Active-layer photomixing is an optical modulation technique to probe the fun-
damental modulation response of a semiconductor laser. By heterodyning two laser
sources with a tunable frequency difference in the device’s active region, the gain, and
hence the optical output, is modulated at the beat frequency of the sources. Using
an equivalent circuit model for the laser diode, the optical modulation is shown to
be decoupled from the electrical parasitics of the laser structure. The fundamental
modulation response of the laser can thereby be studied independently of the parasitic
response, which would otherwise mask the fundamental response. The photomixing
technique is used on GaAs/GaAlAs lasers at room temperature, liquid nitrogen and
liquid helium temperature, and it is verified that the modulation response appears
ideal to millimeter-wave frequencies.

Application of the active-layer photomixing technique led to the discovery and
explanation of a new effect called the “gain lever.” It enhances the modulation effi-
ciency of a semiconductor laser with a quantum well active layer. By inhomogeneously
pumping the device, regions with unequal differential gain are created. If the laser
is above threshold, then the overall modal gain is clamped, and by modulating the
section with larger differential gain, the output power can be modulated with greater
than unity quantum efficiency.

The fundamental coupling between intensity noise and phase noise in semiconduc-
tor laser light is investigated. This coupling, described by the o parameter, causes

the well-known linewidth enhancement, but also implies the fluctuations are corre-
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lated. By the technique of “amplitude-phase decorrelation,” the intensity noise can
be passively reduced by the ratio 1/(1 + a?). Using a Michelson interferometer as a
frequency discriminator, intensity noise from a DFB laser is reduced below its intrinsic
level up to a factor of 28.

A balanced homodyne detection scheme is used to study the noise reduction in
relation to the photon shot noise floor. The decorrelated intensity noise can be reduced
to within a dB of the shot noise level. Reduction below shot noise may be inhibited

by uncorrelated phase noise in the lasing mode.
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Chapter 1

Introduction

1.1 Semiconductor lasers

Since the first reports of lasing emission from a semiconductor p-n junction device
in 1962 [1]-[4], semiconductor lasers have developed at a remarkable pace [5], [6].
Initially, the high injection current densities needed to reach lasing threshold caused
severe heating problems. Lasing action could only be generated continuously at low
temperature or in pulsed operation at room temperature. Device lifetimes were short.
Since that time, fabrication technology and device design have progressed to the
point where lasers with extrapolated room temperature lifetimes of a century are
commonplace. Because of their low cost, reliability, low power consumption, and
capability for high-speed modulation, among other features, semiconductor lasers
are attractive sources of coherent light for a variety of applications. Most notably,
semiconductor lasers are beginning to play a major role in the expanding lightwave

communications industry.



The semiconductor material systems for laser fabrication are generally of two main
types, the GaAs/GaAlAs system and InP/InGaAsP system. In a conventional buried
heterostructure design, the laser’s active region (where the lasing occurs) is composed
of a lower bandgap material, such as GaAs, which is surrounded by higher bandgap
material, such as GaAlAs, in order to confine the injected carriers (the source of
the optical gain) and to guide the optical mode. GaAs/GaAlAs devices typically
have lasing wavelengths in the range 0.7-0.9 ym while InP/InGaAsP devices can
be made to operate at longer wavelengths within the 1.1-1.6 ym range. There are
many applications which dictate the choice of lasing wavelength. For instance, longer
wavelength lasers are required for long-distance terrestrial optical communication
because the wavelength region of minimum loss for silica fiber occur‘s near 1.55 pym.
In an optical disk memory, where information is read or written by a focused laser
beam, a shorter wavelength laser is advantageous because the light may be focused
to a smaller spot, increasing the storage density.

Specialized laser structures are currently fabricated to optimize specific features
of their performance. A few important examples are listed here. Lasers designed
for high-speed intensify modulation can have direct modulation bandwidths of over
10 GHz, allowing information to be conveyed on an optical carrier at very high
rates 7], [8]. In contrast to the more conventional Fabry-Perot laser cavity formed
by the cleaved semiconductor crystal facets, single-frequency lasing (side-mode sup-
pression > 30 dB) is achieved in distributed feedback and distributed Bragg reflector

cavity configurations [9]. Improved single-frequency sources which have a narrow



linewidth [10] and tunability [11], [12] are also being developed. These types of
devices will be necessary components of future coherent lightwave communication
systems. Lasers with a quantum-well (i.e., quasi-two-dimensional) active region have
been fabricated which have sub-mA threshold current [13], and proposed lasers with
lower-dimensional quantum-confined active regions (i.e., quantum wires and quantum
dots) promise enhanced modulation performance and even lower thresholds [14], [15].
Arrays of low-threshold lasers are envisioned in a future optically-interconnected com-
puter. Furthermore, semiconductor lasers designed for mode locking can emit a con-
tinuous stream of short optical pulses at a very high repetition rate, up to 100’s of
GHz [16], [17]. Optical pulse trains will be useful for high-speed timing in synchronous
systems, such as an optical computer or a phased-array radar.

Apart from their many applications, semiconductor lasers are intrinsically interest-
ing from a physicist’s point of view. For example, a semiconductor laser can be used as
a miniature laboratory to investigate fundamental dynamics of the intra-cavity pho-
ton and carrier populations by modulating the gain and observing the lasing output.
The modulated laser light can thus provide a window into the interactions taking
place within the active region. The interplay between the carriers and photons in
the active region is also responsible for a variety of peculiar phenomena. An exam-
ple of this is the fluctuations, or noise in the laser output arising from spontaneous
emission. Noise is an important pracﬁcal concern because it degrades the fidelity of
information encoded on the beam of light. Nevertheless, in a semiconductor laser the

amplitude and phase components of the field fluctuations are strongly coupled, in



contrast to the more typical case where spontaneous emission perturbs the amplitude
and phase of the lasing field independently. This coupling enhances the fundamental
laser linewidth by a large factor, as is well known, but the full implications of the

amplitude-phase coupling remain to be explored.

1.2 Outline of the thesis

In this thesis, experiments and accompanying theory are presented to investigate
fundamental aspects of semiconductor laser modulation and noise.

Chapter 2 covers “active-layer photomixing,” an experimental technique to probe
the fundamental modulation response of a semiconductor laser [18]-[24]. The fun-
damental response is important because it depends on only a handful of basic laser
parameters, such as the carrier spontaneous lifetime and the differential gain, and
therefore yields insight into these parameters and the physics of lasing in semicon-
ductors. Ordinarily, the fundamental response is not directly accessible to measure-
ment because electrical parasitics in thé device structure can dominate the measured
response, especially at high frequencies. By active-layer photomixing, the fundamen-
tal modulation response of the laser can be studied independently of the parasitic
response. In the technique, two laser sources with a tunable frequency difference are
heterodyned in the semiconductor laser’s active region. This modulates the gain,
and hence the optical output, at the beat frequency of the sources. Using an equiv-
alent circuit model for the laser diode, the optical modulation is shown to be decou-

pled from the parasitic circuit. The active-layer photomixing technique is used on



a GaAs/GaAlAs transverse junction stripe laser at room temperature, liquid nitro-
gen and liquid helium temperature, and it is verified that the modulation response
appears ideal to millimeter-wave frequencies (> 30 GHz).

In chapter 3 we discuss the “gain lever,” an effect which enhances the modulation
efficiency of quantum well semiconductor lasers [25], [26]. The gain lever arises in a
quantum well because of the special behavior of the optical gain as a function of carrier
concentration. By inhomogeneously pumping the active layer, regions with unequal
differential gain are created, and by modulating the region with larger differential
gain the output power can be modulated with greater than unity quantum efficiency,
i.e., one injected carrier can generate more than one additional lasing photon. Experi-
ments with a GaAs/GaAlAs quantum well laser show enhanced modulation efficiency
in accordance with the gain lever mechanism.

In chapter 4 the subject switches from laser modulation to laser noise with a dis-
cussion of “amplitude-phase decorrelation” [27]-[29]. Implications of the fundamental
coupling between intensity noise and phase noise in semiconductor laser light are in-
vestigated. The amplitude-phase coupling causes the well-known enhancement of the
fundamental laser linewidth by a factor 1+ o2, where « is the linewidth enhancement
parameter, but it is shown theoretically that this inherent coupling can be exploited
to reduce intensity noise below its intrinsic level by a factor of 1/(1 + a?). When this
occurs, the amplitude and phase fluctuations of the field are decorrelated. Exper-
imentally, the decorrelation technique is applied to passively reduce intensity noise

from an InGaAsP distributed feedback laser below its intrinsic level up to a factor of



28.

Because amplitude-phase decorrelation can potentially reduce intensity noise by
such a large factor, it is important to determine where the reduced noise stands in
relation to the fundamental shot noise floor. In chapter 5 we use a balanced homodyne
detection scheme to simultaneously measure laser intensity noise and the photon shot
noise level. Although the decorrelated intensity noise can be reduced to within a dB
of the shot noise level, reduction below the shot noise level appears to be inhibited
by uncorrelated phase noise in the instantaneous frequency fluctuation spectrum.

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

proceedings [18]-[30].
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Chapter 2

Active-layer photomixing:
Parasitic-free modulation of a

semiconductor laser

2.1 Introduction

The modulation properties of semiconductor lasers are of great interest due to their
importance in optical communication systems. Simply by modulating the laser’s bias
current, information may be written directly onto the light beam at GHz rates. The
light may then be conveyed by optical fiber for tens of kilometers with very little
loss. Because optical fiber has such an enormous bandwidth, on the order of THz,
the capacity of the laser/fiber system is not constrained by the fiber’s transmission
bandwidth. For this reason, it is desirable to push the modulation bandwidth of

- the laser to its theoretical limit. This requires a full understanding of the physics of
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high-speed modulation in semiconductor lasers.

Active-layer photomixing is an experimental technique, developed in our labora-
tory, to study the modulation properties of a semiconductor laser. The name “active-
layer photomixing” describes the interaction of two coherent optical fields which are
absorbed in the laser’s active layer. The beating between the fields produces a pop-
ulation of electrons and holes which oscillate at the beat frequency and subsequently
modulate the output power from the device. The advantage of this technique is that
it allows one to probe the fundamental, or intrinsic modulation response of the laser,
virtually free of device parasitics. Injection current modulation of the laser, on the
other hand, is governed by a superposition of the intrinsic response and the parasitic
response. At high frequencies, the modulation behavior is dominated by the electrical
parasitics, masking the laser’s intrinsic response.

Observation of the laser’s intrinsic response function, uncontaminated by parasitic
effects, provides insight into the physics of lasing in semiconductors. Agreement
between the measured response and the theoretically predicted response may also
justify the validity of the rate equations from which the theoretical response function
is derived. We note that the modulation data in this chapter represent the first direct
measurements of the fundamental modulation response of a semiconductor laser.

In this chapter, the physical principles of the active-layer photomixing technique
as well as experimental results are discussed. For completeness, the fundamental
modulation response of a semiconductor laser is derived from a set of rate equations

for the photon and carrier populations. The parasitic-free nature of the photomixing -
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technique is also justified in terms of an equivalent circuit model for photomixing
which may be compared to an equivalent circuit for conventional current modulation.

Three sets of experiments are described. First, the active-layer photomixing tech-
nique is used to modulate a transverse-junction stripe (TJS) laser at room tempera-
ture. Several tests of ideality are applied to the measured response, and no parasitic
effects are observed. Second, the technique is used in a low-temperature experiment.
A TJS laser is cooled to temperatures as low as 4.2 K and modulated by photomixing
at rates up to 15 GHz. The laser is cooled for two reasons. One, semiconductor
laser dynamics change in dramatic ways at low temperature. Two, the parasitic-
free nature of active-layer photomixing is further demonstrated because the device
parasitics become especially severe at low temperature. Finally, the response of a
buried-heterostructure laser is measured to millimeter-wave frequencies (> 30 GHz).
For this experiment, not only is the modulation generated optically but detected
optically with a Fabry-Perot interferometer.

The semiconductor lasers used in the active-layer photomixing experiments in
this chapter are GaAs/GaAlAs devices with lasing wavelengths near 0.8 um [1]-[7].
Since the introduction of the active-layer photomixing technique, however, others
have applied a related parasitic-free optical modulation techﬁique to the study of

longer wavelength InP/InGaAsP lasers [8]-[12].
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2.2 The physical principles of active-layer photomixing

In this section we provide a simple picture of the physical principles of the active-
layer photomixing technique. We also indicate the relationship between active-layer
photomixing and ordinary optical heterodyne detection. First, the physics of pho-

tomixing must be reduced to its essentials.

2.2.1 Photomixing in a semiconductor

Consider two plane-polarized plane waves of frequencies w; and w,y, with w; ~ wy,
normally incident on a semiconductor slab. The incident electric field vector is given
by

E(t) = E; cosw;t + E; cos w,t (2.2.1)

where for simplicity the spatial dependence is ignored and the waves are in phase at
the time origin. Let the photon energies of the waves, hw; and hws,, be greater than
the bandgap energy of the material, assumed to be a direct gap semiconductor such as
GaAs, so that the light is strongly absorbed. Because the dipole matrix element for the
| absorptive transition is isotropic, the absorption rate does not depend on the absolute
orientation of the E-field vector. By Fermi’s Golden Rule, the absorption rate per
unit volume is a function of the square of the electric field amplitude. Electron-hole
pairs are created at a rate proportional to |[E(¢)[?, and the carrier generation rate,
m(t), has a steady-state and a time-dependent part resulting from the beating of the

two fields.

7(t) < |[E@)F = |E;coswit + E;coswyt|?
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1
= E(IEIP + |E|?) + E; - E; cos(w; — w))t. (2.2.2)

Components of 7(t) which oscillate at the optical frequencies wy, wy and w; +w, have
been temporally averaged. As shown above, the carrier generation rate is modulated
at the difference frequency of the incident fields, and the strength of this modulation
depends on the relative polarization of E; and E,.

A simple two-band diagram in Fig. 2.1 shows what happens to an electron-hole pair
after absorption of an input photon. Because the k& quantum number of the electron
is approximately conserved, and the transition energy is greater than the bandgap,
the electron is sent high into the conduction band above the band-edge energy. The
carriers are quite hot in comparison to the thermal energy of the system. They quickly
cool to their respective band edges where they remain until they recombine.

This picture of the carrier dynamics is based on the important fact that intraband
transitions occur on a much faster timescale than spontaneous interband transitions.
Although these issues comprise an active area of study, for a semiconductor such
as GaAs it is generally understood that intraband relaxation times are near 1072 s
while band-to-band spontaneous transition lifetimes are on the order of 102 s. Re-
cent pump-probe experiments with ultrashort laser pulses in GaAs have measured
separate relaxation times for hot electrons as they cool to the electron temperature
(0.3 x 107'% 5) and to the lattice temperature (1.5 x 107!2 s) [13]. In comparison to
timescales relevant to this thesis, these intraband relaxation processes are practically
instantaneous. Consequently, the carrier pool within each band maintains thermal

equilibrium even though the electron and hole populations may not be in thermal
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Figure 2.1: Sequence of events in a direct-gap semiconductor when a photon is absorbed.
An electron is excited high into the conduction band and rapidly decays to the band edge.
The hole similarly relaxes to the valence band edge. When two fields at frequencies wy and

wz are incident, the carrier transition rate is modulated at the beat frequency w; — ws.
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equilibrium with each other. This is the conventional justification for a description
of the carrier populations based on quasi-Fermi levels.
In equilibrium, the occupancy of states in a given band is governed by the Fermi

distribution. The electron concentration is given by
400
N = / po(E — E)f.(E)dE (2.2.3)

where p.(E) is the density of states in the conduction band, E. is the energy of the

band edge, and f. is the Fermi factor, defined as

1
fc(E) T e(E-F;)/kpT +1

(2.2.4)

Here, F is the quasi-Fermi level for the conduction band, kg is Boltzmann’s constant,
and T is the temperature of the crystal lattice. We see that, for T constant, if NV
changes by optical pumping or some other means, then the quasi-Fermi level must
also change.

Returning to (2.2.2) and Fig. 2.1, it is clear that the carrier population is coherent
with the generation rate =(t), since the photo-excited carriers tumble down the band
and rapidly equilibrate with the carrier pool. Equivalently, the quasi-Fermi level
F. in (2.2.4) is coherent with x(t). Of course, we must assume that the inverse
beat frequency of the mixing fields, 1/(w; — w;), is much less than the intraband
relaxation time. From the above discussion, this condition may be satisfied for beat
frequencies approaching 100 GHz. Thus, by photomixing two coherent fields in a
semiconductor, it is possible to drive the carrier populations at ultra-high frequencies

while maintaining thermal equilibrium within each carrier pool.
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2.2.2 What is active-layer photomixing?

Active-layer photomixing is a clean, optical technique to probe the fundamental lasing
dynamics of a semiconductor laser. In active-layer photomixing, the coherent input
fields described above are selectively mixed in a semiconductor laser’s active region.
Because optical gain in a semiconductor is a function of the carrier population, the
technique provides a means to high-frequency modulate the gain by driving the car-
riers at the beat frequency. This allows one to study the fundamental dynamics of
the interaction between the gain and the lasing mode of the semiconductor laser.
Clearly, the benefits of optical modulation are (1) the modulation may be gener-
ated at arbitrarily high frequency by tuning the beat frequency of the mixing sources,
and (2) the carriers are produced directly in the active region where they immediately
influence the optical gain. In addition, by bringing the mixing beams to a point focus
it becomes possible to locally modulate the carrier density over a small portion of
the laser’s active region. In fact, by point modulating a semiconductor laser with a
quantum-well active layer, a new gain mechanism was discovered—the “gain lever”—
which is the topic of chapter 3. Active-layer photomixing is therefore a unique tool

with which to study semiconductor laser dynamics.

2.2.3 Relationship to heterodyne detection

Active-layer photomixing may be viewed as a relative of ordinary optical heterodyne
detection. Both methods involve the mixing of two coherent optical fields to generate

a response at the difference frequency. In a typical heterodyne detection scheme, the
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two fields are absorbed in the intrinsic region of a p-i-n photodiode. The oscillating
carrier population is swept from the generation volume with a static electric field,
and the beating between the input fields modulates the photocurrent at the difference
frequency. This is illustrated in Fig. 2.2, where the photocurrent spectrum is given
by a peak at w; — w,. The essential feature is that the mixing of the light creates
carriers which are coupled out of the detector as a modulated current. In active-layer
photomixing, by constrast, the two fields are mixed in a laser diode’s active region
where, because the intrinsic impedance of the active region is very small (see section
2.4), the photocarriers remain to modulate the optical gain. So far the modulation
has not been recovered. But because the semiconductor laser is above threshold, the
oscillating gain remodulates the semiconductor laser output at the beat frequency
wy — wy. Assuming that the device is lasing at a single frequency wy, the result is
that sidebands are generated at wy + (w; — w;) (see Fig. 2.2). In this sense the beat
frequency of the input fields has been detected through the appearance of sidebands

on the optical carrier.

2.3 The fundamental modulation response of a semiconduc-

tor laser

The starting point for treatment of the modulation response of a laser diode is the
pair of single-mode spatially-averaged rate equations for photon density in the lasing

mode, P, and carrier density in the active region, N. For above-threshold operation,
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Figure 2.2: Similarity between active-layer photomixing and optical heterodyne detection.
Heterodyning two fields on a detector modulates the photocurrent at the beat frequency,

while active-layer photomixing generates sidebands on the lasing frequency.
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the rate equations may be written as [14]

d P
=P = PG(N,P)P—;_—;—#@ (2.3.1)
% N = —G(N,P)P—R(N)+1I (2.3.2)

where G is the optical gain, I' is the mode confinement factor, 7, is the photon lifetime,
© is the spontaneous emission rate into the lasing mode per unit volume, R is the
carrier spontaneous recombination rate per unit volume, and II is the pumping rate
in units of carrier density per second.

Some of these terms need to be clarified. The gain, G, is not only a func-
tion of the inversion, IV, but of photon density as well. This accounts for power-
dependent mechanisms which tend to reduce the gain as mode power increases (non-
linear gain) [15], [16]. Because the active region is usually smaller than the lasing
mode volume, the confinement factor, I' (< 1), is needed to account for the incomplete

spatial overlap. The photon lifetime, 7,, is defined as

1_ec (a,. + iln(l)> (2.3.3)

T, L ‘r
where c is the speed of light, n; is the refractive index of the active layer, L is the
cavity length, and r is the facet reflectivity. 7, measures the damping of the photon
population due to (useful) facet loss and internal loss, a;, such as waveguide scattering
and free-carrier absorption.
The rate equations are linearized by first decomposing the dynamic variables N(t),

P(t), and II(%) into a steady-state part and a small, time-varying part

P(t) = P,+ p(t) wherep(t)/P, < 1,etc. (2.3.4)
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N(t) = N,+n(t) (2.3.5)

() = I, +=(t). (2.3.6)

Then, the gain and spontaneous recombination rate are Taylor expanded to first order

about the operating point (P,, N,).

GOV, PW) = GNowP)+n(tygnGNP| 4555000, P)
= G, +n(t)gn + p(t)gy (2.3.7)
RIN®) = RO +n(t) 70RO
- g 4™ (2.3.8)

Tsp
Here, g, is the differential gain, g, is the non-linear gain, and 7, is the carrier spon-
taneous lifetime. Substituting these expansions into the rate equations, and neglect-

ing products of small-signal quantities, the following time-independent equations are

found
P,
ré,Pp,——+06 = 0 (2.3.9)
Tp
-G,P,-R,+1I, = 0. (2.3.10)

Equation (2.3.9) shows the familiar gain clamping condition whereby the steady-
state modal gain I'G, equals the loss plus a contribution from spontaneous emission.
Often the spontaneous term may be neglected. Equation (2.3.10) shows that the laser
power above threshold varies linearly with pumping rate. Continuing, we also find

the small-signal rate equations

d
2o = T(G,+g,P.)p+TgnPon — & (2.3.11)
dt Tp
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in = —gPon—(G,+g,P)p — oy (2.3.12)
dt Tsp

which may be Fourier transformed with respect to frequency 2 to yield the small-
signal modulation response. In matrix form, the transformed equations are
(TG, + g, P, — L + i) Tg,P, 3(9) 0
“(GotgpP)  —(gPt L —i0) | | A(9) —#(%)
Inverting the 2 x 2 matrix gives

#(Q) Lg.P, #(9)
D(Q)

n(Q) ~(IG, + Tg,P, — 3= +iQ)

where the resonant denominator, D({), is a lengthy expression.

1 nPo 1 1
D(R) = 0% — iQ(guPs + — TG, —TgpPo+ —)+ 22 _ L pg 41y p — L),
sp Tp Tp Tsp Tp
(2.3.13)
D()) may be simplified using the gain clamping condition (2.3.9) and the fact that the
(Pg,P,)/Tsp term may be neglected in comparison to the (g, P,)/7, term (for a laser
with a typical 300 pm cavity length, the carrier spontaneous lifetime is 2-3 orders of

magnitude greater than the photon lifetime, whereas g, ~ I'g,). As a result,

. 1 0, g5
D(Q) = -0 — iQ(g, Py + — —Tg, P, + —) + 2
Tsp P, Tp

(2.3.14)

The small-signal modulation response functions for the photon density and carrier

density may then be written compactly in their final form.

. g, P, .
() = B ;) 7(Q) (2.3.15)

. —(LgpP, — g— +:Q)
Q) = ° T 3.
() A 00 7(2) (2.3.16)
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where wpg, the relaxation oscillation resonance frequency, and +, the relaxation oscil-

lation damping rate, are defined as

wp = %L (2.3.17)
Tp
= 119 (g-Tg)P (2.3.18)
Py B T3P PO gn gp . e

The response functions (2.3.15) and (2.3.16) are fundamental in the sense that they
stem from the basic laser dynamics as modeled by the rate equations. These functions
therefore yield insight into the physics of lasing in semiconductors. Because the cavity
photon density is directly proportional to the laser output power, 5(f2) governs the
fundamental modulation properties of the laser output. Equation (2.3.15) shows
that p(Q?) is equivalent to the response of a damped harmonic oscillator. Important
features of (2.3.15) are: The response is flat at low frequencies, there is a resonance at
the natural frequency of the coupled photon/carrier system (the relaxation resonance,
wr [23]), the width of the resonance is governed by the damping, v, and the response
decays as 1/Q2, or 20 dB/dec, beyond the resonance.

The response function for the carrier density (2.3.16) is similar to p(Q2), as they
share the same resonant denominator. The low-frequency behavior is quite different,
however, because of the iQ term in the numerator. If not for the g, term, at high
output power the carrier density would be perfectly clamped near dc (i.e., 7 — 0).
At high frequencies beyond the resonance, the carrier and photon populations are in
quadrature. Equation (2.3.16) will be used later for evaluating the intrinsic impedance
of the laser diode.

In the laboratory, modulated semiconductor laser light is detected with a photo-
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diode, and the ac photocurrent power from the detector is measured as a function
of frequency with an electronic microwave spectrum analyzer. Consequently, what is
measured is proportional to |5(Q2)|?. From (2.3.15), the measured intensity modula-

tion response of the laser is given by

P (PgnP,)?
(wh - 022+ 4207

;’Z(Q) (2.3.19)

()

Figure 2.3 shows a calculated response function for a GaAs/GaAlAs semiconductor
laser (the transverse junction stripe laser discussed in the following sections) at two
different bias levels. The response is normalized by its low-frequency value. As
output power increases, the resonance frequency moves out to higher frequencies, in
accordance with (2.3.17). One important feature of the fundamental response |5(£2)?
is that it eventually rolls off as 1/9%, or 40 dB/dec at high frequencies beyond the
resonance.

From an optical communications standpoint, wg serves as the definition of the
practical modulation bandwidth of a semiconductor laser. It is therefore desirable
to increase wp as much as possible. From (2.3.17), we see that wr depends on three
parameters, differential gain, photon density, and photon lifetime. Much progress
has been made in extending vg ( = wg/(27)) beyond 10 GHz by the use of multiple
quantum well active layers to increase g, [17], [18], window structures or tight optical
confinement to increase P, [19], [20], and short cavity lengths to reduce 7, [21], [22].

The overall shape of the fundamental response |5(Q)[? is characterized by just two
parameters, the relaxation resonance frequency, wg, and the damping rate, v. Both

- of these parameters may easily be determined from the resonance peak of the ideal
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Figure 2.3: Calculated fundamental modulation response |5|? for a GaAs/GaAlAs TJS laser

at two different bias levels (1.17 I, and 1.54 I, where Iy is the threshold current). The

resonance moves out to higher frequencies as a function of laser bias. The response decays

at 40 dB/dec beyond the resonance.
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response function. If the resonance reaches its maximum value at the frequency Q...

with relative height |5(Q..)/5(0)]?, then

2
wh = Proe (2.3.20)
~ 2
- , p(0)
ﬁ(Qmaz‘)
and the damping rate is found from
7 = 2wk - Q%) (2.3.21)

By extracting wg and v from a series of response curves at different laser bias levels,
the dependence of these parameters on output power can be compared with theory.

From (2.3.17) and (2.3.18), wg and 4 can be reexpressed as

W = b (2.3.22)
Tp
1 0 Tlg,|
N = .T.;;+E+rpw};(1+ gn”) (2.3.23)
r
= 7o+rpw§(1+ﬂ). (2.3.24)

where v, is a power-independent contribution to the damping (the ©/P, term is
negligible except for operation very near threshold). It can be seen that w} is a linear
function of laser output power, whereas + is expressible as a linear function of w?.
In addition to spontaneous and stimulated recombination, the carrier density in
the active region may be damped by diffusion and other effects [24]. Although such
mechanisms were not explicitly included in the original set of rate equations(2.3.1)
and (2.3.2), additional independent damping rates may easily be incorporated in
the power-independent spontaneous damping term, <,, to account for all sources of -

damping to the carrier population.
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In summary, the rate equations predict that the fundamental modulation response
of the laser diode (2.3.19) is flat at low frequencies, has a damped resonance near the
relaxation oscillation frequency, wg, and eventually rolls off at 40 dB/dec beyond the
resonance. In addition, w} is a linear function of laser power, and the damping rate,
7 is a linear function of w¥. All of these features can be used to test the ideality

of the measured response function when the laser is modulated by the active-layer

photomixing technique.

2.4 Active-layer photomixing vs. conventional current mod-

ulation: Equivalent circuit model

When directly modulating the curreht to the laser diode, electrical parasitics in the
device packaging and the laser structure will divert modulation current from the
active region. The response of the laser to conventional current modulation is thus a
superposition of the fundamental response, given above, and the parasitic response.
The fundamental modulation response is therefore obscured by the parasitic loading,
especially at high frequencies.

In this section we show that, unlike conventional cﬁrrent modulation, active-layer
photomixing is a parasitic-free modulation technique. By modeling the laser diode
in terms of an equivalent electrical circuit [3], including an equivalent impedance for
the active region, it will be seen that the modulation generated by the photomixing

is effectively decoupled from the parasitic circuit at all frequencies.
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2.4.1 Equivalent circuit for conventional current modulation

The fundamental response $(Q)/#(2) (2.3.15) is the reponse of the photon density
to modulation of the carrier density in the active-region. The conventional means for
applying the modulation is through modulation of the laser’s bias current. However,
electrical parasitics will influence the degree to which the injection current modulation
translates into carrier density modulation. In other words, the pumping rate II(¢)
in (2.3.2) is a function of the bias current I(¢) flowing to thé device which must
additionally drive an external parasitic circuit not accounted for in the rate equations.

In the frequency domain, the small-signal quantities are related by
#() = Hre(Q)i(Q) (2.4.1)

where Hpc(Q) is the parasitic response function. The response function for con-
ventional current modulation, p(f2)/i(f2), is thus a superposition of the fundamental

response and the parasitic response. That is,

L'g.P,
wh — 02 — iy

(2.4.2)

The fundamental response is thus obscured by the parasitics, especially at high fre-
quencies. For an example of how parasitics may dominate the measured response
function, see [25].

The parasitic circuit is a combination of many things. Among them are the induc-
tance of the bond wire, series resistance and capacitance of the contact layer, and the
capacitance of the p-n junction’s depletion region. Some of these impedances may be

reduced by careful design of the laser and mount. However, they can only be reduced
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so far. For instance, the depletion layer capacitance is unavoidable because the p-n
junction is integral to the structure of a laser diode.

An equivalent circuit for conventional current modulation of the laser diode is
shown in Fig. 2.4. The current source i(Q) is coupled into the circuit through the
bond wire. The laser’s active region is represented by an equivalent impedance,
Z(f2), discussed below. It can be seen that there are parasitic paths through the
depletion capacitance Cp and contact-layer capactance C which divert current around
the active layer. Typical values for the parasitic impedances are R = 10 Q, C =
10 pF, Cp = 10 pF, and L = 1 nH. Because |Z(2)| is extremely small (see below),
by inspection of the figure the parasitic response is primarily governed by the parallel
combination of the contact layer capacitance, C, and resistance, R. The corner
frequency of this RC circuit is about 1.6 GHz for the values given above. Reductions
in C, and improvements in the parasitic corner frequency, have been obtained for
devices on semi-insulating substrates [26]. Nevertheless, even for optimal tailoring
of the parasitics, there will always be some high-frequency cut-off beyond which the

parasitic response dominates the modulation response of the laser.

2.4.2 Intrinsic impedance of the laser diode

In order to model the semiconductor laser by an equivalent circuit, it is useful to
describe the laser diode by an effective impedance [27]. This impedance is given by
Z(Q) = 9(2)/iL(2) where ¥ is the small-signal voltage amplitude across the junction,
i.e., the quasi-Fermi level separation, and iy is the small signal injection current

amplitude into the active region. The voltage is related to the carrier density 7(Q)
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Figure 2.4: Equivalent circuit model for conventional current modulation of a laser diode.

The active region is represented by an effective impedance Z(Q).



32

(2.3.16) by the following expression [28]

_ MEsT ()

TN (2.4.3)

()

where kg is Boltzmann’s constant, T' is the lattice temperature, ¢ is the electron

charge, N, is the average carrier density, and M is given by

N 1 1
wozs e (L1, "
tB N T (24.4)

Here, N, and N, are the effective density of states for the valence and conduction
band, respectively.

Using i(R2) = ¢V#(Q), where V is the active region volume, the intrinsic impedance
is

MkgT § — g, P, — 10
¢*VN, w§ — Q2 — 40

Z(Q) = (2.4.5)

Using values for g,, wg, and v measured for a GaAs transverse junction stripe laser dis-
cussed below, |Z({)| is plotted in Fig. 2.5 for several photon densities corresponding
to output powers from 0.5 mW to 10 mW. |Z(£2)| peaks at the relaxation resonance
frequency, but overall the impedance is rather small. At low frequencies, |Z(£)] is on
the order of 10’s of milli-Ohms. Intuitively, the intrinsic impedance is small because
the gain saturation impels the carrier density to clamp to its threshold value. The
junction voltage is therefore clamped, giving rise to a small impedance. The finite
impedance at low frequency in Fig. 2.5 results primarily from the nonlinear gain term
gp- If this term were absent, then the low-frequency impedance at high output power

would approach zero.
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Figure 2.5: Intrinsic impedance of the laser diouc vs. frequency. Characteristics correspond,

from left to right, to output powers of 0.5, 1.0, 5.0 and 10 mW per facet.
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2.4.3 Equivalent circuit for active-layer photomixing

As shown below, the advantage of active-layer photomixing is that the laser can be
modulated nearly independently of the parasitics. Initially, this may appear obvious
because the carriers are optically generated directly in the active region instead of
being injected from the outside world. No matter how the carrier population is being
modulated, however, an oscillating carrier density implies that the separation between
the quasi-Fermi levels, and hence the junction voltage, is also oscillating (see (2.2.4)).
We must therefore evaluate how this voltage interacts with the parasitic circuit before
we may claim that the active-layer photomixing technique is parasitic-free.

An equivalent circuit model for active-layer photomixing is shown in Fig. 2.6. The
parasitic circuit is identical to Fig. 2.4, but for photomixing the optical modulation
within the active region is equivalent to a current source () across the intrinsic
impedance Z(f2). Parasitic current paths through the contact-layer resistance and
depletion capacitance are shown in the figure. Because |Z(Q)| < R, the only potential
source of any significant parasitic loading is through Cp. The impact of this loading
can be measured by the following transfer function,

i 1

T 1T 00z (24.6)

Figure 2.7 shows |if, /%] for two laser power levels and several values of Cp. The impact
of parasitics on the active-layer photomixing modulation is evident near the relaxation
resonance frequency, but only for large Cp is any capacitive loading apparent. At
higher modulation frequencies beyond the resonance the small amount of parasitic

loading is actually diminished, in contrast to conventional current modulation where
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the parasitics only become worse at higher modulation frequencies. For the laser
diode discussed below, Cp is estimated to be less than 10 pF. From the figure, we see
that for Cp < 10 pF, the optical modulation generated by active-layer photomixing

is effectively decoupled from the parasitic circuit at all frequencies.

2.5 Experimental implementation of active-layer photomix-

ing

In order to perform active-layer photomixing in a semiconductor laser, there are some
basic experimental requirements which must be met. First of all, two single-frequency
lasers are needed for the photomixing sources, and at least one of them must be
tunable. Returning to Fig. 2.1, it is apparent that the optical frequency of the mixing
beams is not critical so long as the photon energy exceeds the band gap energy
of the semiconductor material in the active layer. However, it is often preferable
to photomix through the top surface of the laser diode. This is possible because
in a conventional buried heterostructure semiconductor laser, the active region is
surrounded by higher bandgap material in order to confine the carriers and to guide
the optical mode. For surface pumping, the mixing light is thus constrained to a range
of photon energies where the active region is absorbing but the overlying material is
transparent. Alternatively, the active region may be optically modulated through one
of the facets. Because the mixing light is strongly absorbed, however, this approach
accelerates facet degradation which may lead to premature failure of the device under

.study.



36

Photomix Induced Modulation
Equivalent Circuit Model

ik

-_—C
A l ?\ '
; 1 Z(Q)
Y TCp LASER
@

Figure 2.6: Equivalent circuit model for modulation of a laser diode by active-layer pho-

tomixing .
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Figure 2.7: Loading of active-layer photomixing modulation by the depletion layer capaci-

tance for several values of Cp. Characteristics are shown for laser output powers of 1 mW
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A typical experimental setup for active-layer photomixing is shown in Fig. 2.8.
The photomixing sources are provided by a Kr ion laser and a tunable dye laser.
Either the Kr line at 752.5 nm or 676.4 nm was used at different times for surface
pumping a GaAs/GaAlAs laser diode. These two Kr wavelengths satisfy the need
for absorption in the GaAs active layer and transmission through the surrounding
GaAlAs. The dye laser, pumped by an Ar ion laser, operates at these wavelengths
by running either Pyridine 2 or DCM laser dye, respectively.

Both lasers are single frequency. The Kr laser is forced to run single frequency
by an intra-cavity etalon, while the dye laser has multiple intra-cavity etalons and a
tunable birefringent filter. The free-running Kr laser maintains an effective linewidth
of about 20 MHz, which is caused by mechanical vibrations in the resonator, primarily
from cooling water flow. The dye laser, on the other hand, is electronically locked
to an external cavity, maintaining an rms linewidth of 500 kHz. Since the two lasers
are independent of each other, the beatnote spectrum is dominated by the jitter in
the Kr lasing frequency, giving a beatnote linewidth of about 20 MHz. The dye
laser frequency may be electronically scanned continously over 30 GHz without mode
hopping.

The two laser outputs are focused into single-mode optical fibers. A 50/50 fiber
coupler is then used to combine the mixing beams into the same fiber. Initial overlap
of the two frequencies is accomplished by first directing the output from one arm of the
fiber coupler into a 0.75 m grating spectrometer. The dye laser is mode jumped until

the two laser frequencies fall within 10 GHz, the resolution of the spectrometer. We
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then illuminate a photodiode with the mixed light and scan the dye laser frequency
until the beat frequency falls within the bandwidth of the photodiode. A beatnote
in the photocurrent then appears on an electronic spectrum analyzer. The dye laser
scan offset is then adjusted until the beat frequency can be continuously scanned
from 0 to 30 GHz. Of course, higher beat frequencies are obtained simply by mode
jumping the dye laser.

So that the maximum power is available for optical modulation (see (2.2.2)), the
polarizations of the mixing beams need to be aligned at the output of the fiber coupler.
In our experiment, the rela,tive\ polarization is controlled by squeezing one of the input
fibers between two metal plates using a PZT. The polarization can be rotated in this
way because a single mode fiber becomes birefringent when stressed [29].

A p-i-n photodiode is used to detect the intensity modulation of the semiconductor
laser. Of course, the measured response of the laser diode will be superposed with
the frequency response of the detector. However, a side benefit of the active-layer
photomixing technique is that the mixing beams may first be used to accurately
calibrate the response of the detector by heterodyning the beams on the detector and
scanning the beat frequency [30], [31]. The detector response may then be factored
out of the measured laser diode response.

Efficient coupling of the mixing light into the narrow (~ 3 um) active region
of a laser diode proved to be experimentally challenging. A video camera with an
infrared-sensitive vidicon is used to image the top surface of the laser diode on a

CRT. The camera, in conjunction with a microscope objective lens, serves as a video
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microscope. First, the laser is slightly forward biased so that the luminescent stripe
from the active region is visible. Because of the beam splitter, the back reflected
mixing light is also visible, and this enables rough alignment of the pump light into
the active region. Then, the bias voltage to the laser is turned off, and the pump
focus is adjusted to maximize the dc photocurrent in the biasing circuit induced by
the pump light. By using the laser diode in this way as a photodetector, the coupling
into the active-region can be brought reasonably close to the optimum. Next, the
laser is biased above threshold and the photomix-induced beatnote is monitored on
a microwave spectrum analyzer while making final adjustments to the pump focus.
Finally, the fiber squeezer is tweaked to maximize the modulation power by bringing

the polarizations of the mixing beams into alignment.

2.6 Fundamental modulation response of a TJS laser diode

In this section, the active-layer photomixing technique is used to measure the funda-
mental frequency response of a GaAs/GaAlAs semiconductor laser to 12 GHz [1], [2].
Well beyond the relaxation resonance, the theoretically predicted 40 dB/dec rolloff in
the response is observed. Other features of the measured response function are also
observed to be the theoretical ideal.

The device used in this experiment is a Mitsubishi GaAs transverse junction stripe
(TJS) laser diode with a 16.2 mA lasing threshold and lasing wavelength of 838 nm.
This particular device has a transparent contact to facilitate the photomixing process.

It was mounted in a low-frequency hermetically-sealed capsule which was disassembled
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for the experiment. As shown in Fig. 2.8, the mixed pump light is focused by a
cylindrical lens and microscope objective to a stripe coincident with the active region.
In this way we can couple uniformly into the active region over the entire length of
the device. The modulation signal is detected with a p-i-n photodiode (Ortel PD050-
OM). An optical isolator with 35 dB isolation (not shown) suppresses feedback to the
laser diode and rejects any scattered pump light going to the detector. The detected
microwave photocurrent is measured with an HP 8565A spectrum analyzer combined
with an HP 8349B amplifier. We calibrated the detection system—p-i-n photodiode,
amplifier and cables—to 20 GHz by photomixing directly on the detector, as discussed
above. A storage normalizer is then used to subtract the detector response from the
measured modulation characteristics. The cold stage was not used in this room
temperature experiment.

The beat frequency power incident on the active region of the semiconductor laser
is approximately 7 mW, which takes into account a 30% Fresnel reflection from the
contact layer. The intensity modulation index of the semiconductor laser output
may be found from the ratio of the amplitude of the ac photocurrent to the dc
photocurrent induced in the detector. The modulation index is 5.6% and 10.3% well
below the resonance for a 28 mA and 22 mA bias, respectively.

Plots of the observed modulation response (normalized by their low-frequency
value) at different bias currents a,ppeax; in Fig. 2.9. Data points are only given on two
curves for clarity. The data for the 25 mA characteristic extend as far 12 GHz (the

high-frequency cut-off in the data is caused by the noise floor in the detection system,
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which rises as a function of frequency). We note the resonances are clearly defined.
For each characteristic we also observe the ideal 40 dB/dec rolloff well beyond the
resonance. This is most easily seen on the 17, 19, and 22 mA characteristics where the
data extend to several multiples of the resonance frequency. By use of (2.3.20) and
(2.3.21) we can extract from these characteristics wg and 4 for each bias level. A plot
of v}, where vg = wg/(2x), versus laser bias current, proportional to output power,
appears in Fig. 2.10. These data exhibit the theoretical linear behavior predicted by
(2.3.22).

The damping rate, v, can be expressed as
v =7 + Kw} (2.6.1)

where 7, includes the power independent sources of damping and K = 7,(1 +£g'—iﬁ) (see
(2.3.24)). The theoretical linear relationship between v and w3 is verified in Fig 2.11.
The slope and intercept of the fitted line yield estimates for 4, and K of 0.84 GHz
(corresponding to a carrier spontaneous lifetime of 1.2 ns) and 6.2 ps, respectively.
Based on a photon lifetime for this device of 3 ps, differential gain parameter of
2.5 x 107 cm?® sec™?, and mode confinement factor of 0.4, then |g,| is determined to
be 6.9 x 10~¢ cm?® sec™.

In conclusion, we have measured the intrinsic modulation response of a
GaAs/GaAlAs TJS laser diode by the active-layer photomixing technique. The mea-
sured response characteristics appear to be ideal, and there is no indication of any
parasitic effects. Well beyond the resonance, the theoretically predicted 40 dB/dec

rolloff is observed. The dependence of the resonance frequency and damping rate on
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laser output power are also observed to be the theoretical ideal.

2.7 Low-temperature modulation response of a TJS laser

diode

In this section, we use the active-layer photomixing technique to directly modulate
the output of a GaAs/GaAlAs TJS laser operating at cryogenic temperatures [4]-
[6]. Our objective in these low-temperature experiments is twofold. First, the laser
dynamics change in dramatic ways at low temperature [32]. From the measured re-
sponse functions, the relaxation resonance frequency and the damping rate can be
extracted. The temperature dependence of these parameters can then be compared
with theory. Second, the parasitic-free nature of the photomixing technique can be
further verified because the device parasitics become especially severe at low temper-
ature. For instance, at 4.2 K, the parasitic RC corner frequency is estimated to be
410 MHz, yet the response of the TJS laser measured by active-layer photomixing

appears ideal out to 15 GHz.

2.7.1 Experimental details

The experimental arrangement for the low-temperature measurements is similar to
the layout shown schematically in Fig. 2.8, the main difference being that the laser
is mounted on a copper heat sink in a low-temperature cryostat under vacuum con-
ditions (5 x 1078 Torr). The cryostat may be operated with either liquid nitrogen or

liquid helium. It is also equipped with a resistive heater and temperature controller to
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maintain the heat sink within a degree of the desired temperature. Because efficient
optical coupling into the laser diode’s active region requires sub-micron mechanical
stability, however, it proved necessary to allow sufficient time (= 1 hr.) for thermal
stresses in the mount and supporting column to equilibrate. For this reason, the
heater was turned off, and the measurements were performed only at room tempera-
ture, liquid nitrogen temperature (77 K), and liquid helium temperature (4.2 K).

For the TJS laser, the photomixing light at the 752.5 nm Wa\}elength used in the
room-temperature measurement of the previous section is less efficiently absorbed
in the active region at low temperature. Because the band gap increases as the
semiconductor crystal is cooled (see below), the GaAs becomes less absorbing at this
wavelength. We therefore switched to a shorter pump wavelength, using the 676.4 nm
Kr line and converting the dye laser to run DCM dye. The GaAs is more strongly
absorbing at this shorter wavelength from room temperature down to 4.2 K, while
the GaAlAs cladding layer remains transparent. This wavelength was then used for
all subsequent photomixing experiments.

A pair of quartz Winddws positioned at right angles on the vacuum chamber pro-
vides access to the top surface and front facet of the TJS laser. Because the working
distance from the chamber window to the laser is about 5 cm, high-quality lenses

were required to provide the best possible diffraction-limited focus.

2.7.2 The effects of low temperature on a laser diode

When a semiconductor laser is cooled, many things happen. Among them: the thresh-

old current decreases, the lasing wavelength shifts to shorter wavelengths, the differ-
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ential gain increases, and the series resistance of the contact layer increases. Many of
these effects stem from the temperature dependence of the Fermi distribution func-
tion, which becomes more step-like as temperature goes down (see (2.2.4)). However,
each of these effects will be dicussed in turn.

A sharper Fermi factor at low temperature causes the gain spectrum to narrow
considerably [33]. Consequently, the carrier density required to reach threshold is
correspondingly reduced [34]). In Fig. 2.12, light output power from the TJS laser
versus bias current (L-I characteristic) is shown at three temperatures. Threshold
current decreases from 14.3 mA at room temperature to 0.63 mA at liquid helium
temperature. There appear to be no ill effects from cooling on the laser, because the
L-I characteristics are highly linear at all three temperatures.

A narrower gain spectrum also enhances the differential gain [35]. This has a direct
effect on the fundamental modulation response, because the relaxation resonance is
pushed out to higher frequencies for a given output power. This will become evident
when the low-temperature modulation data are presented below.

The band gap of the semiconductor is also dependent on temperature [36]. Upon
cooling, the thermal contraction of the crystal lattice increases the width of the direct
gap. Therefore, as the temperature is lowered the lasing wavelength moves to shorter
wavelengths. Figure 2.13 shows the lasing spectrum at three temperatures. The
wavelength shifts from 823 nm at room temperature, to 787 nm at liquid nitrogen
temperature, and to 782 nm at liquid helium temperature. Interestingly, the TJS is

seen to be fairly single-mode at 293 K and 77 K, but becomes multimode at 4.2 K.
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Figure 2.12: Lasing output power versus injection current (L-I characteristic) at three
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The reason for this is not known.

A further low-temperature effect on the TJS is that the resistance of the contact
layer increases owing to the freezing-out of excess carriers. The parasitic response is
thus degraded, because the RC corner frequency of the parasitic circuit (see Fig. 2.4)
decreases as R increases. Current-voltage characteristics for the laser diode at forward
bias are shown in Fig. 2.14. The differential resistance dV/dI increases from 7 Q at
room temperature to 39 2 at liquid helium temperature, over a factor of five increase.
Assuming a typical 10 pF contact layer capacitance for this device, the parasitic RC
corner frequency is only 410 MHz at 4.2 K. Conventional current modulation of the

laser at microwave frequencies thus becomes very inefficient at low temperature.

2.7.3 Experimental results

Typical résponse curves at each temperature for optical modulation of the TJS are
shown in Fig. 2.15. The bias levels are adjusted so that each curve corresponds to an
output power of approximately 2 mW per facet. We see that the resonances are clearly
defined, and that the relaxation resonance frequency increases considerably as the
temperature is lowered. In addition, the room temperature response curve eventually
rolls off at the theoretical 40 dB/dec rate. The high-frequency cut-off in the data
results from the limited photodetector bandwidth and noise floor of the microwave
spectrum analyzer. As mentioned above, the parasitic RC corner frequency is about
410 MHz at 4.2 K, yet there is no effect on the measured response curve, with the
data appearing to be ideal out to 15 GHz.

Modulation response functions for many different output power levels were mea-
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sured at each temperature. From these, the resonance frequency and damping rate
were extracted, in accordance with (2.3.20) and (2.3.21).

A plot of the square of the relaxation resonance frequency (vg = wr/(27)) versus
output power appears in Fig. 2.16. The theoretical linear behavior given by (2.3.22)
is seen at all three temperatures. The slope of the line increases by a factor of 7.0
and 13.6 at 77 K and 4.2 K, respectively, over the room temperature slope. Assuming
that the photon lifetime and modal volume of the lasing mode are not significantly
affected by temperature, then the increase in slope results primarily from a large
increase in g, caused by the narrower gain spectrum at low temperature.

In Fig. 2.17 the damping rate v is plotted as function of w%. For each temperature
the linear relationship predicted by (2.3.24) is observed. The slope of the fitted
line decreases from 9.3 ps at 293 K to 5.6 ps at 77 K and 4.2 K. This decrease
in slope, from room temperature to liquid nitrogen temperature, is consistent with
the theoretical expression which incorporates the nonlinear gain (2.3.24) and the
measured increase in the differential gain at 77 K. The apparent saturation in the
slope as the temperature is lowered from 77 K to 4.2 K has two possible explanations.
One is that the increased differential gain causes the I'|g,|/g, term to become much
less than unity, so that the slope is equal to the photon lifetime, 7,. However, a 5.6 ps
photon lifetime is too long for a 250 um long laser with uncoated facets (see (2.3.3)).
We estimate that for this device, 7, is approximately 3 ps. The remaining explanation
for the apparent saturation in the slope is that in going from 77 K to 4.2 K, the

measured increase in g, is compensated for by an increase in |g,|. Although we do
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not speculate here on the many proposed origins of the nonlinear gain (e.g., spectral
hole burning [37], dynamic carrier heating [13], standing wave dielectric grating [38],
etc.) further low-temperature modulation experiments could help discriminate among
possible mecha;nisms.

In summary, we have used the active-layer photomixing technique to directly mod-
ulate the output of a semiconductor laser operating at cryogenic temperatures. The
technique produces parasitic-free modulation, enabling a measurement of the laser
diode’s intrinsic modulation response. Even at 4.2 K, where the parasitic corner fre-
quency is estimated to be 410 MHz, the modulation response appears ideal out to
15 GHz. From the measured response curves we find values for the relaxation reso-
nance frequency and the damping rate. Their low-temperature behavior agrees with

the simple theory incorporating the nonlinear gain.

2.8 Active-layer photomixing to millimeter-wave frequen-
cies

In this section the active-layer photomixing technique is used to measure the room
temperature modulation response of a GaAs/GaAlAs laser diode to the millimeter
wave frequency of 37 GHz [7]. The modulation sidebands in the field spectrum are
detected with an ultra-high-finesse (~ 40,000) Fabry-Perot interferometer, and the
measured response agrees with the theoretical response function. Although wide-band
millimeter wave modulation (to 38 GHz) has been reported for a cooled InGaAsP

laser with a 31 GHz corner frequency [39], in this measurement the laser diode’s
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resonance frequency is only 6.5 GHz. As will be seen, with a moderately faster device
(i.e., resonance frequency ~ 10 GHz), it should be possible to directly measure the

modulation response beyond 100 GHz.

2.8.1 Detection of high-frequency modulation with a Fabry-Perot inter-

ferometer

To measure the laser diode’s modulation response, the modulated light is usually
detected with a fast p-i-n photodiode connected to an electronic microwave spectrum
analyzer, as in sections 2.5 — 2.7. The detection bandwidth of commercially available
near-infrared photodetectors, however, is limited to about 20 GHz. In addition, the
photocurrent signal must compete with a noise floor in the spectrum analyzer which
typically starts at -110 dBm near dc (for a 10 kHz integration bandwidth) and climbs
at a rate of 1.7 dB/GHz [40]. A much larger detection bandwidth can be obtained
by measuring the modulation signal with an optical spectrum analyzer, a scanning
Fabry-Perot interferometer (FPI) The meodulation then appears as sidebands in the
laser field spectrum. However, the ability to observe.modulation sidebands at high
frequencies depends critically on the finesse of the FPI, which should be as high as
possible. For this experiment, the FPI (Newport SR-240) has a finesse of 40,000, a
free spectral range of 8 THz, and an instrumental resolution of 200 MHz for 800 nm
light.

As shown below, beyond the resonance frequency the modulation sidebands in the
field spectrum asymptotically approach a 40 dB/dec rolloff. Clearly there exists some

high-frequency limit beyond which the sideband signal is not measurable. However,
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in contrast to the electronic spectrum analyzer, the background, or noise floor, arising
from the FPI is a decreasing function of frequency. This background results from the
presence of the lasing mode (i.e., the optical carrier) which appears as a Lorentzian
with the linewidth of the FPI, assuming the FPI linewidth is much greater than the
lasing mode linewidth, as is the case here. The tails of this Lorentzian roll off at
20 dB/dec, eventually obscuring the sideband signals. As Fig. 2.18 shows, however,
this point of intersection can be at ultrahigh frequencies, far into the millimeter wave
regime (> 30 GHz). The figure shows, in a log-lqg plot, a typical modulation response
function (|p|?) of a laser diode with a 10 GHz resonance frequency and relative side-
band amplitude, at the resonance, of 10%. Also shown is the background from the
optical carrier, assuming a corner frequency of 100 MHz, corresponding to a 200 MHz
linewidth for the Lorentzian. At frequencies where the modulation response function
lies above the Lorentzian, the modulation sidebands are, in principle, detectable. For
this example the high frequency detection limit can be over 150 GHz. in practice,
the background level may be raised somewhat by spontaneous emission from the laser
diode, but this did not affect our measurement.

In general, the frequency of intersection in Fig. 2.18 is given by

mw?
Qrp

Q. (2.8.1)

where m is the modulation index, wg is the relaxation resonance frequency of the
laser, and Qpp is the 3 dB frequency of the Fabry-Perot Lorentzian. If the exper-
imental goal is to observe the modulation response of the laser diode to as high a

“ frequency as possible, then (2.8.1) shows that a Fabry-Perot with a narrow linewidth
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is required, and that mw% should be maximized. To increase the modulation index
m, the photomixing power can be increased, but for facet pumping, as in this ex-
periment, the mixing power must be kept relatively low so as not to damage the
laser facet. Although it may seem possible to increase {1, by running the laser diode
at high bias, thereby pushing wg to higher frequencies, €, is actually independent
of laser power, because m has inverse power dependence (m o p/P, whereas w? =
gnP,/7p). An ideal laser diode for this experiment is thus intrinsically fast, i.e., g, /7,
is maximized, and also single mode, so that the modulation energy is not partitioned
into numerous sidebands on each lasing frequency.

The FPI used in this experiment has a 20 gm cavity and 30 cm radius of cur-
vature mirrors. In this near-planar resonator, higher-order transverse modes spaced
27.6 GHz apart may be excited by a single-frequency optical input [41]. These modes
may potentially interfere with the detection of the modulation sidebands whenever
the modulation frequency is near a multiple of 27.6 GHz. However, the higher-order
transverse modes appear only on the high-frequency side of the fundamental, whereas
the modulation sidebands appear symmetrically on both sides of the fundamental.
The low-frequency sideband can thus be tracked more readily as a function of modula-
tion frequency. Careful matching of the optical input to the fundamental transverse
mode is still required, however, because weakly excited longitudinal modes of the
semiconductor laser, spaced 140 GHz é,part, may excite their own set of higher-order
transverse modes in the FPI. In our experiment, optimum mode-matching into the

FPI suppresses the higher-order transverse modes by at least 26 dB compared with
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the fundamental.

2.8.2 Modulation sidebands in the field spectrum

We now examine how the intrinsic response function j({1) relates to the laser field
spectrum, which is what is observed at the output of a FPI. Direct modulation of
a semiconductor laser, by active-layer photomixing or injection current modulation,
affects the amplitude and also the phase of the laser field due to the dependence of

refractive index on carrier density. The time-dependent field may then be taken as
E(t) = (E, + E(Q) cos 0t) exp [i (wrt + $(Q) cos 0t)] (2.8.2)

where wy, is the cw oscillation frequency and E(Q) is the small-signal field amplitude,

given by
E@Q) _ 1)
E, 2 P,

(2.8.3)

i.e., the field amplitude is proportional to the photon density amplitude when they
are small-signal quantities. In (2.8.2), #(Q) is the response function of the phase

deviation, given by [42]

5) = 5o B (2.8.4)
where « is the linewidth enhancement factor. Although 5(Q), E(Q), and ¢(Q) are,
in general, complex functions, we treat them as real for our purposes since their
relative phases become zero at high frequencies beyond the relaxation resonance [16].
The field spectrum resulting from (2.8.2) consists of the center line at wr, and AM

and FM induced sidebands at wy + nf), where n is an integer. For modulation

frequencies greater than the relaxation oscillation frequency, only the n = 1 sidebands
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Figure 2.19: Laser field spectrum observed with a scanning Fabry-Perot interferometer.
The upper photo shows the lasing line with modulation sidebands at + 7 GHz. The peak
at 27.6 GHz is a higher order Fabry-Perot mode as discussed in the text. The lower photo

shows a close-up of a modulation sideband when the laser is modulated at 25 GHz. The

decaying tail of the background Lorentzian is clearly visible.
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are observable. The amplitude of these first sidebands is equal to

2

Alor £0) = (B1(3@))" + [SE®) (5G@) - 1G@)] (2.85)

where J,, is the Bessel function of order n. For small-signal modulation we may use

the approximation

n

Jo(z) ~ %2-' z<l (2.8.6)
and so obtain
Alor £9) = 7 (B30 + B@) o (3())° (287)

where (2.8.3) and (2.8.4) were used to get the final proportionality relation. The
amplitude of the first order modulation sidebands, as a function of €, is therefore

directly proportional to the square of the intrinsic response function p({2).

2.8.3 Experimental details

The experimental arrangement appears in Fig. 2.20. The laser under study is an
Ortel GaAs/GaAlAs buried heterostructure device with a 23 mA threshold current
and lasing wavelength of 786 nm. The laser, at room temperature, is biased above
threshold by a dc injection current and the output is small-signal modulated by the
active-layer photomixing technique. For the photomixing sources we use the Kr laser
operating at 676.4 nm and the dye laser running DCM dye at the same wavelength.
These sources are collimated from the output of a 50/50 fiber coupler and focused
onto the rear facet of the laser diode, which is mounted on a narrow (300 xm) stub so

" that both facets may be accessed. A short-wavelength pass filter prevents feedback
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to the rear facet from semiconductor laser light reflecting from the fiber end. The
incident photomixing power is about 2.5 mW.

The emission from the modulated semiconductor laser is focused into a 50 m long
single-mode optical fiber. An optical isolator with 40 dB isolation suppresses feedback
to the front facet, and a narrow bandpass filter prevents any scattered pumping light
from reaching the FPL. Coupling into the fiber serves the dual purpose of spatially
filtering the lasing mode and rejecting a significant amount of spontaneous emission.
Approximately 5 cm of the fiber jacket is removed at the input end and the exposed
cladding is immersed in glycerine to strip the cladding modes propagating in the
fiber. This was found to improve the mode-matching into the FPI. The output from
the fiber is coupled into the FPI cavity through a 10 cm focusing lens, and the light
transmitted through the FPI is conveyed to a photomultiplier tube (PMT) by a fiber
bundle. The PMT photocurrent is converted to a voltage signal which is amplified
and displayed on an oscilloscope whose sweep is synchronized with the FPI. The
PMT gain is then set to a high value and the input light intensity is adjusted with

calibrated neutral density filters.

2.8.4 Experimental results

Figure 2.21 shows the full modulation response of the laser diode running at a bias
current of 40.5 mA. The high-frequency data (12 GHz < /27 < 37 GHz) were ob-
tained by measuring the modulation sideband relative amplitude, as discussed above.
At the resonance, the relative amplitude (sideband/carrier) is 2%. For complete-

ness, the low-frequency response (2/2r < 12 GHz) is also shown. These data were
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recorded with a photodiode and microwave spectrum analyzer, because at low mod-
ulation frequencies, higher order sidebands complicate the spectrum observed on the
FPI [44], [45]. From the low-frequency data we can determine the resonance frequency
(6.5 GHz) and damping rate (4.7 GHz). A theoretical response curve based on these
parameters also appears in the figure. The high-frequency data agree reasonably well
with the theoretical curve to the highest measured frequency of 37 GHz. Again, no
device parasitic effects are observable. Notice that the modulat';ion sideband signal
is lost approximately where the response curve and background Lorentzian inter-
sect. We mention that a slightly faster laser (wg/27 ~ 7.5 GHz for the same output
power) was modulated to 44 GHz before the sideband signal was lost in the back-
ground. Unfortunately, it catastrophically failed before a complete response curve

could be mapped out.

2.8.5 Sideband detection to higher frequencies

Equation (2.8.1) shows how the fundamental laser and Fabry-Perot parameters de-
termine the high-frequency detection limit of the modulation sidebands. For a given
laser and FPI, the response function and background Lorentzian cross at a fixed fre-
quency, .. However, it is possible to boost the detection bandwidth by selectively
filtering out the lasing mode carrier frequency before coupling into the FPI. This has
the effect of pushing down the background Lorentzian in Fig. 2.18, thereby increasing
},. We tested this idea by modifying part of the experiment as shown in Fig. 2.22.
The modulated semiconductor laser light reflects from a diffraction grating before

coupling into the optical fiber going to the FPI. Otherwise the experimental setup is
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identical to Fig. 2.20.

The idea is to use the diffraction grating in conjunction with the single-mode fiber
as a narrow bandpass filter. The grating fans the light into its spectral components,
and because the coupling efficiency into the fiber is highly sensitive to the position
of the beam focus, only those frequency components which are propagating along
the fiber/lens axis are efficiently launched into the fiber. By rotating the grating the
filter becomes tunable. Quite simply, the fiber/grating system is like a conventional
grating spectrometer where the fiber waveguide plays the role of the exit slit.

Measurements on the luminescence from the laser diode below threshold showed
that this technique, while somewhat crude, provided a narrow-band filter with a
FWHM of approximately 80 GHz. The grating (American Holographic,
2200 grooves/mm) had 85% diffraction efficiency into the first order. Thus by tuning
the filter to track one of the modulation sidebands as the modulation frequency is
increasing, the carrier could be attenuated without sacrificing much of the sideband
power.

Using this filtering technique, we observed one of the modulation sidebands out as
far as 77 GHz. However, it was difficult to make a quantitative measurement of the
sideband amplitude, as the signal was extremely weak. At these low signal levels, the
sideband did not have a definite peak, as in Fig. 2.19, but rather appeared as a fuzzy
packet which was barely distinguishable from the background noise. We were thus
unable to generate meaningful data points to fit a response function at these high

frequencies. Nevertheless, it was important to verify that generation and detection
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of semiconductor laser modulation was still possible even at 77 GHz. Further active-
layer photomixing experiments with an optimized laser diode and a more sophisticated

detection scheme should enable sideband detection well beyond 100 GHz.

2.9 Conclusion

Active-layer photomixing is an optical modulation technique to probe the funda-
mental modulation response of a semiconductor laser. By heterodyning two laser
sources with a tunable frequency difference in the semiconductor laser’s active re-
gion, the gain, and hence the optical output, is modulated at the beat frequency
of the sources. Using an equivalent circuit model for the laser diode, the optical
modulation was shown to be decoupled from the electrical parasitics of the laser
structure. The fundamental modulation response of the laser can thereby be studied
independently of the parasitic response. Under conventional current modulation, on
the other hand, the fundamental response would be overwhelmed by the parasitic
loading, especially at high frequencies.

The active-layer photomixing technique was used to modulate a GaAs/GaAlAs
TJS laser at room temperature, liquid nitrogen and liquid helium temperature. In all
cases there was no indication of parasitic effects and the measured response functions
appeared to be ideal. The high-frequency decay and dependence of the resonance
frequency and damping rate on laser output power agreed with the theoretical pre-
dictions. Further photomixing experiments on a GaAs/GaAlAs buried heterostruc-

ture laser showed that the modulation response appeared ideal to millimeter-wave



frequencies.
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Chapter 3

The gain lever: Enhancing the
modulation efficiency of quantum

well lasers

3.1 Introduction

When the active-layer photomixing technique was used to locally modulate a semi-
conductor laser with a quantum well active region, it was found that the modulation
efficiency was enhanced compared to what was normally observed for a semiconductor
laser with a bulk active region, such as the TJS laser discussed in the previous chap-
ter. In some instances, the quantum well laser could be optically modulated with
greater than unity quantum efficiency, i.e., one input photon could generate more
than one additional lasing photon. This enhancement in the modulation efficiency -

indicated the presence of a new effect — the gain lever (1], [2].
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The gain lever arises in a quantum well because of the special behavior of the
optical gain as a function of carrier density. Whereas, in a bulk active layer the
optical gain (at the peak of the gain spectrum) is very nearly a linear function of
the carrier concentration [3], in a quantum well the gain characteristic is highly sub-
linear because of the step-like density of states of a quasi-two-dimensional electron
gas [4]. A typical gain function for a 100 A GaAs quantum well is shown in Fig. 3.1.
This curve was calculated using a technique discussed in [5], where a confinement
factor I' = 1/30 was assumed. The important feature of the gain function is that
it saturates at high carrier concentration. As a result, the slope, or differential gain
is greater for low carrier density and tends to decrease at higher carrier densities.
Therefore, by inhomogeneously pumping a quantum well laser it is possible to create
regions in the active layer with unequal differential gain. This is the basis of the
gain-lever mechanism. To explore the implications of a sub-linear gain characteristic,
an intuitive model is first developed followed by a more rigorous description based
on the small-signal rate equations. Finally, experimental results for a two-section
GaAs/GaAlAs single quantum well laser show enhanced modulation efficiency and

saturation behavior described by the gain-lever mechanism.

3.2 Intuitive model of the gain lever

Assume that we have a quantum well laser divided into two independent sections
which comprise a single laser cavity. The two sections are referred to as the control

and slave, where the choice of names will become clear presently. The rate equation
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Figure 3.1: Modal gain vs. carrier concentration calculated for a 100 A GaAs quantum
well. This shows the origin of the gain-lever mechanism. When the control and slave
regions operate at different excitation levels, a displacement along the gain characteristic in

the control causes an enhanced change in the slave.
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describing the laser photon dynamics is given by

2 PGNP+ TDG(N)P - T (3:2.1)
14

where the subscript ¢ or s denotes the control or slave section, respectively. In (3.2.1),
P is the cavity photon density, G, (G) is the material gain of the control (slave), and
I is the transverse confinement factor of the optical mode. T'. (T'y) is the longitudinal
confinement factor of the optical mode in the control (slave), accounting for the
relative fraction of the total cavity length occupied by each section, so that I'. + T,
= 1. N, (V) is the carrier density in the control (slave), and 7, is the photon lifetime.
In the final analysis, we will require that the control region occupy a much smaller
volume than the slave region, i.e., I'; « I'y. When the control region is relatively
small, it is reasonable to treat the photon density as uniform throughout the entire
cavity, as in (3.2.1), even though the gain of the two regions may be very different
(e.g., the control can be absorbing). Spontaneous emission is also neglected in (3.2.1)
to simplify the analysis.
For steady-state conditions (i.e., & — 0), we have from (3.2.1)

dt

I.G.(N,) + T,TG,(N,) — — = 0. (3.2.2)

Tp
In terms of the modal gain of the control and slave, g. and g¢,, where g. = I'G, and
gs =T'G,, (3.2.2) becomes

1
chc(Nc) + Fsgs(NS) - '7'_" =0 (323)

p

which expresses the gain clamping condition for the two-section device. Because the

cavity losses are fixed, the overall modal gain, given by the sum of the modal gain
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in each region, is clamped to its threshold value. Thus any change in modal gain in
the control region must be offset by a complementary change in slave modal gain, or
I':Ag. = —TI';Ag,. By linearizing the modal gain in each region about the operating

point, we have the equivalent constraint
T.g.An, = ~T,g.An, (3.2.4)

where ¢! is the differential modal gain and An; is a small-signal change in carrier
density.

Returning to Fig. 3.1, we may intuitively illustrate the gain-lever effect in a two-
section quantum well device. To make the figure readable, we assume that the two
sections occupy the same volume, so that I'; = I'; for the time being. In addition,
the laser is above threshold, but is inhomogeneously pumped so that the control
and slave regions operate at different excitation levels, shown by operating point 1
(OP1) in the figure. If the carrier density in the control region is now raised by an
amount An,, then the modal gain increases by Ag. = g.An,, and the control region
operating point moves to OP2. Because of the clamping constraint given by (3.2.4),
the slave modal gain must drop by an equal amount. As the slave moves from OP1
to OP2, however, there is an enhanced decrease in carrier density in this region due
to the smaller differential gain. But because the carrier injection rate into the slave
region is fixed, a decrease in carrier density in this region implies that there must be
an increase in the stimulated emission rate into the lasing mode, and corresponding
increase in optical output power. This is the basic physical mechanism responsible for

the gain lever. Because of the larger differential gain in the control region, a change
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in the control carrier density can lever a larger change in the slave region than would
otherwise be possible.
3.3 Rate equation formulation of the gain lever

To describe the gain lever in a quantitative way, we write down the coupled rate

equatibns for the photon density and carrier density in the control and slave regions,

given by
& rrenyP+T,TGN,)P - L (3.3.1)
dit Tp
dg‘: = —G.(N.)P — R(N,) +1L (3.3.2)
dé\t” = _G,(N,)P — Ry(N,) +1I, (3.3.3)

where R. (R,) is the spontaneous recombination rate per unit volume in the control
(slave), II, ( II,) is the carrier injection rate into the control (slave) in units of carrier
density per second, and the other terms are defined after (3.2.1). These equations are

solved by first making the following small-signal expansions,

P(t) = P,+p(t) (3.3.4)
Ni(t) = N?+ni(t) (3.3.5)
Gi(N:) = G°+ gpn; (3.3.6)
R(N;) = R;’+%‘ (3.3.7)
() = IE+m(t), (3.3.8)

where 7; is the small-signal spontaneous lifetime and the subscript ¢ signifies ¢ or s °

to denote the control or slave region, respectively. A small-signal expansion for II,
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is not needed because the pumping to the slave region is constant. Substituting the

above expansions into (3.3.1)-(3.3.3), the following small-signal equations result

% IrgPn.+T,0g P, (3.3.9)
dnc 0 / nc
prali -G — g.Pn, — o + 7 (3.3.10)
dn, o p n,
e —Gop — g Pons — . (3.3.11)

where we view 7. as the driving term and p as the response. For steady-state condi-
tions (% — 0 and %ﬁ — 0), the slave region carrier density can be eliminated from
the above equations using the clamping constraint I'.g/n. = —I',¢in,. The resulting

coupled equations for p and n. can be written in matrix form as

I'.g.
G —(+aP)EE | p 0
s9s = (3.3.12)
G (s +gPR) ne e
The 2 x 2 matrix can then be inverted to yield the response function
L.
p= e (3.3.13)

(7 +9cPo)gs

Ir.Ge + F,Ggm

which describes the small-signal change in the cavity photon density resulting from a
change in the control pumping rate.

The analysis is more revealing if (3.3.13) is expressed in terms of the control differ-

ential quantum efficiency 7%,, i.e., the humber of additional output photons produced

for every additional carrier injected into the control. When cavity losses are domi-

nated by facet loss (this is true for GaAs quantum well lasers, where internal losses

< 2 cm™! are possible [6]), the number of additional output photons (per second) is
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pV/(T1,) = p(T,G% + I .G2)V, where V is the total volume of the active region and
V/T is the volume of the lasing mode. Because the number of additional input carri-
ers to the control (per second) is I'.V7,, then 7., the differential quantum efficiency,

is given by
r.G¢ +1
I',Ge

.G  (z+9.P)g,

G " (& +9.P.)g.

(3.3.14)

Ne =

Equivalently,
Ir.G?
T.Go +1

r.Ge (14 g P

G " 1+ )P

Ne = (3.3.15)

where the saturation photon density, Pf* = 1/(g!r;). The saturation photon den-
sity is a useful quantity because it defines the photon density for which the carrier
stimulated lifetime (1/(g!P,)) equals the spontaneous lifetime (7;).

The gain lever in its most general form, apart from the effects of saturable ab-
sorption (see next section), is contained in (3.3.15). Enhancement in modulation
efficiency is possible when the control and slave regions operate at unequal saturation
photon densities. In particular, we see from (3.3.15) that if P** < P?* then 5. can
be greater than unity. Conversely, if the control and slave regions operate at equal

saturation photon densities, then . = 1, and no enhancement occurs.

3.4 The gain-lever limit and saturable absorption

Although the gain lever can occur in any two-section laser with P?* < P?* we have

not made any definite assumptions about the relative size of the two sections. If



87

the gain of the two regions is comparable, where |I'.G¢| ~ |[',G?|, then saturable
absorption effects may occur in conjunction with the gain lever. In fact, saturable
absorption may completely dominate the modulation behavior of the laser, especially
near threshold. However, the gain lever is distinct from conventional saturable ab-
sorption. We show that in the gain-lever limit, where |['.G?| « |I',G¢|, saturable
absorption effects vanish, but the gain-lever mechanism persists.

To illustrate the effects of saturable absorption, assume that the control and slave
regions are the same size (I'. = I';), the control region is unpumped and absorbing
(G2 < 0), the slave region is pumped above transparency (G° > 0), but the laser
is slightly below threshold. From (3.3.15), the differential quantum efficiency for

modulation of the control is given by

Ne ~ ——IGOT—P”&-. (3.4.1)
G? Ppgot

If the control region saturates differently from the slave, or P # P2 then 5, will
become singular as the sl ion i d harder and 1%l — £ Roughl
gular as the slave region is pumped harder and Z£ — . Roughly
speaking, this describes a discontinuous jump in the laser output power as the gain
contributed by slave section bleaches the absorption of the control section [7]. Such
a laser may be bistable, exhibiting hystersis in output power as a function of pump-
ing to the slave section [8], [9]. It is true that n. was derived assuming a uniform
photon density throughout the cavity, and for the conditions stated above the pho-

ton density is certainly not uniform. Nevertheless, this example shows qualitatively

how conventional saturable absorption effects may turn the laser into a device with a
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highly non-linear transfer characteristic, akin to an optical flip-flop. The important
point is that saturable absorption behavior may be predominant when the impact of
the control region gain on the lasing mode is comparable to the impact of the slave
gain.

In order to avoid effects due to conventional saturable absorption, we must require
that any saturable loss from the control be insignificant compared to the nonsaturable
losses in the cavity. This can be ensured by limiting the control region to a small
fraction of the total cavity volume, so that I'. <« I';. In this case, the direct effect of
the control region gain on the lasing is completely negligible. Thus in the gain-lever
limit, where I'.G%/I',G% — 0, we have from (3.3.15)

_ B g 3.4.2
= it B (3.4.2)

e
Equation (3.4.2) reveals the gain lever without the complications of conventional
saturable absorption. There are three important features of this result. First, the
modulation enhancement is seen to be independent of the actual size of the control
and slave regions, so long as the condition I'.G%/T';G% — 0 is satisfied. Second, at
low power, where P, < P?*, the modulation enhancement is governed by the ratio

of the saturation photon densities in the two regions. The maximum enhancement is

thus given by

maer __

sat /
Ps gcTC
T]C - Psat
c

7 .
gsTs

(3.4.3)

Although the the intuitive model (see Fig. 3.1) indicated that the amount of leverage
depends on the ratio of differential gains in the two regions, (3.4.3) shows that the

- ratio of the saturation photon densities is the controlling variable. Third, at high
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output power, where P, 3> P the gain lever becomes less effective. Ultimately, the
differential quantum efficiency approaches unity, describing a one-for-one conversion
of input carriers to the control to output lasing photons. This negation of the gain
lever at large intracavity photon densities is merely a lifetime effect. Quite simply,
as P, — oo, the control carrier lifetime is dominated by its stimulated component
(1/(g.P,)) which tends to saturate the inversion. It thus becomes more difficult
to affect the control region carrier concentration, and hence the control gain, by

modulating the pumping to this section.

3.5 Implementation of the gain lever

As stated above, the gain lever in its most general form (3.3.15) occurs in any two-
section laser where P* < P, However, a quantum well laser provides an ideal
structure in which to implement the effect. In a quantum well, the two components
of saturation photon density, carrier spontaneous lifetime and differential gain, are
dependent on carrier concentration (more so for differential gain). It is thus a simple
matter to force P*** < P’* by inhomogeneously pumping the quantum well active
layer.

Differential modal gain as a function of carrier concentration for a typical 100 A
GaAs quantum well appears in Fig. 3.2. This is the derivative of the gain characteristic
in Fig. 3.1. As the carrier density is reduced, the differential gain rises considerably.

By pumping the control region to low excitation compared to the slave, the ratio of

differential gains in the two regions can be made rather large.
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Figure 3.2: Differential modal gain as a function of carrier density for a 100 A GaAs quantum

well. This is the derivative of the gain function in Fig. 3.1.
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However, the spontaneous carrier lifetime is also dependent on the carrier density,
so this will affect the ratio of the saturation photon densities as well. The spontaneous

recombination rate can be expressed as a power series in IV,
R(N)= AN + BN?* + CN?® (3.5.1)

where A, B, and C are the non-radiative, radiative, and Auger recombination co-
efficients for the semiconductor material, respectively. In terms of the small-signal

spontaneous lifetime in the control and slave regions,

d . . o o\2
WR(N)lNzN? = — = A+ 28BN +3C(V?), (3.5.2)

so that the spontaneous lifetime is generally a decreasing function of carrier density.
Experimentally, it is found that 7; for an undoped GaAs quantum well at room tem-
perature is dominated by band-to-band radiative recombination [10], so Ti. is nearly
a linear function of N?. 2B was determined to be 5 x 1071° cm? sec™! for a 100 A
well over a wide range of carrier densities (10’ cm™3 - 10'® cm™3).

Thus, in a quantum well, both differential gain and spontaneous lifetime decrease
as carrier density increases. Therefore, to ensure P?** < P?**  the control should be
pumped to a lower level of excitation than the slave. In addition, the control section
should be small so that saturable absorption effects do not occur. Figure 3.3 shows
such a two-section laser with the small control section adjacent to one facet. The
slave region is pumped by a dc injection current and the control region is separately
modulated either optically or electrically.

In order to relate the theoretical gain-levered modulation enhancement to exper-

iment, (3.4.2) can be expressed in terms of output power from the laser. Non-ideal
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the slave region biases the laser above threshold. The control region is modulated optically

or electrically.
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coupling should also be accounted for, because not all of the input modulation en-
ergy to the control will reach the active layer. For electrical modulation, the ratio of

output power modulation to input current modulation is given by

AP he he P21+ #£2)
I ; 3.5.3
AL ICI/\oq"] KI/\qué’“t(l +?;_:%? ( ) )

where k7 is the coupling efficiency for current into the control, A, ¢, and ¢ are Planck’s
constant, the speed of light, and the electron charge, respectively. A, is the laser
wavelength, and 7. is the differential quantum efliciency defined in (3.4.2). For optical
modulation of the control, the ratio of output power modulation to input power

modulation is
AP, i A P+ )

AP = KPA—OUC = &pxm (3.5.4)

where J; is the input wavelength and «p is the coupling efficiency for the input light.
Thus, for optical modulation, kp carriers are created through optical absorption for
every input photon to the control. Also, the power gain 2—};? is decreased by the ratio

-/’\\—i-, where A; < A, in order that the input photons are above the bandgap of the active

layer material and therefore absorbed.

3.6 Experimental results

To demonstrate the gain-lever effect, we study a GaAs/GaAlAs laser with a 100 A
single quantum well (SQW). The experimental setup is shown in Fig. 3.4. The laser
is biased above threshold by a dc injection current applied through a metal contact

over nearly the full cavity length. This defines the slave region. A small opening in
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the metal contact adjacent to one of the facets defines the control region which is un-
pumped by the bias current. This opening permits the control region to be optically
modulated. Figure 3.5 shows the top surface of the laser diode. For this laser, the
control region is 5 pm long compared to a slave region 250 ym in length. The control
thus forms 2% of the cavity volume—a very small slice—so we are definitely operating
in the gain-lever limit where saturable absorption is not a factor (see (3.4.2)). For
argument’s sake, even if the control region has an absorption coefficient of approxi-
mately 50 cm™!, as depicted in Fig. 3.1, then the impact of 50 cm™! absorption over
a 5 pm length is miniscule.

For optical pumping of the control we use a cw Kr laser operating at 676 nm.
Although the gain-lever effect was initially discovered while photomixing two lasers
in the control section (modulation enhancement was observed out to several GHz),
for the experiment discussed here only one laser is used to provide the control input.
This allows the gain lever to be characterized in the steady-state regime (£ — 0)
simply by varying the incident Kr power. The output power from one (or both) of
the SQW laser facets is then monitored with a p-i-n detector.

A cross section of the SQW laser is shown in Fig. 3.6. The quantum well active
layer is embedded in a graded index separate confinement heterostructure (GRIN-
SCH). Although the GRINSCH is a standard component of a high-performance quan-
tum well laser [11], the presence of the GRINSCH is important for efficient optical
modulation of the control. Even though the input light at 676 nm is well above the

bandgap of GaAs, very little (~ 1%) of the input is directly absorbed by the active
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Figure 3.4: Schematic diagram of the experimental setup. The quantum well laser diode is

biased above threshold by a dc injection current, while a small region of the active layer is

optically pumped by a Kr laser. The change in ouput power is monitored by a photodetector.
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Figure 3.5: Scanning electron micrograph of the top surface of the quantum well laser. A
5 pm opening in the metal contact adjacent to the facet defines the control region which

may be optically modulated.
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region since it has a thickness of only 100 A. Fortunately, most of the input absorp-
tion occurs in the GRINSCH, and the photocarriers are then quickly swept into the
well by the built-in electric field arising from the GRINSCH’s graded bandgap. In
fact, the carrier capture time (GRINSCH — quantum well) is on the order of ps, as
recent photoluminescence studies have shown [12]. Based on a 30% Fresnel reflection
from the top surface, and an estimated 30% absorption by the GRINSCH and SQW,
approximately 20% of the incident Kr photons are converted into control carriers.
Figure 3.7 shows data from the modulation experiment, where the change in total
output power (both facets) from the SQW laser is plotted as a function of the absorbed
input power in the control (AP, vs. xkpAP; from (3.5.4)). The SQW laser had a
threshold current of 27 mA and lasing wavelength of 850 nm. Characteristics are
shown for slave bias currents () from 28 mA up to 45 mA, where the output power
from the SQW with no control input (P;) ranges from 1.4 mW to 14.5 mW. At low
laser bias, the ratio of output power modulation to input Kr power is as high as four.
As the bias level increases the modulation enhancement decreases, but for I, > 45 mA
the characteristics were no different from the I, = 45 mA characteristic. However,
this form of saturation is predicted by (3.4.2). At high slave bias current, the large P,
limit of (3.4.2) is approached, where the gain lever is negated by the lifetime-related
saturation of the control population. There is no power gain, merely a one-for-one
conversion of absorbed input photons to output photons. In the high-power limit,

3.5.4) predicts 2f2. = 2  The measured slope of the characteristic at high bias is
p xpAP;, = X, g

in satisfactory agreement with this value, with %;— = g;’gﬂ = 0.79.
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Figure 3.6: Schematic cross section of the GaAs/GaAlAs laser with a single 100 A quantum
well. The active layer is surrounded by a graded index separate confinement heterostructure

(GRINSCH), wherein most of the absorption of input light occurs.
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The measured factor of four enhancement in modulation efficiency is reasonable
in view of the following argument. Because the control region is unbiased, the control
junction voltage, and hence the control carrier density N?, is floating. The control
is thus easily bleached by the lasing mode, pushing this region close to transparency.
The transparency point in Fig. 3.1 corresponds to a control carrier density of about
1.3 x 10'® cm~3. The location of OP1 for the slave is most likely near 50 cm™!, which
is a reasonable threshold gain for a 255 um long GaAs SQW laser with uncoated facets
(threshold gain = 1 In(1) insofar as internal loss is negligible, where L is the cavity
length and r is the facet reflectivity, ~ 30% for GaAs). The slave carrier density N?
thus lies near 3.0 x 10'® cm™3. As a result, from Fig. 3.2, the ratio of the differential
gains in the control and slave is about 2.5, while the ratio of the spontaneous lifetimes
in the two regions is about 2.3, assuming the lifetime is inversely proportional to the
carrier density (see (3.5.2)). This gives Ppzsat/psat = 5.8 for the maximum modulation
enhancement, not far from the measured factor of 4.0. It is also true that the control
was not electrically isolated from the slave. Consequently, there may have been some
leakage of slave carriers into the control which would further diminish the amount of
modulation enhancement that could be obtained.

In addition to the photon density related saturation discussed above, another form
of saturation is apparent in the data in Fig. 3.7. A characteristic for a fixed slave bias
will saturate as the input power to the control increases. This is most visible in the
low bias characteristic (I, = 28 mA) where the modulation enhancement decreases

for input powers above about 0.1 mW. This type of saturation must be distinct from
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the photon density related saturation. The reason is that the slope of the I, = 28 mA
characteristic is reduced to about 1.4 when the device output power is 1.8 mW, yet the
slope of the next characteristic (I, = 30 mA) is as large as 3.0 when the output power
is increased to 3.1 mW. The saturation displayed by the I; = 28 mA characteristic
is most likely due to band filling, whereby the carrier density in the control region
increases enough to increase the effective saturation photon density of this region. In
other words, as the control is pumped harder by the Kr laser, the operating point
OP2 in Fig. 3.1 moves up the gain curve to such a degree that the differential gain
and carrier lifetime are decreased. Thus the ratio of saturation photon densities of the
two regions is reduced, resulting in a less effective gain lever. This form of saturation
is not contained in the theoretical results, because it must be remembered that (3.4.2)
was derived by separately linearizing the gain in the control and slave regions. If the
control is modulated too hard, t‘hen the linear approximation for the control gain must
be modified. In fact, for a control volume of 3 yum x 5 pm x 100 A and spontaneous
lifetime of 1.5 ns (in accordance with (3.5.2)), then only 0.03 mW of absorbed Kr
power is needed to boost the control carrier density by 1 x 10'® cm~3. The lesson
is that to avoid band-filling saturation of the control region, the modulation to this

section must definitely be small-signal.

3.7 Improvements and future applications

There are many possible ways to improve the performance of the gain lever. To

enhance the intensity modulation efficiency, one should consider ways to increase the
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ratio of saturation photon density of the control and slave regions. This may be
accomplished by forcing the slave to run at higher excitation, thus pushing the slave
operating point further out on the gain characteristic, or by n-type doping the slave
region, which tends to further flatten the gain characteristic compared to the undoped
case [5]. To increase the saturation power due to band-filling effects, one could put
multiple quantum wells in the control section, so that the carrier density in each well
is reduced in proportion to the number of wells. For optical modulation, the overall
quantum efficiency could be improved by increasing the absorption cross-section of
the control region and by eliminating the Fresnel reflection from the control region
surface. Furthermore, the control and slave sections should be electrically isolated so
they form independent carrier populations.

While optical modulation of the control section provided a convenient means to
initially demonstrate the gain lever, it should be clear that a more practical way
to implement the effect is by current pumping both the control and slave sections
through separate electrical contacts, as in Fig. 3.3. In this case, the two regions may
be individually biased to force P?* « P?*. Indeed, this approach was demonstrated
by Moore and Lau [13] subsequently to, and independently of, our gain-lever experi-
ments [1], [2]. They observed up to 23 dB enhancement in the intensity modulation
efficiency of a two-section SQW GaAs/GaAlAs laser similar to our device. Gajic and
Lau found that intensity noise from gain-levered lasers is only marginally increased
compared to homogeneous pumping [14].

Finally, although this aspect of the gain lever was not pursued in our laboratory,
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the gain lever may also enhance the tunability of semiconductor lasers. Because
the slave region carrier concentration can be controlled by gain-levering (unlike a
homogeneously pumped laser where the carrier density is clamped), the longitudinal
cavity resonances, and hence the lasing frequency, may easily be tuned by way of
the carrier-density dependent refractive index. With this in mind, a gain-levered
multiple quantum well DFB laser with 6.1 nm tuning range was fabricated by Wu
and co-workers [15]. Very recently, Lau reported enhanced FM response [16], up to 20
GHz per mA of control current, and large tunability [17], over 90 A, for a gain-levered
SQW laser. This feature of the gain lever may prove to be important for the future

development of tunable semiconductor lasers.

3.8 Conclusion

The gain lever is an effect, discovered in our laboratory, which enhances the modu-
lation efficiency of quantum well semiconductor lasers. Intuitively, the effect occurs
in quantum wells because of the sub-linear dependence of optical gain on carrier con-
centration. Thus, by inhomogeneously pumping the laser, it is possible to create two
regions with unequal differential gain. If the laser is above threshold, then the overall
modal gain is clamped, and by modulating the pumping to the section with higher
differential gain, the output power from the laser can be modulated with greater than
unity quantum efficiency. The gain lever was explained theoretically using simple
rate equations describing a two section laser. It was found in the general case that

the only requirement for a gain lever is that the two regions have unequal saturation
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photon densities (the saturation photon density is the inverse of the product of differ-
ential gain and carrier spontaneous lifetime). Furthermore, in order that conventional
saturable absorption effects do not occur, it is necessary that the region with smaller
saturation photon density (the control section) occupy a small fraction of the total
cavity volume. Finally, experimental results for a two-section GaAs/GaAlAs single
quantum well laser show modulation enhancement and saturation behavior described

by the gain-lever mechanism.
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Chapter 4

Amplitude-phase decorrelation:
Reduction of semiconductor laser

intensity noise

4.1 Introduction

The a parameter, or linewidth enhancement factor, has been studied extensively in
research on semiconductor lasers. It governs many of the the important features of
semiconductor laser dynamics, among them enhanced linewidth [1] and frequency
chirp under direct modulation (dynamic line broadening) [2], [3].

In a semiconductor laser, the resonant refractive index and the gain are functions
of carrier concentration. The amplitude and phase of the lasing field are therefore
strongly coupled through the carrier population in the active region. The a parameter

is simply a measure of the coupling strength. However, the coupling is not symmetric.
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Field amplitude fluctuations are coupled into phase fluctuations, but not the reverse.
With regard to laser noise, this one-way coupling causes excess phase noise which
enhances the fundamental laser linewidth by a factor of 1 + a?, but the fundamental
intensity noise level is unaffected. Nevertheless, the coupling further implies that the
amplitude and phase fluctuations are correlated. Because of the inherent correlation
between the fluctuations, an “image” of the intensity noise lies in the phase noise. We
propose that this image can be recovered from the phase fluctuation (more precisely,
the time derivative of the phase fluctuation, or instantaneous frequency fluctuation)
and used to reduce the intensity noise far below its intrinsic level. When the intensity
noise is maximally reduced, the fluctuations become decorrelated.

In this chapter, a discussion of two methods to achieve intensity noise reduction
is presented [4]. The first approach employs a passive element with a frequency-
dependent transmission which is external to the laser cavity [5], [6]. The theoretical
basis of this method is outlined, and the theory is applied to calculate the spectrum
of noise reduction, as well as the correlation properties of the transformed field fluctu-
ations. The effects of a power-independent component of laser linewidth on the noise
reduction are also considered. In the second approach, a frequency-dependent loss
is placed inside the laser cavity. Many of the effects due to such a dispersive intra-
cavity loss have been considered previously in the context of “detuned loading” [17],
but application to intensity noise reduction was not developed. Both methods may
potentially reduce the fundamental intensity noise floor by the factor 1/(1 + a?), well

over an order of magnitude for typical values of a. Finally, results of an experiment
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which verify the first approach are discussed. The intensity noise level of a DFB laser
at low bias is passively reduced as much as a factor of 28 (14.5 dB) below its intrinsic

level by amplitude-phase decorrelation.

4.2 Semiconductor laser noise

In this section, the main features of intrinsic noise in semiconductor lasers which
will be important for later discussion of noise reduction are outlined. A semiclassical
description of the field fluctuations incorporating Langevin noise sources is used to
derive the relevant noise spectra and their dependence on laser power. At the cen-
ter of this discussion is the o parameter, which characterizes the coupling between
amplitude and phase fluctuations in the field.

The electric field from a single mode laser can be described as follows,
E(t) = \/p, + p(t) elwrt+e(t) (4.2.1)

where p, is the average photon density in the lasing mode, p(¢) is the fluctuating part
of the photon density, wy, is the cw oscillation frequency, and ¢(t) is the fluctuat-
ing phase deviation. When p(t)/p, < 1 the field can be represented in terms of a

dimensionless fluctuating amplitude

B(t) = s (1+ p(t)) elerte) (4.2.2)

where p(t) = p(t)/2p,. As depicted in the intuitive model of Henry [7], the fluctuations
arise from spontaneous emission which randomly perturbs the amplitude and phase

of the field phasor. Since a semiconductor laser operates as a detuned oscillator-i.e.,
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the gain peak lies at a frequency different from the zero dispersion point of the res-
onant refractive index—the amplitude fluctuations cause enhanced phase fluctuations
by modulating the carrier density-dependent refractive index of the gain medium.
This phase noise enhancement is measured by the o parameter, given in terms of the

real and imaginary parts of the complex susceptibility function as

_ dxr(n)/dn
a= ___dx,v(n)/dn (4.2.3)

where n is the carrier density. As defined above, « is a negative number. For DFB
semiconductor lasers, a may range from -2 to -7 depending on device design [8].
Each of the quantities p(¢), ¢(t), and n(t), the deviation of carrier density from

the steady-state value, evolves according to the small-signal rate equations, given by

p(t) = G'n/2+ Apg (4.2.4)
$(t) = —aG'nf2+ A; (4.2.5)
n(t) = —n/tr—2p,Gp (4.2.6)

where G is the optical gain, G’ is the derivative of gain with respect to carrier den-
sity, Tr is the relaxation oscillation damping time, and Agp and A; are real and
imaginary parts of the Langevin force accounting for spontaneous emission into the
lasing mode [9]. We omit a noise term in the carrier density equation because it has a
negligible effect on the dynamics of p(t) and ¢(¢) when the laser operates at low bias
in the excess noise regime, described below [10], [11]. The Langevin forcing terms are

assumed to come from a zero-mean Gaussian probability distribution and have the
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correlation relations [12]

(AR(t + 7)AR(t)) = %5(7) (4.2.7)
(Ar(t+71)AL(t)) = %5(7) (4.2.8)
(Ar(t +T)ALL) = 0 (4.2.9)

where S is the spontaneous emission rate into the lasing mode, P is the average
photon number in the mode, and §(7) is the Dirac delta function. The angle brackets
denote ensemble averaging. By Fourier transforming the above rate equations with
respect to frequency (1, the dynamics of n can be absorbed into equations for p and

¢, the instantaneous frequency deviation, to obtain the fluctuation spectra

1,
— + 10 B
p(Q) = TR — Ap (4.2.10)
(w2 Q2)+ﬂ
R TR
~ 2 A~
S0 = Ar+ ad -5 An. (4.2.11)

(wh — Q%) + p—
Here, GG’p, has been replaced by w}, the relaxation oscillation frequency squared. By
Parseval’s theorem, the transformed Langevin terms, Agand A 1, are delta-correlated
in frequency with the same normalizations given in (4.2.7)-(4.2.9).

Equations (4.2.10) and (4.2.11) will provide the foundation for the following dis-
cussion of noise reduction. In these equations, the role of a is seen more clearly as
providing the coupling of amplitude fluctuations into instantaneous frequency fluctu-
ations. It should be emphasized that this is a one-way coupling, from p to ¢b. The

amplitude fluctuation spectrum is not affected by the o parameter.
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One consequence of a nonzero «, however, is enhancement of the fundamental
linewidth over its Schawlow-Townes value. Using the low-frequency limit of (4.2.11),

one finds that the power spectrum of the field is a Lorentzian with a linewidth [7]

Aw = Awsr(1 + a?) (4.2.12)
where
g ,
Awsr = 7 (4.2.13)

is the modified Schawlow-Townes linewidth. In the ideal case, linewidth is inversely
proportional to laser power. However, at high power, it is often observed that the
linewidth reaches a constant value and thereafter remains independent of power. To
account for this extra component of linewidth, a power-independent term will be

added to (4.2.12), so that
Aw = Awsr(l + ®) + Aw,. (4.2.14)

The origin of this extraneous linewidth is not known, but several potential mechanisms
have been discussed in the literature. These include carrier number fluctuations [13],
thermal fluctuations [14], and spatial hole burning [15]. In any case, the existence of
a power-independent source of linewidth can be incorporated into the instantaneous
frequency fluctuation spectrum by adding a phenomenological noise source A,, such

that Aw, is the spectral density of A,. Equation (4.2.11) then becomes

~ aw?

o(Q) = Ar + 5 Ar+ A, (4.2.15)

2 _ 02y 4 B
(wh Q)'*‘TR

It is assumed that A, is uncorrelated with the other Langevin sources arising from
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spontaneous emission. The presence of this term will later illustrate how an indepen-
dent source of linewidth influences our ability to reduce intensity noise.

For a directly detected field, the relative intensity noise (RIN) is defined as the
ratio of the mean square power per unit bandwidth of the fluctuating photocurrent
to the average photocurrent power. By this definition, the RIN spectrum is directly

proportional to the spectral density of the amplitude fluctuations, given by

1 2
=y + 0
Winl®) = (7)) = — B Ausr. (4:2.16)
wh-ore

Since the proportionality constant is of no consequence when direct comparisons of

RIN are made, hereafter we will define relative intensity noise as
RIN = W,,(Q). (4.2.17)

The way in which the RIN varies as a function of laser power can be divided into
two regimes. For the moment, consider fluctuation frequencies Q < 1/7g,wr, so that

the intensity noise has a flat spectrum given by

S

RIN == m.

(4.2.18)

At low power, Tg is essentially power-independent while w? is always linearly pro-
portional to P. This characterizes the excess noise regime, where the RIN falls as
1/P3. In the high-power limit, TRw} saturates to a constant value, so the RIN falls
as 1/P, which is defined as the shot noise regime. In practice, both regimes may
be observed by directly detecting the intensity noise with a photodiode followed by

" a high-gain amplifier (see chapter 5). However, in this chapter we assume that the



114

laser is operating in the excess noise regime. The fluctuations are then dominated by
spontaneous emission, and the noise level is sufficiently far above the level of photon
shot noise (or vacuum noise) that a semiclassical treatment of the laser noise and

noise reduction is appropriate.

4.3 Intensity noise reduction with a passive, external trans-

mission function

In this section we discuss a scheme to reduce semiconductor laser intensity noise which
exploits the fundamental amplitude/phase coupling in the field fluctuations [5], [6].
The technique relies on the observation that although the intensity noise level is in-
dependent of «, the enhanced instantaneous frequency fluctuations measured by o
contain an image of the intensity noise. It is this image resulting from the correlation
between p(2) and H(§2) which can be recovered to reduce the intensity noise below
its intrinsic level. In what follows, we show that an external, passive element with
a frequency dependent transmission (see Fig. 4.1) can accomplish this task by trans-
forming the field in the desired way. We exﬁphasize that no feedback to the laser source
is involved in this scheme. The fluctuating field is passively processed after leaving
the laser cavity. For an ideal laser source with no extraneous component of linewidth,
the intensity noise can potentially be reduced by the amount 1/(1 + o?), the inverse
of the linewidth broadening term. This reduction is independent of laser power, and
is achieved by altering the correlation between the fluctuations. We quantify the

effect of the transmission function on the field’s correlation properties by calculating
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LASER

T(w)

Figure 4.1: Free-running laser and passive, external transmission function T(w). The in-

trinsic intensity noise in the input light can be reduced when T(w) has the right slope.

the cross-spectral density of the fluctuations. For the ideal laser mentioned above,
maximum intensity noise reduction coincides with decorrelation of amplitude and in-
stantaneous frequency fluctuations. Even in the case of a laser with an extraneous
linewidth component, large reduction in intensity noise exceeding an order of mag-
nitude is possible. The dependence of noise reduction on output power will then be

discussed.

4.3.1 Transformation of field fluctuations

Before analyzing the noise reduction method quantitatively, we can form an intuitive
picture of how a frequency dependent transmission function affects the field fluctu-
ations. Suppose that the radiation goes through such a function T'(w), as shown in

Fig. 4.2. The fluctuations in instantaneous frequency may be viewed as the lasing
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frequency jittering about the lasing linecenter wy. Assuming that T'(w) has nonzero
slope in the vicinity of wy, the frequency jitter is converted into jitter in the trans-
mitted amplitude. Since these new amplitude fluctuations are correlated with the
existing amplitude fluctuations in the field, they can be made to cancel each other
when they are superposed. Thus, the intensity noise can potentially be reduced by
choosing a transmission function with a proper slope.

It is straightforward to evaluate the effect of the transmission function on the
fluctuations [6]. Assume that T(w) is slowly-varying over the range of fluctuation
frequencies we are interested in. It will be seen that this is an excellent assumption
when T'(w) is realized by a Michelson interferometer. A Taylor expansion of T'(w)

about the lasing linecenter becomes possible, yielding
T(wL + Q) ~ T(LUL) -+ QT,(LUL) (431)

where T" is the derivative of the transmission with respect to frequency. Let the

slowly-varying complex amplitude of the input field be defined as
Ai(t) = (1 + pi(t))e™® (4.3.2)

so that E(t) = A(t),/poexp(iwrt) (see (4.2.2)). In terms of a Fourier component of

the input and output fields, (4.3.1) gives

A(Q) = T(wg+NA(Q)

= T(wr)A:i(Q) + QT (wr)A:(Q). (4.3.3)
By inspection, (4.3.3) is the Fourier transform of the equation

Ao(t) = T(wr) A(t) — iT"(wr) Ai(t) (4.3.4)
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OUTPUT AMPLITUDE

Figure 4.2: The transmission function, T'(w), converts instantaneous frequency noise in the

input field to amplitude noise. T'(w) is acting as a frequency discriminator.
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which can be used to derive the effect of T(w) on the amplitude fluctuation of the

output field, with the result,
po(t) = Trpi(t) + Tp(p:i(t) —2p:i(t)). (4.3.5)

where the subscript R denotes the the real part of T'. Similarly, the derivative with

respect to time of (4.3.4) in conjunction with (4.3.5) gives
Go(t) = pil2). (4.3.6)

Products of small-signal quantities have been neglected in writing the above relations.

Transforming back to the frequency domain, we find

po() = (Tr+QTR)p(Q) + Tri(Q) (4.3.7)

Po(€2) @:i(02). (4.3.8)

Equation (4.3.7) shows that p,(€2) is the sum of two parts depending on both
the amplitude fluctuation and instantaneous frequency fluctuation of the input field.
The inherent correlation between p; and ¢; will enable intensity noise reduction in
the output field by controlling Tr and Tx. The instantaneous frequency fluctuation
of the output field, on the other hand, is not affected by the transmission function,
as (4.3.8) shows. Consequently, it often will not be necessary to make a distin;tion
between ; and ¢,.

To account for the fact that T'(w) attenuates the mean field in addition to trans-

forming the fluctuations, we normalize p,(2) by Tr and so obtain

po() = (1 4+ Q0)pi(9) + Ep:(R) (4.3.9)
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where ¢ = Tg/Tg and will hereafter be referred to as the “slope” of T. By making

this definition, the RIN spectra of the input and output are simply

RIN; = W,,.(Q) (4.3.10)

RIN, = W,,,.(Q) (4.3.11)

and we see that RIN, — RIN; as { — 0, that is, in the limit of zero transmission
function slope.

In reality, the factor 2§ appearing in the transformation equation (4.3.9) is usually
much smaller than unity and can be neglected for the range of frequencies and slopes
that will be encountered. In particular, the results of section 4.5 show that to achieve
noise reduction, ¢ will typically be 0.03 GHz™! or less, so ¢ < 1 for all frequencies

of interest. With this observation, (4.3.9) becomes
Po(82) = pi(Q) + £4i(Q2) (4.3.12)

which is the final transformation equation.

4.3.2 Spectral density of transformed fluctuations

If we assume for now that we have an ideal laser source, that is, one without an
extraneous linewidth component, then the spectral density of the output amplitude
fluctuation may be computed using (4.2.10), (4.2.11), and (4.3.12).

(1/7r + abw?)® + Q2

Q?
(k=0 +

W, ,.(Q€) =RIN, = |£% + Awsy (4.3.13)




120

This expression simplifies if we restrict our attention to frequencies < 1/7g,wr,

where the RIN spectrum is flat. In this case

22
RIN, = |¢2 + L/ +f5“’ﬂ) Awst (4.3.14)
wR
and using
Awst
RIN; = —— 4.3.1
Tt (4:3.15)

the RIN of the input and output fields may be easily related.
RIN, = [(Trw?é)® + (1 + atrwié)*]RIN; (4.3.16)

By minimizing this function with respect to £, the optimum slope is found to be

-1 a
opt = g ——— 4.3.17
Eopt Trw) 1+ a? ( )
which gives the maximum noise reduction
RIN, = ! RIN; (4.3.18)
o - 1+ a2 T Y

For a typical a = -5, the intensity noise floor can thus be reduced below its intrinsic
level by a factor of 26. This lower limit on noise reduction is governed by the factor
(14 a?), the same factor which enhances the fundamental linewidth of the laser over
its Schawlow-Townes value. As the slope is changed from the optimum, different
amounts of noise reduction (or enhancement) will occur in accordance with (4.3.16).
This is shown in Fig. 4.3 where the output noise is seen to vary quadratically with
slope about the minimum. According to (4.3.17), the optimum slope is a function
of 7pw% and generally will vary with the laser power level. Even so, the maximum

reduction (4.3.18) remains independent of laser power.
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Figure 4.3: Relative level of output intensity noise vs. normalized slope. For the optimum
slope (4.3.17), noise is reduced below its intrinsic level by 1/(1 + o?), where a = -5 is
assumed. This figure characterizes noise reduction in the flat part of the intensity noise

spectrum.
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The complete RIN spectrum of the output field is given by (4.3.13). For a given
value of €, the amount of noise reduction is a function of frequency. Figure 4.4
shows the RIN spectrum calculated from (4.3.13) for several values of transmission
slope. Typical values for 7 (2.6 x 107'? sec rad™') and wg (9.4 x 10° rad sec™!)
characteristic of a DFB laser at low bias are taken from the literature [16]. An «
of -5 is also used. The heavy curve is the intrinsic intensity noise level of the input
field, corresponding to £ = 0. When £ is at the optimum value given by (4.3.17),
the low-frequency noise is reduced by 1/(1 + a?) in accordance with (4.3.18), but the
amount of reduction diminishes at higher frequencies. If the slope is too large, 3¢,
for this example, then the low-frequency noise is enhanced over its intrinsic value, in
agreement with (4.3.16) and Fig. 4.3. For the range of slopes in Fig. 4.4, the noise
level at the resonance is not significantly affected. We also see that the high-frequency
noise beyond the resonance is enhanced even when the low-frequency noise is reduced.
This is not surprising because at high frequencies the phase noise is dominated by its
independent component (A, term in (4.2.11)) which is being converted by T'(w) to
an additive component of intensity noise.

The optimum slope which minimizes the output intensity noise at frequency Q is

_ -1  aD(Q)
ot () = A1+ a2 D() (4.3.19)
where
4
D(Q) = “R o7 (4.3.20)
(Wi -2 + =
TR

The variation in optimum slope is shown in Fig. 4.5, where £,,:(Q) is plotted normal-

ized by the optimum low-frequency slope &,,; from (4.3.17). Noise reduction at higher
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Figure 4.4: Output intensity noise spectrum for different slopes calculated from (4.3.13).
The heavy curve is the intrinsic noise level (§ = 0). Spectra are measured relative to the
intrinsic noise level at low frequency. Noise is reduced in the flat region by 1/(1 + a?) when
£ = &opt, or enhanced (€ = 3,p:) as the slope is varied. High-frequency noise is enhanced

for all slopes.
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frequencies therefore requires a fairly constant slope as ) approaches wg. Beyond the
resonance the optimum slope tends to zero, which indicates that noise reduction is
becoming impossible at these high frequencies.

A plot of the spectrum of maximum possible noise reduction also appears in
Fig. 4.5. This function is obtained by evaluating RIN, (4.3.13) at the optimum
slope for each frequency (4.3.19), and is the envelope of minimum noise levels in the
progression of noise spectra in Fig. 4.4, normalized by the intrinsic noise spectrum,

i.e.,

Wpopo(Qa €0Pt(Q))
Woipi(R)

maximum noise reduction spectrum =

(4.3.21)

The left-hand side of Fig. 4.5 shows that the noise can be reduced by 1/(1 + a?) at
low frequency, the magnitude of reduction decreases as the resonance frequency is

approached, and no reduction is possible at frequencies beyond the resonance.

4.3.3 Correlation properties

To further illustrate the effect of the transmission function T'(w) on the field fluctua-
tions, it is useful to compute the symmetric cross-spectral density of p and ¢, defined
as

Wio(Q) = = [(p()5"()) + (0" (QR)S(V)]. (4.3.22)

Using (4.3.22), (4.2.10), and (4.2.11), the cross-spectral density of the input field is

Wos(Q) = B Awsr. (4.3.23)
(wh— 09+
TR
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Figure 4.5: Left-hand side: Maximum intensity noise reduction as a function of frequency.
Noise is reduced by 1/(1 4+ a?) where the noise spectrum is flat. Beyond the resonance,
noise cannot be reduced below the intrinsic level.

Right-hand side: Normalized optimum slope to achieve intensity noise reduction vs. fre-

quency. &op:(£2) tends to zero at high frequency where noise reduction is not possible.
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This function gives the degree of correlation between the Fourier components of the
field’s intrinsic amplitude and instantaneous frequency fluctuations. For the input
field, a logarithmic plot of the magnitude of (4.3.23) in Fig. 4.6 shows that there is
always correlation except in the high-frequency limit, which fits with the intuitive
model of [7]. Since the fluctuations are coupled through perturbations to the carrier
density, there can’t be any significant correlation at timescales much shorter than
the characteristic response time 7g. As expected, the above function is directly pro-
portional to a. To be precise, the fact that a is negative means that p; and ¢ are
anticorrelated.

After passing through the transmission function, the amplitude fluctuation is

transformed according to (4.3.12), and the cross-spectral density of the output field

becomes ,
alwhé + i
W,.o(,6) = |€+ TRm Awsr. (4.3.24)
(wh -2+

The correlation is now a function of ¢, the transmission function slope. Figure 4.6
also shows the magnitude of this function evaluated at the optimum value of ¢ used
to generate the normalized noise reduction spectrum in Fig. 4.4. By comparing these
two figures we see that noise reduction coincides with reduced correlation in the
fluctuations. In fact, when the noise is maximally reduced at low frequency, the
cross-spectral density approaches zero, indicating that the low-frequency fluctuations
have been decorrelated by the transmission function. (Note: It is useful to take the
log of the magnitude of (4.3.24), as in Fig. 4.6, because the large dynamic range at

low frequencies is clearly seen, but an artifact of this is a sharp feature after the



127

-60 . ! . i . |
0.01 0.1 1.0 10

Q/2r (GHz)

|Cross-Spectral Density| (dB)

Figure 4.6: Magnitude of the cross-spectral density of p(£2) and ¢(Q) of the input field
(normalized by the low-frequency value), and of the output field (heavy curve) for £ = £,
showing decorrelation of the fluctuations at low frequency. The function changes sign after

the resonance, appearing as a sharp feature in this logarithmic plot.
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resonance where the function changes sign). In addition, a new correlation at high
frequency arises from the independent source of phase noise (A; term in (4.2.11))
which is being converted to additive intensity noise by the transmission function.
The fact that the cross-spectral density is driven to zero at low frequencies when
€ = &,x can be understood by considering the fluctuations in the time domain. In

the low-frequency limit, we have from (4.2.4) — (4.2.6)

pt) = Ag (4.3.25)

‘ Q,D(t) = Ar+alpg (4.3.26)

where j(t) = Trw})p(t) is a rescaled amplitude fluctuation in order that j(t) and ¢(¢)
be dimensionally equivalent. Let 0% = (A%) = (A?%) be the variance of the Langevin
terms (directly proportional to the integration bandwidth, since the Langevin forces

have a flat spectral density) so that

(i)Y = o (4.3.27)

(@:(1)?% = o*(14a?) (4.3.28)

are the variances of the input field variables p;(t) and ¢;(?).

If the laser were operating in the tuned condition, corresponding to a = 0, then
contours of constant probability density would be circular, as shown in Fig. 4.7. For
the detuned case, the contours are ellipses tilted with respect to the coordinate axes.
As a result of detuning, the variance of the instantaneous frequency fluctuation is
enhanced by 1+ a? but the variance of the amplitude fluctuation is unchanged. This

- tilted ellipse represents the state of the fluctuating input field, where the degree of
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tilt, and corresponding thinness of the ellipse, indicates the correlation between the
fluctuations.

Using (4.3.12),(4.3.25) and (4.3.26), when ¢ = £, the output field variables are

AR aAI

po(t) = 72 11l (4.3.29)
¢o(t) = Aj+alg (4.3.30)
which are clearly uncorrelated. The variances are given by
o?
(po(8)) = T (4.3.31)
(Po(t)?) = o1+ a?). (4.3.32)

The output field ellipse is also shown in Fig. 4.7. For the optimum slope, we see that
the transmission function has rotated the ellipse to align it with the coordinate axes.
As a result of the rotation, the output field variables g,(t) and ¢,(t) are decorrelated
while the variance of the amplitude fluctuation is simultaneously reduced by the
factor 1/(1 + a?). Decorrelation of the fluctuations by T'(w) therefore coincides with

intensity noise reduction.

4.3.4 Effect of a power-independent linewidth

To complete this discussion, we must consider the effect of an extra, non-Schawlow-
Townes, component of linewidth on the RIN of the output field. We can foresee
that, in general, the amount of noise reduction will diminish, since the extraneous
linewidth is presumed to come from a phase noise source (A, term in (4.2.15)) which .

is not correlated with the other noise sources. It is straightforward to substitute
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Figure 4.7: Contours of constant probability density for tuned (a = 0) and detuned (a # 0)
operation. For the detuned case, the tilted ellipse of the input field is rotated by T'(w) to

decorrelate the variables and reduce the variance of ,(t) by 1/(1 + o?).



131

this augmented instantaneous frequency fluctuation spectrum into the transformation
equation (4.3.12) to compute the output RIN. In the low-frequency limit, we find

analagous to (4.3.16)
RIN, = [(Trw})2(1 + B) + (1 + atrwié)?]RIN; (4.3.33)

where 8 = Aw,/Awsr is the ratio of the power-independent linewidth to the Schawlow-
Townes linewidth. f increases linearly with laser power, since Awgr has inverse power
dependence. Evaluating the above relation at the slope which minimizes the output

intensity noise,

-1 a
Eopt - TRW% 1 +a2 +ﬂ, (4-3-34)
the maximum reduction is now given by
1+
RIN, = T a? ﬂRIN,. (4.3.35)

Thus, for nonzero B, the ability to reduce intensity noise is diminished compared
to the ideal case (4.3.18). Furthermore, the amount of reduction is now a function
of laser power, the net reduction becoming smaller as output power increases. This
behavior will be shown to agree with measurements on a DFB laser diode in section
4.5.

For the complete output spectrum it can be easily seen that the presence of the
extra linewidth component will add a uniform offset to the noise level by the amount
£2BAwsr (see (4.3.13)). Thus the magnitude of reduction at any frequency will
decrease as the laser is run at higher bias.

To summarize the results of this section, we have studied the effects of an external,

passive transmission function on the intensity noise of the laser field and found that
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large reductions below the intrinsic level are possible when the transmission func-
tion has the correct slope. The method works by exploiting the inherent correlation
between the field fluctuations. Optimum intensity noise reduction simultaneously

decorrelates the amplitude and phase fluctuations at the output.

4.4 Intensity noise reduction with a dispersive, intracavity

loss element

A dispersive transmission function external to the laser cavity may reduce intensity
noise, as was just shown. The same is true if the element is placed inside the cavity,
where it then constitutes a dispersive loss. Contrary to the external case where
the element acts on the field but does not affect the laser, the internal loss element
influences the laser dynamics, and must be incorporated into the rate equations. The
underlying mechanism for intensity noise reduction is similar in both cases, however,
and the maximum amount of reduction is again given by the factor 1/(1 + a?).

This method for noise reduction will only be discussed briefly, because the effects
of such an intracavity dispersive loss have been studied in work on “detuned loading”
in semiconductor lasers [17], [18]. In fact, it was shown experimentally that phase
noise (linewidth) reduction and modulation speed enhancement could be achieved
simultaneously through such an approach [19]. The application to intensity noise
reduction was not pursued in the literature. Here, our intent is to quantify how well
the intensity noise is reduced when the loss element has the right slope. Intuitively,

this mechanism for noise reduction relies on amplitude/phase correlation, but contrary
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Figure 4.8: Laser with frequency-dependent intracavity loss y(w). The intrinsic intensity

noise can be reduced when y(w) has the right slope.

to the passive case there is a feedback mechanism through the optical gain. In other
words, the enhanced phase noise (frequency jitter), which contains an image of the
intensity noise, causes jitter in the instantaneous cavity loss owing to the dispersive
loss function. The gain dynamically adjusts to compensate the fluctuating loss and
so quiets the intensity noise, assuming the loss function has the right slope. As
mentioned above, there may reduction in the phase noise as well, but we will focus
on the intensity noise here.

The dispersive intracavity loss 4(w) is shown schematically in Fig. 4.8. The equa-

tion of motion for the slowly varying field amplitude (4.3.2) is given by [18]

= 5(G @)1~ i) A+ A (44.1)

where A = Agr +1A; is the Langevin noise source. A linear expansion of v about the
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lasing frequency is assumed possible, so that
v(w) = y(wr) + 266w (4.4.2)

where ¢ is the slope of v and éw is the complex instantaneous frequency deviation,

given by
A
bw = —1=. 4.4.
w i (4.4.3)

The small-signal equation of motion then results

G'n(t) (1 —ia)A A

A=—""7 ‘Y1

(4.4.4)

where G’ is the differential gain and n(t) is the carrier density deviation. Substituting

the expression (4.3.2) for A in terms of p and ¢, we find

_ G'n(t) 1+ af AR—ﬁAI.

s TretiTe (4.4.5)

At low frequencies where n(t) and p(t) track each other, this becomes (using 4.2.6)

1 Ap—£€Ar
Trwd 1+ aé

p(t) =

(4.4.6)

where p — 0 in this low-frequency limit. The spectral density can then be found

using the normalizations given in (4.2.7) - (4.2.9).

1 142
Thwi (1 + af)?

W,, = Awst (4.4.7)

Minimizing the above expression with respect to ¢ gives {,,: = a for the optimum
slope, so compared to the intrinsic RIN (spectral density when ¢ = 0), the optimum
RIN is

1
RINoPt = leNintrinsic (448)
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which agrees with the theoretical minimum for the passive case (4.3.18). If the laser
has an extraneous component of linewidth not due to spontaneous emission, then the
remarks of section 4.3 would apply here as well, and the maximum reduction would
be diminished.

In summary, we have shown that an intracavity dispersive loss can potentially
achieve the same level of intensity noise reduction as the passive transmission function
studied in section 4.3. In the flat part of the noise spectrum, both methods predict
that reduction by the factor 1/(1+a?) is possible, assuming the laser does not possess

a significant power-independent component of linewidth.

4.5 Experimental results

We have described two ways to reduce laser intensity noise below the intrinsic floor:
an extra-cavity approach using a passive transmission element and an intra-cavity
approach which incorporates a dispersive loss. In this section experimental results
which verify the first approach are presented [4]-[6]. The transmission function is
implemented with a Michelson interferometer. Intensity noise from a DFB laser
shows significant reduction which requires only a small optical path difference in the
Michelson. The level of noise reduction as a function of frequency, laser bias, and
transmission function slope agree with the theoretical predictions.

We note that Michelson interferometers are often used to characterize phase noise
in semiconductor lasers [20], [21]. In these experiments, however, the interferometer

is said to be strongly unbalanced, where the path difference is on the order of 10 cm.
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In our experiment the interferometer is only slightly unbalanced, as optimum path
differences for noise reduction are on the order of millimeters.

A schematic diagram of the experimental setup appears in Fig. 4.9. The single-
mode laser source used in this experiment is an InGaAsP distributed feedback laser
made by Ortel Corporation operating at 1.3 pm. The threshold current is 21.8 mA.
The light is collimated by an antireflection coated lens and sent through an optical
isolator (Newport ISO-13H) with 60 dB isolation to prevent feedback effects. After
passing through a Michelson interferometer with a maximum 87% intensity transmis-
sion, the output light is focused onto a high quantum efficiency (90%) p-i-n detector.
The noise photocurrent is amplified by a low noise, high gain (52 dB) amplifier over
the frequency band .01 - 1 GHz, and input to a microwave spectrum analyzer (HP
8558B). Lock-in detection is also employed to improve the sensitivity. With this ar-
rangement, the intrinsic intensity noise from the DFB laser can be measured in both
the excess and shot noise regimes, well above the thermal noise level of the detection
system.

A linewidth versus power measurement was taken for the DFB laser which appears
in Fig. 4.10. It shows that the linewidth varies inversely with power until it saturates
at high power to a value of 7 MHz. This represents the power-independent linewidth
component which will be shown to affect the magnitude of noise reduction that can
be obtained.

The transmission function for a Michelson interferometer is given by

wb
c

e (4.5.1) |

T(w)= -

| 3
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The high-power linewidth saturates at 7 MHz.
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where 6 is the optical path difference, ¢ is the speed of light, and m (< 1), the
amplitude visibility, accounts for the imperfect extinction of the interferometer. m is

related to the intensity visibility v as follows

T ez = T lnin _ _2m

T (452
The real part of the Michelson transmission function is given by
Tr(w) = ‘—‘12- (1 - mcos(%&)) (4.5.3)
and the derivative is
Th(w) = —T-;l—césin(-c%&). (4.5.4)

One arm of the Michelson is controlled by both a micrometer for coarse positioning
and a piezoelectric transducer (PZT) for submicron motion. The dependence of
intensity noise on interferometer slope is characterized by setting the path difference
using the micrometer, scanning the Michelson by one wavelength using the PZT,
and measuring the noise power of the transmitted light at a given frequency and
bandwidth. Figure 4.11 shows Tr(w) in relation to the lasing frequency wy, for two
path differences §; and é; (> é;). If the scan begins at maximum transmission,
for instance, then during the scan the input field samples a transmission slope Tj
(4.5.4) which changes smoothly from 0 to mé/2¢ to 0 to —mé/2c to 0. In this way,
a continuous range of slopes, both positive and negative, can be tested in one scan,
and the extremes of this range are set by the amount of path difference, 4.

Figure 4.12 shows the results of an intensity noise measurement for a series of

path differences at a laser bias of 23.3 mA. The output power is 0.34 mW and the
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Figure 4.11: Measuring intensity noise as a function of interferometer slope. The Michelson
is unbalanced by a path difference é;, so that the lasing field at wy encounters a range
of positive and negative slopes as Tg is scanned by one fringe. For a larger delay 62, the
fringes are pushed closer together, and the field encounters a wider range of slopes as Tg is

scanned.
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intrinsic RIN level is -130 dB/Hz. The noise was measured in a 100 kHz band at
130 MHz, within the flat region of the noise spectrum. Noise power is plotted as a
function of transmitted intensity, proportional to the mean detector photocurrent.
This is not the RIN, but the directly detected noise power which is related to RIN,
by multiplying the rhs of (4.3.33) by |T|*. At zero path difference we see the intrinsic
noise power level as the light is merely attenuated by the Michelson during the scan.
If the Michelson is unbalanced, then the dependence of noise level on transmission
slope becomes apparent. “Loops” of noise are observed whereby the noise is reduced
below the intrinsic level for positive slopes and enhanced when the slope is negative.
At the extremes of transmitted intensity for a given loop, the noise level returns to
the intrinsic value as it should since this corresponds to zero slope. As the path
difference increases, the loops grow in area and the noise reduction switches to noise
enhancement at some transmitted intensities.

With (4.3.33), (4.5.3), and (4.5.4), theoretical noise loops may be calculated. Using

1 (wR

a = -2.3, a value which is consistent with our data, Trw% = 34 x 10° rad sec™
measured experimentally and g taken from the literature [22]), and 8 = 0.35 from
the linewidth data, the calculated loops in Fig. 4.13 agree well with the measured
loops.

In Fig. 4.14, cross-sections of the experimental and theoretical loops at the half
intensity transmission point are shown in terms of noise power, normalized by the

intrinsic noise level, versus path difference. The optimum reduction is 7 dB for a

4 mm differential delay, which agrees with the theoretical calculation. Also shown -
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Figure 4.12: Measured intensity noise power vs. normalized intensity transmission through
the Michelson for optical path differences of 0 mm (intrinsic noise level), 1, 4, and 7 mm.
Loop areas increase with increasing path difference. Both reduction and enhancement of

the noise level are apparent.
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from (4.3.33) also appear.
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are data from measurements at a higher bias of 25.7 mA, where § is 1.08, 7pw% =
82x10° rad sec™!, output power = 0.83 mW, and the intrinsic RIN level is -140 dB/Hz.
Because 3 is larger at higher bias, the amount of noise reduction decreases as predicted
by (4.3.35). Also, the increase in Trw) means the optimum slope is decreased and
occurs at a shorter path difference of 1.6 mm, in accordance with (4.3.34). These
data agree well with the theoretical plots. Note that the free spectral range of the
Michelson is 75 GHz for a path difference of 4 mm. The linear approximation of the
transmission function (4.3.1), on which the theoretical analysis of section 4.3 is based,
is therefore justified.

The amount of noise reduction continued to diminish as laser power increased. It
can be seen however that for a laser having a smaller excess linewidth (smaller 3 at a
given output power), larger amounts of noise reduction are possible at higher powers
and at shorter path differences. These small path differences needed to achieve noise
reduction suggest that a monolithically integrated version of this technique may be
feasible.

For the low bias case at 23.3 mA, Fig. 4.15 shows the maximum measured noise
reduction as a function of frequency. The theoretical curve calulated from (4.3.21) and
the known value of 3 also appears. As predicted, the amount of reduction diminishes
at higher frequencies where the intrinsic noise spectrum is no longer flat. Note that
an additional benefit from a laser with a smaller component of excess linewidth is
that noise reduction becomes possible at higher bias levels. The resonance frequency

is therefore pushed out to higher frequencies, leading to noise reduction over a wider
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bandwidth.

Finally, Fig. 4.16 shows several noise loops for a second InGaAsP DFB laser with a
larger a parameter than the DFB laser described above. Noise power was measured at
17.8 MHz (in the flat part of the noise spectrum) in a 100 kHz bandwidth. The laser
was biased slightly above threshold for the measurement (bias level = 15.5 mA and
threshold current = 14.5 mA), where the output power was 0.22 mW and the intrinsic
RIN level was -119 dB/Hz. For a 6.6 mm differential delay in the Michelson, the noise
is reduced below the intrinsic level as much as a factor of 28 (14.5 dB). Although the
B parameter was not directly measured for this device, a factor of 28 reduction in
the intensity noise implies that |a| > 5.2 (see 4.3.35). Additional measurements on
the level of noise reduction for this device in relation to the photon shot noise level

appear in chapter 5.

4.6 Conclusion

In conclusion, we have discussed a simple technique, amplitude-phase decorrelation,
for reducing the intensity noise floor in a free-running semiconductor laser. Taking
advantage of the inherent correlation between the amplitude and phase fluctuations in
the laser field, the intensity noise can potentially be reduced by the factor 1/(1 + o?),
independent of laser power, by using a passive external element with a frequency-
dependent transmission. Optimum intensity noise reduction results in decorrelation
of the fluctuations. This technique was shown to share some conceptual similarities

with detuned loading, where a dispersive loss function is placed inside the laser cavity.
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Figure 4.16: Measured noise loops for a different DFB laser (with a larger |a|) for path
differences of 0.0 mm (intrinsic noise level), 3.0, 6.6, and 9.0 mm. Loop areas increase with
increasing path difference. The loop at 6.6 mm delay (dashed line) shows a factor of 28

reduction in noise power at half-intensity transmission.
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In that case the maximum intensity noise reduction is also 1/(1 + @?). In practice,
the presence of a power-independent component of linewidth will limit the amount
of reduction that can be achieved. The magnitude of reduction will thus diminish as
laser power increases. However, we verify that the intensity noise from a DFB laser
diode at low bias can be reduced by as much as 14.5 dB when the passive technique
is implemented with a Michelson interferometer. The measured dependence of the
noise level on interferometer slope, laser bias, and frequency are in agreement with

theory.
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Chapter 5

Semiconductor laser intensity

noise reduction and the photon

shot noise floor

5.1 Introduction

In chapter 4 it was shown that the amplitude-phase decorrelation technique may po-
tentially reduce the intensity noise of semiconductor laser light by a factor of 1/(1+a?)
below its intrinsic level, where « is the linewidth enhancement factor. This represents
a substantial reduction for typical values of a (~ -5). The question naturally arises:
can amplitude-phase decorrelation reduce intensity noise below the level of the photon
shot noise? The shot noise level represents a fundamental floor for intensity noise,
and the issue of noise reduction below the shot noise level (standard quantum limit)

has been the subject of many theoretical and experimental investigations regarding
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the generation of sub-Poissonian (squeezed) light [1]-[6].

Because it can be difficult to experimentally establish the photon shot noise level
(SNL) with confidence, a balanced homodyne detector (BHD) is used to accurately
determine the intensity noise level of the lasing mode in relation to the SNL. First,
the performance of the BHD is demonstrated by measuring the intrinsic noise level
of a laser diode and SNL as a function of laser power. Measurements on a distributed
Bragg reflector (DBR) laser show that at high power, the intrinsic intensity noise
level at the device’s output facet is only 0.8 dB above the quantum-limited shot noise
floor. The theoretical dependence of the measured SNL on optical attenuation is also
verified. Second, the BHD is used to complement the amplitude-phase decorrelation
experiments of the previous chapter by measuring the noise reduction in relation to
the SNL. For the DFB laser studied in chapter 4, the decorrelated noise can be reduced
to within 1.3 dB of the SNL. Reduction below the SNL appears to be inhibited by

uncorrelated phase noise in the instantaneous frequency fluctuation spectrum.

5.2 Laser intensity noise measurement with a balanced ho-

modyne detector

At Jow frequencies (i.e., in the flat region of the noise spectrum), the intensity noise

spectral density for single mode operation has the form

S(I) = 2th(? +B+CI) (5.2.1)
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where hw;, is the lasing photon energy and I is average output power [7]. (Note:
S(I) represents the directly detected noise power which would be measured by a
detector and electronic spectrum analyzer, not the RIN, which is proportional to
S(I)/I*). The coefficients A, B, and C depend on fundamental laser quantities such
as differential gain and spontaneous lifetime, but for now we only wish to consider
the qualitative features of S(I). At low power, where the fluctuations are dominated
by spontaneous emission, the laser operates in the excess noise regime, where S(I)
has a 1/1 dependence. As I increases, the noise level eventually begins to rise as the
~ laser enters the shot noise regime. It thus becomes important to relate S(I) to the

fundamental, quantum-limited spectral density of shot noise, given by 2wl [8].

5.2.1 Balanced homodyne detection

Many experimental approaches to establish the SNL involve a fair degree of uncer-
tainty. One may measure the noise power of an incoherent, shot-noise-limited light
source, such as an incandescent filament [9], LED [10], or a highly attenuated laser
beam [11]. This reading of the SNL is then compared to the measured laser noise
level for the same dc photocurrent induced in the detector. However, this approach
has a major drawback. Although the detector dc photocurrents for the SNL cal-
ibration and laser noise measurement may be equal, this does not imply that the
frequency response of the detector is the same in both cases. In particular, a typical
high-performance p-i-n photodiode has both a dc and ac response which separately
depends on the location of the focused spot, the optical intensity, and the spectral

distribution of the radiation. If any of these quantities changes between the SNL cal-
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ibration and the laser noise measurement, then the meaning of the SNL calibration
is questionable. These issues are not trivial. In our laboratory, we have seen as much
as 4 dB variation in the measured laser intensity noise power as the beam focus on
the detector is adjusted, even though the dc photocurrent remains constant to within
a percent.

Another approach to establish the SNL is to measure the detector current and
calculate the shot noise spectral density using the well-known 2¢(JI) formula, where ¢
and (I) are the electron charge and dc photocurrent, respectively. This is an indirect
method, however, which requires precise knowledge of detector response, amplifier
gain and noise figure, losses in the detection system, and the effective integration
bandwidth of the spectrum analyzer. Several dB’s of uncertainty in the location of
the SNL may easily accumulate.

A better approach is to use the laser itself to directly establish the SNL. This may
be accomplished with a balanced homodyne detector (BHD), as shown in Fig. 5.1 [12].
The physical principles of balanced detection are discussed in [13] and [14]. In a
generalized balanced detection scheme, two input modes a and b are coupled by a
beam splitter into output modes ¢ and d. In terms of the beam splitter scattering

matrix [14], we have

\/I_Zei¢ Vv1-£R a c

e = (5.2.2)

VI—R —VRe ¥ b d

where R is the power reflectivity of the beam splitter. The phase angles é and ¢
depend on the beam splitter material and coatings, but their actual values are not -

important, as shown below.
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For noise measurements, the laser light constitutes one input to a 50/50 beam
splitter (R = 1/2 in (5.2.2)), as seen in Fig. 5.1. In a quantum field description, the
laser field is represented by the sum of mean amplitude A; and noise component Ag,.
The laser field forms input @ in (5.2.2). A vacuum field, with zero mean amplitude
and noise component Aa,, enters the open beam splitter port, forming input b. These
fields are mixed by the beam splitter and the output fields ¢ and d are detected by
two ideal (unity quantum efficiency) photodetectors, generating currents I; ~ |c|?

and I ~ |d|*>. Using (5.2.2), the photocurrents I; and I may be expressed as

1
Il ~ '2'IA[ + Aa1 + Aav]2 - (523)
I, ~ %]Al + Aa; — Aa,|? (5.2.4)

which are independent of the phase shifts intrinsic to the beam splitter. To highest

order, the noise-carrying parts of I and I, are given by

I, ~ A(Aaq+ Ag,) (5.2.5)

12 ~ A[(Aal—-—Aav). (526)

Thus, by coherently adding or subtracting I; and I, followed by detection with a
spectrum analyzer, the measured noise spectra are

(h+ L)% ~ 44} {(Aa)?) (5.2.7)

((h = L)") ~ 44}{(Aa,)?) (5.2.8)

which represent the laser’s intrinsic intensity noise level and the quantum SNL, re-

spectively.
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5.2.2 Experimental details

In the experimental arrangement shown in Fig. 5.1, the laser output is sent through
an optical isolator with 60 dB isolation to prevent feedback effects. The input light
to the BHD is divided by a half-wave plate and polarization-sensitive beam splitter.
Two matched InGaAs/InP p-i-n photodiodes (BT&D PDH0004) with 0.90 quantum
efficiency are used in conjunction with a bias tee and a high-gain, low-noise amplifier
(Avantek ACT10-213-1). The amplified ac currents are combined in a broadband
hybrid junction [15] which may coherently add or subtract the two inputs. The
combined noise photocurrents are sent to a microwave spectrum analyzer (HP 8558B)
to measure noise power. Lock-in detection is also used to improve the sensitivity and
to filter thermal noise.

The optical powers in the two detector arms are balanced by rotating the half-
wave plate. It is also important that the path lengths of the two arms be made
equal [15]. This is accomplished by current modulating the laser diode at the mea-
surement frequency, subtracting the two photocurrents with the hybrid junction, and
adjusting the differential path length until the modulation peak seen on the spectrum
analyzer is minimized. By this approach, a common mode rejection of 60 dB could be
obtained. Once the BHD is balanced, the noise level of the lasing mode or the SNL
may be observed by switching between the summing and differencing output ports of
the hybrid junction, respectively. No other change to the system is required. Thus,

the uncertainties in establishing the SNL as discussed above are not a factor.
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5.2.3 Experimental results

The BHD is used to study the intensity noise level of a 1.5 um InGaAs/InGaAsP
strained-layer multi-quantum well distributed Bragg reflector (DBR) laser [16], [17].
Measured noise power at 130 MHz (within the flat part of the spectrum) versus laser
output power is shown in Fig. 5.2. When the detector photocurrents are subtracted,
the SNL is measured, which appears as a line intercepting at zero power, as it should.
When the photocurrents are added, the intrinsic noise level of the lasing mode is
measured. Both the excess noise regime at low power, where the noise level falls with
increasing power, and the sh;)t noise regime at higher power, where the noise level
increases with power, are apparent. A numerical fit to the intrinsic noise data of the
form of (5.2.1) and a linear fit to the SNL data are also shown. This laser appears
to operate extremely close to the SNL even for modest output power. However,
the effect of loss between the laser and detectors, including the non-unity detector
quantum efficiency [14], must be accounted for to relate measured noise to the true
noise level at the output facet.

A lossy optical channel attenuates the mean photon number as follows: (N);, Joss,
(N)out = 7{N)in where 7 is the coupling efficiency. The noise statistics are altered
in a less straightforward way. In terms of photon number variance, proportional to
measured noise power, this relationship is [10]

{(AN)?)
(V)

(AN)?)
(V)

out __

41— (5.2.9)

out n

Equation (5.2.9) is merely an instance of the quantum-mechanical fluctuation dissipa-

" tion theorem, whereby leakage from a system to a reservoir (loss) necessarily couples
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Figure 5.2: DBR laser intensity noise (at 130 MHz) vs. output power measured with a
balanced homodyne detector. Both the laser’s intrinsic noise level and shot noise level

(SNL) are shown. A theoretical fit to the intrinsic noise of the form of (5.2.1) and a linear

fit to the SNL are superimposed on the data.
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reservoir fluctuations into the system. In this case, the reservoir is the vacuum, and
the impact of the vacuum fluctuations is described by the 1 — n term in the above
relation.

We see from (5.2.9) that loss affects shot noise and excess noise in fundamentally
different ways. First of all, shot noise has Poissonian statistics, where ((AN)?);, =
(N )in, and hence, when there is loss, the SNL versus incident power is unchanged,
ie, (AN out/(NYowr = ((AN)?)in/(N),,. In contrast, light with excess noise,
where ((AN)?);, > (N)in, will appear relatively less noisy after experiencing loss,
iy (AN out/ (N ot < ((AN))in/ (V.

Equation (5.2.9) may be used to verify that the balanced detector is actually mea-
suring the SNL. Fig. 5.3 shows the measured SNL versus mean detector photocurrent
when the currents are subtracted by the hybrid junction. When the laser power is
changed by ramping the laser bias current down to threshold, measured noise power
follows a line which intercepts at zero power, indicative of shot noise, as in Fig. 5.2.
Alternatively, when the laser bias is fixed and the incident optical power to the BHD
is reduced by putting neutral density filters in the beam, the measured noise falls
exactly on the same line. Thus, for a given incident optical power, the measured SNL
is independent of loss before the detector—a fundamental property of photon shot
noise.

Equation (5.2.9) may also be usedvto factor out the effect of loss on the DBR laser
noise measurement. For the data in Fig. 5.2, n = 0.10, which includes losses from the

optical components, a neutral density filter to keep the dc photocurrents below 1 mA,
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To confirm shot noise behavior, the SNL is seen to be a linear function of incident optical
power independent of optical loss before the detector. The incident optical power is varied

either by changing the laser bias or by inserting neutral density filters in the beam.
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and the non-unity detector quantum efficiency. Fig. 5.4 shows relative intensity noise

(RIN) versus incident laser power where, by definition,

{(AN)?)

RINz—W

(5.2.10)

Because of loss, the measured RIN appears closer to the SNL than the true RIN at the
output facet. Even so, at 10 mW output power, the DBR laser’s intrinsic intensity
noise level at the output facet is seen to be only 0.8 dB above the SNL (a very quiet

laser).

From these results, we see that the balanced detector provides an ideal tool with

which to study laser intensity noise near the quantum level.

5.3 Amplitude-phase decorrelation in relation to the pho-

ton shot noise floor

Using the BHD at the output of the Michelson interferometer (see Fig. 4.9), amplitude-
phase decorrelation experiments were performed on the DFB laser discussed at the
end of chapter 4. Noise loops and the SNL could be measured for a particular laser
bias point by scanning the Michelson (see Fig. 4.11) and either adding or subtracting
the detector photocurrents. Again, because no adjustments are made to the detectors
or laser during the measurement, the balanced detector can unambiguously determine
where the intensity noise reduction stands in relation to the fundamental photon shot

noise level.
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Figure 5.4: Relative intensity noise (RIN) of the DBR lasing mode and the SNL vs. incident
optical power. The effect of loss on the measured noise is factored out to give the true RIN

at the output facet. The RIN falls with increasing power and comes within 0.8 dB of the

SNL at 10 mW output power.
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5.3.1 Experimental results

Measurements were performed on the DFB laser for a range of bias points from
15.5 mA (near threshold) up to 40.0 mA. Noise power was measured at 17.8 MHz (in
the flat region of the spectrum) in a 100 kHz bandwidth. Figures 5.5 and 5.6 show a
representative series of loops and the SNL, as a function of detector dc photocurrent,
for two different laser bias points. It can be seen that although the noise power
may show a substantial reduction below the intrinsic level, the reduced noise remains
above the shot noise floor. In Fig. 5.7 noise power, as a function of incident laser
power, is shown in terms of RIN for the range of bias points tested. For each bias
point the shot noise level, intrinsic noise level, and maximally reduced noise level are
shown. The intrinsic RIN and reduced RIN describe the noise level at the output of
the Michelson interferometer, where the effect of loss between the Michelson output
and p-i-n detectors has been factored out in accordance with (5.2.9). The detection
quantum efficiency after the Michelson is 0.82, so there is very little difference between
the measured noise level and the true level at the Michelson output. At 15.5 mA bias
(-12 dBm incident power), the noise is reduced by a factor of 28.6 (14.5 dB), as
described in section 4.5. As the bias level increases, the intrinsic noise level falls, in
accordance with (5.2.1), and the amount of reduction decreases as the reduced noise
level approaches the SNL. At 40.0 mA bias (3.7 dBm incident power), the noise level
can only be reduced by 3.4 dB below the intrinsic level, and the reduced noise is
within 1.3 dB of the SNL.

The observed power dependence of the magnitude of reduction is consistent with
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Figure 5.5: Noise loops and the shot noise level vs. detector dc current. DFB laser bias
is 24.0 mA (threshold is 14.5 mA). Loops correspond to interferometer path differences of
0.0 mm (intrinsic noise level), 0.4, 0.8, and 1.2 mm. Loop areas increase with increasing

path difference.
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Figure 5.6: Noise loops and the shot noise level vs. detector dc current. DFB laser bias
is 40.0 mA (threshold is 14.5 mA). Loops correspond to interferometer path differences of
0.0 mm (intrinsic noise level), 0.26, and 0.46 mm. Loop areas increase with increasing path

difference.
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Figure 5.7: Intrinsic RIN, reduced RIN, and the shot noise level vs. incident power to the

balanced detector. Laser bias points range from 15.5 mA to 40.0 mA. Intensity noise is

reduced by 14.5 dB at low bias. At high bias, the noise is reduced to within 1.3 dB of the

SNL, but the magnitude of reduction decreases.
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the presence of an uncorrelated, power-independent source of phase noise (A,) in the

instantaneous frequency fluctuation spectrum (see 4.2.15). The Michelson converts

A, into additive intensity noise, giving a maximum reduction (4.3.35)

RIN, 1+8

= 5.3.1
RIN;, 14a%*+p ( )

where 3 is the ratio of the power-independent linewidth (the spectral density of
Ao) to the Schawlow-Townes linewidth, so that 3 is proportional to output power.
For this DFB laser, it was not possible to directly determine 3 from a linewidth
measurement, because the laser could not be taken to high enough power to observe

linewidth saturation. However, from (5.3.1), # may be written as

a2

B=qRIN, _
RIN,

~1. (5.3.2)

From the maximum measured noise reduction RIN, / RIN; for each power level (the
data in Fig. 5.7), the power dependence of 3 may be determined. We take |a| to be
5.25, consistent with the factor of 28.6 reduction near threshold. In Fig. 5.8, we see
that 3 as a function of laser power fits to a reasonable line, in agreement with the
simple model incorporating a power-independent source of phase noise in the rate
equations.

Similar measurements with the balanced detector on a variety of DFB lasers and
the DBR laser discussed above showed in all cases that amplitude-phase decorrelation
could reduce the intensity noise to a level very near, but not below the SNL. Insofar
as noise reduction is inhibited by the power-independent linewidth, a specialized DFB

laser with a narrow high-power linewidth, such as described in [18], may provide an
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Figure 5.8: Beta, from (5.3.2), vs. incident laser power. A linear relationship, consistent
with the presence of a power-independent source of phase noise in the rate equations, is

observed.
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ideal source with which to demonstrate amplitude-phase decorrelation below the SNL.

5.3.2 Amplitude-phase decorrelation at the quantum level

Although the semiclassical formulation of amplitude-phase decorrelation agrees with
all aspects of the observed noise reduction, the issue of reduction below the shot
noise level properly requires a quantum-mechanical treatment. The shot noise level
is a manifestation of the zero-point (vacuum) fluctuations of a quantized radiation
field, and reduction below this level is tantamount to reducing the variance of the
amplitude quadrature of the field below this quantum-mechanical minimum.

Some new issues which would arise in a quantum treatment are briefly discussed
here. Because the Michelson, in order to have a finite slope at the lasing frequency,
must be detuned from maximum transmission, this allows vacuum fluctuations to
couple into the Michelson’s open port. These fluctuations, being uncorrelated with
the lasing mode, dilute the inherent correlation between the lasing mode fluctuations,
inhibiting noise reduction by the decorrelation technique. Sources of loss other than
the Michelson will also couple vacuum into the lasing mode, further diluting the
correlation.

The semiclassical rate equations (4.2.4)—(4.2.6) describe the field fluctuations within
the laser cavity. The output field, the one accessible to measurement, is a replica of
the intra-cavity field. At the quantum level this is no longer true. There are differ-
ences between the intra-cavity and output fields. For instance, a vacuum field which
couples into the cavity can interfere with itself at the laser facet [19]. Furthermore,

pump fluctuations should be taken into account, as these will affect the lasing field
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fluctuations [20]. Indeed, it has been argued that by suppressing pump noise in a

laser diode, the intrinsic intensity noise can be sub-Poissonian when the laser is at

very high bias [21].

5.4 Conclusion

We have used a balanced homodyne detector to measure intensity noise reduction
by the amplitude-phase decorrelation technique in relation to the photon shot noise
level. For all lasers studied, intensity noise could be reduced close to, but not below
this fundamental noise floor. The observed power dependence of the reduction was
consistent with the presence of a power-independent source of phase noise in the

instantaneous frequency fluctuation spectrum.
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