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Abstract

In this thesis, theoretical and experimental work on the noise and dynamics in continuous
wave and mode-locked semiconductor lasers is presented. The main focus is on semicon-
ductor cascade lasers and semiconductor mode-locked lasers.

In semiconductor cascade lasers, multiple gain stages are connected electrically in series.
Each electron injected into a cascade laser is capable of producing more than one photon,
and the differential quantum efficiency of cascade lasers can be much larger than that of
conventional semiconductor lasers. The photon emission events in different gain stages in
cascade lasers are highly positively correlated, and these correlations increase the noise in
the laser output compared to a conventional laser. The work on cascade lasers has required
a revision of the previous work on laser noise, and the development of self-consistent theoret-
ical models for the current noise and the photon noise in semiconductor lasers. The current
and photon noise in both interband cascade lasers and intersubband quantum cascade lasers
are studied in this thesis.

The noise in optical pulses in semiconductor mode-locked lasers is also studied in this
thesis. In contrast to the previous work in this field, the models presented here are fully
quantum mechanical, self-consistent, and also take into account the effects of group velocity
dispersion, active phase and amplitude modulation, and pulse chirp on the pulse noise. In
semiconductor mode-locked lasers, as a result of the carrier density dependent refractive
index, pulses are heavily chirped. The pulse noise is found to be significantly affected by
the magnitude of the pulse chirp. The noise in harmonically mode-locked semiconductor
lasers is also discussed, and it is shown that the correlations in the noise of different pulses
inside the laser cavity can significantly affect the results when the pulse noise is measured
experimentally.

Thesis Supervisor: Rajeev J. Ram
Title: Associate Professor
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squeezing is seen at high bias levels. For values of the QCL parameters sec
Table 4.1. . . . . ..
Relative Intensity Noise (RIN) is plotted as a function of the frequency for
different bias currents (Z; = 0 2). At high frequencies the RIN reaches the
shot noise value. For values of the QCL parameters see Table 4.1.. . . . . .
Fano Factor of the photon noise is plotted as a function of the frequency
(Z5 = 0 £2). The photon noise at frequencies much higher than the inverse of
the photon lifetime in the cavity is dominated by the photon partition noise
at the output facet. For values of the QCL parameters see Table 4.1. . . . .
Ratio of the low frequency photon noise spectral density obtained by ignoring
the term containing the current fluctuations in (4.95) to the actual spectral
density is plotted as a function of the bias current for different values of the
impedance Z;. The current fluctuations are suppressed when Z; is large and
the error incurred in calculating the spectral density is, thercfore, small. For
values of the QCL parameters see Table 4.1. . . . . . . . . . . . .. . . ...
Relative Intensity Noise (RIN) for the QCL with improved n, (= 0.84) is

shown. Only 1.2 dB of squeezing is seen at high bias levels and when Z, = 50

16

133

134

141

142

143

144

145

146



(2]
]
[oa

5-9

an
o

C'IY
-~

5-8

Mean square timing noise (AJ*(T)) calculated using (5.70), normalized to
the value of (§J2(T)) in (5.65), is plotted as a function of the number Nyqz
of eigenfunctions used in the expansion. The perturbative expansion diverges
exponentially when the pulse chirp |3| becomes larger than 1/v/3 & 0.577.
The steps appear because only the odd numbered eigenfunctions contribute
to the timing noise. . . . . . . . ...
Mean square timing noise <Af2(T)>, calculated using (5.74) and normalized
to the expression given in Equation (5.75), is plotted as a function of the
number Ny, of eigenfunctions used in the perturbative expansion. The
series in (5.74) converges for all values of the pulse chirp. . . . . ... ...
Mean square timing noise (AJ2(T)), normalized to 0% (see Equation (5.77),

is plotted as a function of the ratio D/B for different values of the ratio

Pulse chirp £ is plotted as a function of the ratio D/B for different values of
the ratio Pag/Ap. - - o o o o

Mean square timing noise (AJ%(T)), normalized to 0% (see Equation (5.81),
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is plotted as a function of the ratio D/B when pure phase modulation is used.172

Pulse chirp @3 is plotted as a function of the ratio D/B when pure phase
modulation isused. . . .. ..o L
An external cavity actively mode-locked semiconductor laser structure used
in the numerical simulations is shown. For the laser parameters, sce text.

The RMS timing jitter in an actively mode-locked semiconductor laser is
plotted as a function of the dispersion parameter DT}, for different values of
the a-parameter for the laser structure shown in Fig. 5-7. The minimum jitter
for non-zero values of « is obtained at a non-zero value of the dispersion and
the pulse chirp. The pulse energy is assumed to be 0.15 pJ. The amplitude
modulation strength Aps is assumed to 0.1/7,. . . . . ... ...
The pulse chirp § in an actively mode-locked semiconductor laser is plotted
as a function of the dispersion parameter DTg for different values of the
a-parameter for the laser structure shown in Fig. 5-7. The pulse energy is
assumed to be 0.15 pJ. The amplitude modulation strength Aps is assumed

to 0.1/7p.
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5-10 The timing noise spectral densities Ssy(w), Sss(w), and Sa,{w) are shown
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for § = 2.0 and Pa/Ayn = 3.0. The spectral densities in the Figure have
been normalized w.r.t. the value of S;7(w) at w = 0. The frequency w has
been normalized to [2Xo|. . . . . ..
The photon number noise spectral densities San, (w), Ssn, (w), and Sy, (w)
are shown for 8 = 2.0 and Pps/Ap = 3.0 for an actively mode-locked semi-
conductor laser. The values of the laser parameters are given in Table 5.1.
Ry and Rpypnp are both assumed to be zero. The spectral densities in the
Figure have been normalized w.r.t. the value of Ssn,(w) at w = 0. The
frequency w has been normalized to |4\g|. The resonance peak is due to the
laser relaxation oscillations. . . . . . ... oL
The phase noise spectral densities Sae(w), Sso(w), and Sso(w) are shown
for 8 = 2.0, Pp;/Apy = 3.0, and « = 3.0. The spectral densities in the Figure
have been normalized w.r.t. the value of Sso(w) at w = [4)\g]. The frequency
w has been normalized to [4\g]. The « parameter is assumed to be zero. . .

Balanced homodyne setup for measuring pulse noise. . . . . . . .. ... ..

The timing noise correlation function Rajag(n) (normalized to the RMS
timing jitter) is plotted for the output pulses from a fundamentally mode-
locked laser. Tg is assumed to be 1 nsec. yTg is 0.017. The RMS timing
jitter is assumed to be 100 fs. . . . . . . ... L L
The timing noisc spectral density Tp®ajas(wTr) (note the multiplication
with Tx to conform to the units used in the literature) is plotted for a funda-
mentally mode-locked laser on a linear frequency scale and on a log frequency
scale. The timing noise spectral density shown corresponds to the timing
noise correlation function in Fig. 6-1. The cavity round trip time T’ is 1.0
nsec. YT equals 0.017. The RMS timing jitter is assumed to be 100 fs. The
spectral density has identical noise peaks at multiples of the pulse repetition

frequency wr. . . . ..
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The timing noise correlation function Rajajs(n) (normalized to the RMS
timing jitter) is plotted for the output pulses from a laser mode-locked at the
tenth harmonic (N = 10) when the timing noise in different pulses inside the
laser cavity is completely uncorrelated. The timing noise in every tenth pulse
in the output is correlated. Tg is assumed to be 1 nsec. vTr is assumed to
be 0.017. The RMS timing jitter is assumed to be 100 fs. . . . . . . . . ..
The pulse timing noise spectral density Tn®asas(wTn) (note the multipli-
cation with Ty to conform to the units used in the literature) is plotted for a
laser mode-locked at the tenth harmonic (N = 10) on linear and log frequency
scales. The timing noise spectral density shown in the Figure corresponds to
the timing noisc correlation function in Fig. 6-3. Tx is 1.0 nsec. T is 0.1
nsec. Yy Ik is assumed to be 0.017. The RMS timing jitter is assumed to be
100 fs. The timing noise in different pulses inside the laser cavity is assumed
to be completely uncorrelated and, consequently, the periodicity of the noise
spectral density is reduced from the pulse repetition frequency (10 GHz) to

the cavity round trip frequency (1 GHz). Supermode noise peaks appear at

203

multiples of the cavity round trip frequency. All the noise peaks are identical. 204

The pulse timing noise spectral density Tny®ajas(wTn) (solid line) is plotted
for a laser mode-locked at the tenth harmonic (N = 10) in the presence of
timing (or phase) noise in the RF oscillator (dashed line) on linear and log
frequency scales. Ty is 1.0 nsec. Ty is 0.1 nsec. ynvTg and KTk are assumed
to be 0.017 and 2w107°, respectively. The RMS timing jitter in the RF
oscillator is assumed to be 50 fs. The RMS timing jitter contribution from
spontaneous emission and vacuum fluctuations is assumed to be 100 fs. The
increased noise in the noise peak at w = 0 is due to the phase noise of the
RF oscillator. The Figure shows that the noise contribution form the RF
oscillator does not appear in any of the supermode noise peaks. All the

supermode noisc peaks are identical. . . . . ..o L0000
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The timing noise correlation function Rajas(n) (normalized to the RMS timing
jitter) for the output pulses is shown for a laser mode-locked at the tenth harmonic
(N = 10) in the presence of phase noise from the RF oscillator. The correlation
function corresponds to the timing noise spectral density shown in Fig. 6-5. The
timing noise in all the pulses inside the laser cavity is positively correlated, and
therefore the timing noise in the output pulses is correlated at time scales shorter

than the cavity round trip time. . . . . . . . . .o o000
Current noise model for a double barrier resonant tunneling diode. . . . . .

(a) The two non-orthogonal eigenvectors e; and ey are depicted. (b) At time
T = 0, the state V(T) of the system is N and there is no excess noise, but
the noise in the two eigenvectors is correlated. (c¢) As time progresses, the
noise in eigenvector ey decays faster than the noise in eigenvector e, and
€XCESS NOISE APPOATS. .« « v v v o i e e e e e e e e e e
Mean square timing noise (Aﬂ) for a coherent state optical pulse calculated
using (D.32), normalized to the exact result 72/2n,, is plotted as a function of
the number of eigenfunctions Ny, used in the perturbative expansion. The
perturbative expansion diverges when the pulse chirp || becomes larger than
B. = 1/4/3. The steps appear because only the odd numbered eigenfunctions
contribute to the timing noise. . . . . . .. ..o Lo
Mean square timing noise (Af 2) of a cohcrent state optical pulse calculated
using (D.55), normalized to the exact result 72/2n,, is plotted as a function
of the number of cigenfunctions Ny, used in the expansion. The result
converges for all values of the pulse chirp. The steps appear because only the

odd numbered eigenfunctions contribute to the timing noise. . . . . . . . ..
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Chapter 1

Introduction and Motivation

Semiconductor lasers have become the most important sources of light for optical communi-
cation systems owing to their small size, low power consumption, high efficiency, flexibility
for selecting wavelengths, higher modulation speeds, and adaptability for photonic inte-
grated circuits [1]. As optical communication systems move to higher and higher bit rates,
and photonic integrated circuits become more and more dense, semiconductor lasers need
to be developed that are faster, smaller, and more efficient. Large signal to noise ratios
(SNRs) are also desirable in high bit rate communication systems and, therefore, low noise
semiconductor lasers will also become increasingly important. The research work presented
in this thesis will aim to realize novel semiconductor lasers that meet these challenges. The
research will focus on both continuous wave semiconductor lasers and also mode-locked
semiconductor lasers.

Continuous wave semiconductor lasers have important applications in both digital and
analog optical links [1]. The research proposed here will focus specifically on continuous wave
semiconductor cascade lasers. Semiconductor cascade lasers, discussed in more detail below,
are highly efficient sources of light that can also provide SNRs many times larger than those
obtained from conventional semiconductor lasers. In addition, intersubband cascade lasers
can potentially be used to realize ultra high speed semiconductor lasers with modulation
bandwidths exceeding 100 GHz. The main goals of the research on semiconductor cascade

lasers presented in this thesis have been the following:

1. Development of theorctical models for the electron and photon dynamics and fluctu-

ations in semiconductor interband and intersubband cascade lasers.
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2. Fabrication of semiconductor lascr devices and design of ¢xperiments to verify the

theoretical models.

Semiconductor mode-locked lasers, which produce a periodic train of optical pulses,
provide a compact and cheap alternative to the larger and more expensive mode-locked
fiber lasers and are expected to find applications in return-to-zero (RZ) format TDM optical
networks, and also in high speed optical sampling, measurements, and spectroscopy [2]. Low
noise performance, specially reduced timing jitter, is critical to most of these applications.
The research on semiconductor mode-locked lasers that is presented in this thesis had the

following goals:

1. Development of theoretical models for the dynamics and noise in semiconductor mode-

locked lasers.
2. Design of semiconductor mode-locked lasers with reduced noise and timing jitter.

The semiconductor laser devices mentioned above, and the stated research goals, are

discussed in detail below.

1.1 Semiconductor Cascade Lasers

In semiconductor cascade lasers several gain stages are connected electrically in series as
shown in Fig. 1-1. These gain stages may be in the same optical cavity or in different
optical cavities. The fundamental difference between a semiconductor cascade laser and a
conventional semiconductor laser is that in a cascade laser each electron injected into the
device is recycled from one gain stage to the other and is able to produce multiple photons
(see Fig. 1-3). In a conventional laser each electron injected into the device cannot produce
more than one photon. Consequently, the differential quantum efficiency of a cascade laser
can be much greater than 100 percent, whereas the quantum efficiency of a conventional
laser is always less than 100 percent.

Directly current modulated semiconductor lasers have important applications in RF
photonic links (see Fig. 1-2). The modulation response of a semiconductor laser is defined
as the ratio of the small signal light output power to the small signal input current. For fre-
quencies much less than the laser relaxation oscillation frequency, the modulation response

of a conventional semiconductor laser is given by the simple expression n,n;w,/e [1], where
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1, is the light output coupling efficiency, 7; is the current injection efficiency, h{l, is en-
ergy of a single photon, and e is the charge of an electron. The modulation response of a
semiconductor cascade laser with N cascaded gain stages is 7, N7;i{},/e. The modulation
response of an N-stage cascade laser can therefore be N times larger than the modulation
response of a conventional laser. Because of their large modulation response, cascade lasers
are highly suitable for RF photonic links [3]. The RF power gain G of a photonic link with

an N-stage cascade laser is given by the expression [3],
G = (naLnoNm)* (1-T)? (1.1)

where L is the link loss, 74 is the photo-detector quantum efficiency, and I is the reflection
coefficient which is equal to the ratio of the voltages in the RF signals reflected from and
incident on the laser. Cascade lasers can be used to realize photonic links with net RF gain
if N is large enough such that Lngm,Nng(1 —T') > 1. An important figure of merit in RF
photonic links is the link Noise Figure (NF). The NF is defined as the ratio of the SNR at
the input of the link to the SNR at the output of the link, and it is expressed in dB scale.

It follows that,

N,
NF = 10log;, (1 T G&_) (1.2)

where N; is the noise at the input of the link (typically assumed to be the thermal noise
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Figure 1-4: Multiple cavity interconnect coupled cascade laser (MCCL).

of a 50 {1 resistor) and N, is the noise added by the link. In order to compute the noise
added by the link, the photon noise in cascade lasers needs to be evaluated. The noise
behavior of cascade lasers can be significantly different from conventional semiconductor
lasers. Since all the gain stages are connected electrically in cascade lasers, the carrier
density fluctuations and, consequently, the photon emission events in different gain stages
are correlated. In the next two sections we briefly discuss the important and distinguishing
features of semiconductor interband and intersubband cascade lasers related to high speed

modulation and noise.

1.1.1 Semiconductor Interband Cascade Lasers

n-inP

laser cavity semi-insulating InP

Figure 1-5: Split waveguide cascade laser (SWCL).
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Figure 1-6: Bipolar cascade laser (BCL).

diodes inside a single optical cavity [7, 8, 9, 10, 11]. In addition, parallel laser arrays, shown
in Fig. 1-7, are also considered. A property common to all these laser devices is that the gain
sections are all connected electrically. While semiconductor cascade lasers in recent years
have been receiving increased attention from experimentalists [3, 4, 5, 6, 7, 8, 9, 10, 11], so
far very few theoretical papers have appeared in the literature.

Theoretical models have been developed as a part of this research to understand the
electron and photon dynamics, noise, and correlations in semiconductor cascade lasers and
semiconductor parallel laser arrays. The correlations in photon emissions in cascade lasers
can be understood as follows. Suppose a photon is emitted from a gain stage in a cascade
laser (see Fig. 1-3). The emission of the photon decreases the carrier density in the gain
stage and this in turn decreases the potential drop across the gain stage. The potential drop
across all the other gain stages and across the circuit series resistances must increase since
the sum of the voltage drops across all the circuit elements in series must equal the applied
voltage bias. The increase in the potential drop across the other gain stages increases the
probability of photon emission in these gain stages. Therefore, the emission of a photon in
one gain stage increases the probability of photon emission in all the other gain stages.

When the gain stages are connected electrically in parallel, as in a parallel laser array,
the photon emission events in different gain stages are negatively correlated. The potential
drops across all the gain stages connected in parallel must be equal, and the total current
through all the gain stages must equal the applied current bias (see Fig. 1-7). When a
photon is emitted from a gain stage and the potential drop across this gain stage decreases,
extra current flows into this gain stage in order to keep the potential drop across it equal to

the potential drop across all the other gain stages. Consequently, the current going into all
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the other gain stages decreases and the probability of photon emission in these gain stages
also decreases. Theoretical modeling of photon correlations in cascade lasers requires that
careful attention be paid to modeling the relationship between carrier density fluctuations,
voltage fluctuations, and current fluctuations in each gain stage. The correlations in the
photon noise also depend sensitively on the electrical environment in which the cascade laser
device is embedded. Theoretical models for the dynamics and noise in interband cascade
lasers will be presented in Chapter 3. The correlations in photon noise in multiple cavity
cascade lasers and in parallel laser arrays can be measured experimentally. Experimental

results on photon noise correlations are also presented in Chapter 3.

1.1.2 Semiconductor Intersubband Quantum Cascade Lasers

Unipolar quantum cascade lasers (QCLs) utilizing intersubband transitions to generate
photons have become important sources of light in the mid-infrared wavelength region (5
pm - 15 pm) [12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24]. Recently, devices with
intersubband transitions at 1.55 pm have also been reported [25] and this has opened up
the possibility of realizing chirp-free intersubband lasers operating at 1.55 pm with large

modulation bandwidths. The single gain stage of a typical QCL is shown in Fig. 1-8.
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Figure 1-8: Gain stage of a Quantum Cascade Laser (QCL).

Electrons tunnel from the energy states in the injector into level 3 of the gain stage. Photons
are emitted when electrons make radiative transitions from level 3 to level 2. Transitions
from level 2 to level 1 occur primarily by emission of optical phonons. Electrons leave the
gain stage from level 1 by tunneling out into the injector of the next stage. In addition,
electrons also make non-radiative transitions from level 3 to levels 2 and 1. QCLs are
different from interband semiconductor cascade lasers in two important ways which can

have a significant impact on their noise properties:

1. Electron transport in QCLs takes place by tunneling between states in adjacent quan-
tum wells. It is well known that electronic correlations in resonant tunneling in quan-
tum well structures can suppress (or enhance) current noise by providing a negative
(or positive) feedback. [26, 27, 28] High impedance suppression of the current noise
in semiconductor diode lasers results in light output with squeezed photon number
fluctuations. [29] It is therefore intriguing whether suppression of the current noise

can also lead to squeezing in QCLs. Any model for the photon noise in QCLs must

29



take into account these electronic correlations self-consistently.

2. In interband lasers, the carrier density in the energy level involved in the lasing action
does not increase beyond its threshold value and, therefore, the noise contributed
by the non-radiative recombination and generation processes also remains unchanged
beyond threshold. In QCLs, the electron densities in the upper and lower lasing states
do not clamp at threshold, and keep increasing when the bias current is increased
beyond threshold. As a result, non-radiative processes contribute significantly to

photon noise even at high bias currents.

Theoretical models for electron transport in QCLs, laser dynamics, current noise in

electron transport via tunneling, and photon noise will be presented in Chapter 4.

1.2 Semiconductor Mode-locked Lasers

Semiconductor mode-locked lasers have been used to produce sub-picosecond optical pulses
with repetition rates exceeding tens of gigahertz [30, 31]. Their compact size and the ability
to produce high repetition rate optical pulses make semiconductor mode-locked lasers ideal
for use in high data rate (RZ format) Time Division Multiplexed (TDM) optical networks
in place of the bulkier fiber mode-locked lasers. Semiconductor mode-locked lasers may also
find application in spectroscopy and in optical sampling such as optical analog-to-digital
(A/D) conversion [2].

Semiconductor mode-locked lasers must be able to produce short high power pulses with
reduced noise and timing jitter in order to compete with other mode-locked lasers. Fig. 1-9
shows the requirements on the root mean square (RMS) timing jitter of optical pulses for
optical A/D conversion [2, 32]. Fig. 1-9 shows that less than 100 femtosecond RMS jitter
is required for an A/D converter with 8 bits of resolution at a sampling frequency of 10
GHz, and less than 30 femtosecond of RMS jitter is required if the desired resolution is 10
bits at 10 GHz. Very few models have been reported in the literature that describe the
noise in mode-locked semiconductor lasers. Noisc models for mode-locked lasers that have
been reported are either geared towards fiber and solid state mode-locked lasers [33, 34], or
ignore essential ingredients such as group velocity dispersion and phase modulation [35]. The
models for noise developed for solid state and fiber lasers usc the soliton perturbation theory

in which the steady state pulse is assumed to be a soliton. An optical soliton is supported
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Figure 1-9: Requirements on pulse timing jitter for optical Analog-to-Digital conversion.

by the exact balance between group velocity dispersion and self-phase modulation due
to the Kerr non-linearity. In semiconductor mode-locked lasers, the steady state optical
pulses are not solitons. The group velocity dispersion is almost never balanced by the
phase modulation, and, consequently, the pulses in semiconductor mode-locked lasers are
usually highly chirped [30, 31]. Also, as a result of the carrier density refractive index
in semiconductors, active gain modulation in semiconductor mode-locked lasers is always
accompanied by strong active phase modulation.

As a part of this research, theoretical models were developed for the pulse noise in
actively mode-locked semiconductor lasers without using the soliton perturbation theory.
In Chapter 5, a model for the noise in mode-locked semiconductor lasers in the presence
of group velocity dispersion and amplitude/phase modulation is presented, and it is shown
that a non-zero pulse chirp significantly affects the noise in mode-locked lasers. To the best
of the author’s knowledge, this is the first time a model has been put forward that describes
the noise in chirped mode-locked pulses. Design rules for obtaining low timing jitter in
semiconductor mode-locked laser pulses are also described.

The noise in harmonically mode-locked semiconductor lasers is discussed in Chapter 6.

In harmonically mode-locked lasers, the frequency of the active modulation is an integral
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multiple N of the cavity roundtrip frequency. Consequently, N different optical pulses
propagate in the laser cavity at the same time, and the pulse repetition frequency in the
output is N times the cavity roundtrip frequency. In harmonically mode-locked lasers, the
noise in the output pulses depends on the correlations in the noise in different pulses inside

the laser cavity. Models for these noise correlations are also discussed in Chapter 6.
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Chapter 2

Current Noise and Photon Noise in

Interband Semiconductor Lasers

2.1 Introduction

In this chapter, theoretical models for the current noise and the photon noise in a standard
multiple quantum well interband diode laser are presented. Noise in diode lasers has been
extensively studied both theoretically and experimentally in the last two decades (see [1,
41] and references therein). However, almost all the theoretical models that have been
presented in the literature ignore the current noise generated by the laser diodes. The work
of Yamamoto et. al. (see [29, 42] for example) has been the exception. In Ref. [29], it
was shown that diode lasers can produce amplitude squeezed light provided the noise in
the pump current I, (see Fig. 2-1) is suppressed below the shot noise value. In most
practical cases, the noise in the pump current does not come from the current or voltage
source that biases the laser, but it is generated by the laser itself. The current noise in diode
lasers is therefore closely tied with the photon noise. In the next Chapter, it will be shown
that the photon emission events in different gain stages in semiconductor cascade lasers are
correlated, and the magnitude of the correlation in photon emission events depends on the
current noise generated by each gain stage. In order to understand the photon noise in
semiconductor cascade lasers, it is necessary to accurately model the current noise in diode
lasers.

The model presented for the current noise in diode lasers in Ref. [29] holds well only



ext
PV aVaVaVaN »—
zs

diode
+
<> Vs z — | laser
biasing voltage
source

l‘"“""'""""""‘“"""‘l

Iext : IL ]

W A
1

1

l Ip !
1

+ ! ideal 14 :

C> | diode t leakage !

1 - resistor !

| laser :

! Z R 1

5 H v

1 1

' S

Diode Laser

Figure 2-2: Model for current partition from Ref. [43].

for homojunction diode lasers. Even for homojunction diode lasers, the model in Ref. [29]
gives results for the current noise that become infinite when the external circuit impedance
Z, (sec Fig. 2-1) approaches zero. In Ref. [43], Yamamoto and Haus argued that electrical
partition noise associated with current leakage in diode lasers does not contribute to the
photon noise. In this chapter, it is shown that partition noise associated with current
leakage in the active region of laser diodes significantly affects the photon noise and limits
the maximum squeezing achievable in laser diodes. The conclusion in Ref. [43] is based on
a model for current leakage in which a resistor is attached in parallel with the ideal diode,
as shown in Fig. 2-2. If at any instant more current (i.e. more than the average) were to go
into one branch of the parallel circuit, the potential drop V' (see Fig. 2-2) will increase, and

this will force extra current into the other branch of the parallel circuit ensuring that the
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current in one branch does not increase at the expense of the current in the other branch.
Also, the increase in the potential drop V will reduce the current I.;; being injected into
the device, and this will force the currents in both the branches of the parallel circuit to
return to their average values. Thus, electron partitioning at junctions in electrical circuits
does not lead to current noise since deviations in the current from its average value generate
voltage fluctuations that regulate the current. Since voltage fluctuations are not generated
in the charge neutral active region of a diode laser, it is expected that electron partitioning
associated with current leakage in the active region of a diode laser generates noise that
would contribute to the photon noise. Electron partitioning in the active region of diode
lasers was not considered in the model presented in Ref. [43]. In this chapter, a detailed
model for the current noise in heterostructure quantum well diode lasers is presented that

removes the shortcomings of the previous models.

2.2 Rate Equations for Diode Lasers

The active region of a quantum well diode laser is shown in Fig. 2-3. The carriers are
injected from the leads into the separate confinement heterostructure (SCH) region either
by tunneling or by thermionic emission over the hetero-barrier. The carriers in the SCH

region can either go into the quantum wells or recombine non-radiatively in the SCH region.
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The later contributes to current leakage. The rate equations for the carrier densities N,
and Ny, in the SCH region and the quantum wells, respectively, and the photon density S,

in the laser cavity can be written as follows [1],

AN, oy <1 1) Ny Viy
= - N | —+ - _—— 2.1
dt ch Te +7'l * Te Ve ( )
d Ny, N. V, (1 1)
—f < _ N |4 =)= 2.2
dt Te Vi Y\ 1. + Tw Vg 9 5p (2.2)
dSp Vw 1 Ve Tgp
(Y 1 Ywo e 2.3

It is assumed that the carrier density NV, in the SCH region also includes the carriers inside
the quantum well barriers and also those in the quantum wells which have energy high
enough to not be confined within the quantum wells (Fig. 2-3). Only those carriers which
are confined within the quantum wells are included in the carrier density Ny,. V. and V,,
are the volumes of the SCH region and the quantum wells, respectively. V), is the volume
of the optical mode. 7. and 7, are the capture and emission times for electrons going into
the quantum wells from the SCH region and coming out of the quantum wells into the SCH
region, respectively. 7; is the lifetime associated with carrier leakage and recombination in
the SCH region. 7, is the non-radiative recombination time in the quantum wells. g¢ is
the optical gain per unit length in the laser cavity. ng, is the spontaneous emission factor
which takes into account the incomplete inversion of the active medium. v, is the group
velocity of the optical mode. 7, is the photon lifetime inside the laser cavity. 7, is given by

the expression [1],

1
log ( ——== ) + vg0
5t () e

where L is the cavity length, R; and R, are the facet reflectivities, and «; is the intrinsic

L_Y% (2.4)

loss in the cavity per unit length. Carrier leakage and recombination in the SCH region
results in a less than unity efficiency for current injection into the quantum wells. The
current injection efficiency 7; is,

T

" ) =9

The output power I°,,; from the laser can be written as,

Sp Vo

Tp

Pout = noﬁQo (2'6)
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where 7, is the laser output coupling efficiency.

The rate equations are not linear since the gain g is a function of the carrier density
Ny, inside the quantum wells [1]. However, some simple arguments can be used to derive
an expression for the output power of the laser. As the bias current I..; is increased, the
carrier density in the quantum well increases, and the optical gain also increases. When Joq:
equals the threshold bias Iy, the gain equals the cavity loss, and the laser starts oscillating.

At threshold, the gain equals the threshold gain g4, where,

Vi 1
_w —— 2.
‘rp Vg Gth ™ ( 7)

Since in steady state operation the gain cannot exceed the loss, when the bias current is
increased beyond threshold, the gain remains clamped to its value g;, at threshold. As a
result, the carricr density N, in the quantum wells also remains clamped to its value at
threshold, and the non-radiative recombination rate, which depends on the carrier density,
also remains fixed above threshold. Therefore, carriers injected into the quantum wells
above the threshold injection rate recombine only by producing photons through stimulated
emission. Above threshold, the rate S,V,/7, at which photons are emitted from the laser

is simply n;(Jezt — Itn)/e, and the expression for the output power of the laser becomes,

Y]
Py = 770772‘"‘6—0 (Ie:ct - Ith) (2-8)

The factor n,m; h€), /e is the differential slope efficiency (units: Watt/Amp) of the laser.

2.3 Langevin Rate Equations for Noise in Diode Lasers

The model for the current and photon noise in quantum well diode lasers described here
follows the work published by the author in Refs. [44, 45, 46, 47]. The equations for the
fluctuations 6 N. and 6Ny, in the carrier densities in the SCH region and the quantum wells,
respectively, and the fluctuations 05, in the photon density can be obtained by linearizing
the rate equations given in (2.1)-(2.3), and adding Langevin sources to model the noise,

déNc‘/c _ 5Icmt
dt

1\ 5N,V
)+————m—ﬂ+& (2.9)

1
—wM%(—+—

Te T Te
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ddN,Vy, 0NV,
dt T

1 1 1 Ve
—INHVu | —+ — 4+ — | — — SV +F.—F, — E,.— Fp (2.1
O P (Te+7w+7-st> V;)Ugg i p+ ¢ ‘ " R( O)

1
— — =188V, + Fp — 2.11
dt Tt Vo to 9 TP) pYptEr =L ( )

35,V _ oNuwVa (Vw
Here, 7 is the differential lifetime associated with stimulated and spontancous emission
into the lasing mode. 74 is given by the expression,

1 dg Ngp
= gy =% 2.
Tst Ug de (Sp * V;) ) ( 12)

where dg/dNy, is the differential gain. The inclusion of the rate equation for carrier density
fluctuations in the SCH region is necessary to accurately model the noise associated with
current partition in the SCH region. Current partition occurs because the carriers injected
into the active region can either go into the quantum wells or they can contribute to leakage
and recombination in the SCH region. Since the active region is charge neutral, current
partition does not create charge imbalances and potential fluctuations that regulate the
associated noise. Fj, F;, and F; in (2.9)-(2.11) are Langevin noise sources that model the
noise in carrier leakage, carrier capture and carrier emission events. F,,, describes the noisc
in non-radiative recombination in the quantum wells including spontaneous emission into
the non-lasing modes. Fr models the noise associated with photon emission into the lasing
mode. F}, models the noise associated with photon loss from the cavity. All the non-zero

correlations of the Langevin noise sources can be obtained from the methods described in

Ref. [1],
(Fut) Fot)) = 2% 6(2 - ¢) (2.13)

(Fi(t) () = ~== 5(t— ¥) (2.14)

(Fu(t) Fu(t)) = 222 5 - ) (2.15)

(Fur(t) For () = 2 600~ ) (2.16)

(Fr(t) PR)) = 2000 [y = 1) Syl + ) 8t~ ) (2.17)

(FL(t) FL(t)) = ip‘i (¢ — 1) (2.18)
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The noise § 1%, in the output power is,

58, V,

p

0Pyt = Mo heY,

+ F, (2.19)

The Langevin source F, models the noise associated with photon partition at the output

facets, and has the following correlation functions,

(Fu(t) Fo(th) = 1, (1€2)* Sp Vo 5(t —t) (2.20)
Tp

(Fp(t) FL(t’)> =1 (h82) SpVp 5t —t) (2.21)
Tp

In addition to the equations presented above, an equation is required to relate the fluctua-
tions 614 in the current injected into the active region to the fluctuations §V in the voltage

across the active region. This equation is [44, 47],

I SNV,
Lo _ GOV _ NV | (222

e 52 Ta

The conductance G relates the increase in the injection current into the SCH region to
the increase in the voltage across the active region at a fized carrier density. 7. relates
the decrease in the current injection rate to the increase in the carrier density in the SCH
region. Approximate analytical expressions for G and 7, in case of a conventional PN-diode
are given in Ref. [42]. (2.22) shows that the carrier density fluctuations in the active region
drive the current noise in the external circuit. Fj, is the Langevin noise source associated
with carrier injection into the SCH region. Since the net current injected into the active

region is the difference of forward and reverse currents, i.e.,

Tzt = Iforward = Lreverse (2.23)

Fiy has the approximate correlation function [42],

I ' IT
<Fm(t) F, (t/» — for;ua d + ez:rse (2.24)
[ cYoe
~ (Tm +2 NTV) 5(t —t) (2.25)
¢
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It must be emphasized that (2.22) is sufficiently general and holds for most microscopic
models for electron injection into the SCH region.
After Fourier transforming, the Langevin rate equation (2.9)-(2.11) can be put in the

following matrix form,

Dii(w) Dig(w) 0 IN(w)V, . 1 Fy(w)
DZI(UJ) Dzz(tu') D23(w) 5Nw(w)Vw = bem{;ﬁ&)_ 0 + Fg(w) (2.26)
0 Dgg(w) D33(w) 5Sp(w)Vp 0 F3((.U)

The elements of the matrix D are given in Appendix A.2, and the noise sources F 1(w),

Fy(w), and F3(w) are as follows,

Fiw) = ~Fulw) ~ Fiw) + Fulw) (227)
Fo(w) = Fufw) — Fa(w) ~ Farw) — Fr(®) (2.28)
F3(w) = Fr(w) — Fr(w) (2.29)

2.4 Biasing Electrical Circuits

Two electrical circuits for biasing a diode laser are shown in Fig. 2-4. In circuit A the laser,
with impedance Z(w), is biased with a voltage source V; in series with an impedance Z,(w).
The thermal noise originating in the impedance Z;(w) is modeled by adding a voltage noise
source 0V;. For the sake of economy of notation it will be assumed that the impedance Z,(w)
represents not just an external circuit impedance but the Thevenin equivalent impedance
of the device ohmic contacts, external circuit resistances, and device and circuit parasitics,
and the voltage noise source dV, represents the Thevenin equivalent of their individual
noise sources. Only the active region of the diode laser is not included within Z,(w) and
is represented by the impedance Z(w). However, Z(w) will be loosely referred to as the
impedance of the diode laser.

Direct current modulation of a diode laser can be achieved by adding an RF voltage
source in series with §V;, and this RF voltage source can also be represented by the voltage
source 0V;. From the context it will be clear whether 6V represents a RF signal source or

a noise source.
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Figure 2-4: Biasing circuits for diode lasers.

Diode lasers are frequently biased as shown in circuit B in Fig. 2-4. The laser is biased
with a current source in series with an ideal inductor, and it is also capacitively coupled
to a voltage source §Vs with a series impedances Z,(w) and Zy(w). If at frequencies of
interest the inductor and the coupling capacitor are almost open and short, respectively,
then this circuit is also equivalent to circuit A. Therefore, in this paper only circuit A will
be considered. In circuit A the current 67,4 can be expressed as,

0Vi(w) — 6V (w)
Zs(w)

8Ly (w) = (2.30)

It is important to note here that 6I.,;(w) may not be the noise current which would be
measured in an experiment. For example, suppose that the diode laser has a parasitic
capacitance C, in parallel with the actual device, as shown in Fig. 2-5. The laser is driven
with a series resistor R, and a noise voltage source 6V, (w) representing the thermal noise in
the resistor R,. Fig. 2-5 shows the distinction between the noise current §1,.(w) defined in

(2.30), and the noise current 6Icqs(w) that would be measured in an experiment. Notice
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Figure 2-5: Thevenin equivalent circuit model indicating the distinction between §le.(w)
and 0/1meqs(w).

that the Thevenin equivalent impedance Z,(w) is a parallel combination of the resistance

R, and the capacitance C,. Zs(w) and §V(w) are,

R, Vo (w)

Zo(w) = —0 SV (w) = — Xl 2.31

() (14 jw R,C,) s(w) (1+ jwR,Cy) ( )
and the relation between 6lczt(w) and 0 peqs(w) is,
M e

lnt(w) = —imeas(®) (2.32)

(14 jwZ(w)Cy)

Choosing to define Z;(w) this way helps in formulating a noise model that is independent

of the specific nature of the device parasitics.
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Figure 2-6: Modulation response function |H (w)|? for an InGaAsP/InP diode laser is plotted
for different values of the bias current. The values of different parameters of the laser are
given in Table 2.1.

2.5 Current Modulation Response

In this section the response § Ppyt(w)/0ler:(w) of diode lasers to external sinusoidal current
modulation §I.;(w) is determined !. The behavior of noise in diode lasers at high frequen-
cies is closely tied to their current modulation response. The current modulation response

can be obtained from (2.26) assuming all the noise sources have been turned off,

S Pyt (w) — B 6SpVy - 2y Dgll (w)

0l eqi(w) Tp e T

(2.33)

Above threshold, and for frequencies less than the inverse of the carrier capture time 7., the

modulation response can be put in the following form [1],

5Pout(w) _ . hQO
6Iemt(w) 770 772

2 H(w) (2.34)

'Tt is assumed that Pout(t) = Pour + Real{§Poui(w) €7t} and Lege(t) = legs + Real{§l.;:(w) e/ '}
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where the modulation response function H(w) is,

2

_ “r .
H(w) = (w% — 21 o] (2.35)

The relaxation oscillation frequency wg and the damping constant ~ are,

1
wh = (2.36)
Tst Tp
1 1-mn 1 2
- - — =K 2.37
7 Tw * Te * Tst Wi ( )
where,
1 1—mn
K=m and Vo= — + ——— (2.38)
Tw Te

Fig. 2-6 shows [H(w)|* plotted for different bias currents for an InGaAsP/InP diode laser.
The values of laser parameters are given in Table 2.1. The peak in the modulation response
is due to the laser relaxation oscillations [1]. Near threshold, when « is small, the 3 dB

bandwidth of the modulation response is given by the approximate expression,

wsdp ~ V1+ V2wr ~ 1.55wp (2.39)

As the bias current is increased beyond threshold, wj 4p increases until v/ v2 becomes equal
to wr. When the bias current is increased beyond this point, the modulation response
becomes over-damped, and w3 4 starts to decrease. The maximum achievable modulation
bandwidth w3 qp | max 18 related to the photon lifetime in the laser cavity as follows,

V2

W3 dB | max ~ P (2.40)
P

2.6 Differential Resistance

The differential Impedance Z(w) of a diode laser can be obtained from (2.26) using (2.22),

Z(w) = —Jivf‘(‘g) = é {1 + 91——71}“’—)} (2.41)
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Table 2.1: Device Parameters for the InGaAsP/InP Diode Laser Used in Numerical Simu-
lations

Parameter Value
Lasing wavelength A 1.55 um
Operating temperature 300 K
Number of quantum wells 5
Cavity width 2.0 um
Cavity length 600 um
Tp 4.1 ps
Te 15 ps
Te 101 ps
Ty 42 ps
T 90 ps
1/7w 2% Bx Ny +3%Cx* N2
B 10710 en’/s
C 5% 1072 cm®/s
It 21 mA

The differential resistance Ry of diode lasers, defined as Z(w = 0), below and above threshold

comes out to be,

é (1+4¢) (Tegt < Itp)
Ry= (2.42)
é (14+0) (Lt > L)
8" and 0 arc,
o = Rt e (249)

The carrier emission efficiency 7. is defined as 7, /(7. + 7). Since 7, is usually around 1
ns, and the value of 7. is expected to be around 100 ps or less, 7. is close to unity. The
discontinuity ARy in the differential resistance at threshold follows from (2.42),

¢’ 4

— = Ne—— 2.44
G i e 146 Rd Tzt <Iyp, evaluated at Tepe=14y, ( )

1
ARd = a (9,—9) =1NiTNe
Below threshold the current-voltage characteristics of a diode laser resemble that of a plane

PN diode [49],
Lyt = I, [exp( eV > - 1} (2.45)
m

B
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where m is the diode ideality factor with values typically around 2.0. Therefore,

K,T
= 1m 2.46
d [extSIth " quzt ( )
and AR; becomes,
&’ K. T
AR; =10 17— = 2.47
4= e T (2.47)

Above threshold, the impedance Z(w) can be expressed in terms of the modulation

response H(w),

1

Z(w)ma

{1-1—9 [1 + Jw Tp Tt (T—le—i—i-i— L)J H(w)} (2.48)

Tst Tnr

2.7 Current Noise

From Equation (2.22), it can be secn that the current noise 61, (w) is driven by the carrier
density fluctuations § N (w). The carrier density fluctuations 6/N.(w) can be obtained by
solving (2.26) in the presence of the noise sources,

3
Lei(w) + ) D (w) Fi(w) (2.49)

k=1

SN(w)Ve = DT (w)

The current fluctuations I..¢(w) can be obtained by substituting the above expression in

(2.22) and using (2.30),

6Vs(w)
Zs(w) + Z(w)

Z(w) e 1 e
7o) + Z(%) [Z(w) G fin(@)

__e 1Dy w]
700 ; Fi(w) (2.50)

5Iext (UJ) =

Ta

The form of (2.50) suggests that a circuit model for the current noise can be constructed
as in Fig. 2-7 where a current noise source §1(w) is attached in parallel with the diode laser.

0I(w) is given by the expression,

01 (w)

e 1 D}
G

_ D)
= 7w @ E-n(w)—k;1 - Fk(w)} (2.51)
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Figure 2-7: Circuit model for the current fluctuations in semiconductor diode lasers
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Figure 2-8: Low frequency current noise spectral density Kj(w) (w < wsqgg) of an In-
GaAsP/InP diode laser is plotted as a function of the bias current. The values of the laser
parameters are given in Table 2.1.
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Figure 2-9: Fano Factor of the current noise of an InGaAsP /InP diode laser is plotted as a
function of the bias current. The values of the laser parameters are given in Table 2.1.
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Figure 2-10: Current noise spectral density K (w) of an InGaAsP /InP diode laser is plotted
as a function of the frequency for different values of the bias current. The laser threshold
current is 21.0 mA. The current noise spectral density shows a peak at the lascr relaxation
oscillation frequency wg. The values of laser parameters are given in Table 2.1.
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Below threshold, and for frequencies less than wj g, 61(w) is,

S1(w)  Fin(w) + 0 (1= 1) [Fo(w) = Felw)] + 6 Fi(w) + 0’ Fr (w)

e (140 (2:52)
Above threshold §I(w) is,
51(w) _ Fin() +[Few) = Folw) + Fi(w)] + 6 (3 [Fr(w) — Fr(w) 25

e (1+40)

The spectral density Kr(w) of the current noise 67(w) follows from (2.52) and (2.53),

Kr(w <wsgn, legt < Ith) = €len
’
KI (w < W3dB, Iemt > Ith,) = elext + 2e Me N Ith m
(0%)
+ 2e Tisp 1j; (Iea:t - Ith) ey (2.54)

(1 + 6)*

Fig. 2-9 shows the Fano Factor of the current noise of an InGaAsP/InP diode laser as a
function of the bias current. The values of the laser parameters are given in Table 2.1.
The current noise increases dramatically near threshold and can become more than 100
times larger than the shot noise value of el.,;. The increase in the current noise near
threshold can be explained as follows. Below threshold, the cavity gain is less than the cavity
loss and the photon density fluctuations in the cavity are strongly damped. Much above
threshold, although the cavity gain equals the cavity loss, the photon density fluctuations
are stabilized by negative feedback from the carrier density as a result of the strong coupling
between the photon density and the carrier density above threshold. Near threshold, the
cavity gain almost equals the cavity loss, but the coupling between the photon density
and the carrier density is weak. Consequently, photon density fluctuations become large
near threshold. Since the carrier density is weakly coupled to the photon density, the
carrier density fluctuations, and consequently the current fluctuations, are also large near
threshold. In the expression for the current noise spectral density above threshold given in
(2.54), the last term dominates near threshold. Near threshold, the photon density S, is
small, and 74, given by the expression in (2.12), is large. Tt should be noted that this last
term is entirely due to the Langevin noisc sources present in only the rate equation for the

fluctuations in the photon density.
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Fig. 2-10 shows the current noise spectral density plotted as a function of the frequency
for different values of the bias current. The current noise spectral density shows a resonance
peak at the laser relaxation oscillation frequency wg. Since the carrier density fluctuations
drive the current fluctuations, the relaxation oscillation peak is also present in the current
noise spectral density. These relaxation oscillations peaks in the current noise spectral
density can be observed experimentally, as shown in Section 2.10 of this Chapter. In the
limit w — oo, the current noise is just the noise associated with carrier injection into the

active region and has the spectral density,

K (UJ — 00, fext < Ith) = eley (1 + 20[)

Kiw—00, gt >1y) = el (1+20)+enem Lip 6 (2.55)

2.7.1 Suppression of the Current Noise by Large External Impedance

The current noise §1,,+(w) in the external circuit in the presence of an external impedance

Zs(w) and an external voltage noise source 6Vi(w) is,

Walw) , Zw)

0legt(w) = (Z(w) + Zg(w)) (Z((U) + ZS((“J))

31 (w) (2.56)

When Z (w) is much larger than the differential impedance Z(w) of the active region, the
contribution from the noise source 6I(w) to the current noise in the external circuit is
suppressed, and the current noise in the external circuit is just the noise contributed by
the voltage noise source 6Vs(w). If §Vi(w) represents the thermal noise originating in the

impedance Zg(w) then,
{6V} (w) 8Vi(w')) = 2KgT Re{Zs(w)} 2md(w — ') (2.57)

By making the impedance Z,(w) very large, the current noise in the external circuit can be
suppressed well below the shot noise value. When Zs(w) is much smaller than Z(w), the
current noise in the external circuit is the noise é1(w) plus the current noise contributed by

the external voltage noise source JV(w).



2.8 Photon Noise

The expression for the noise 0 P,y (w) in the output power can be obtained from (2.26) using

(2.19),

-1

3
+ 10 RS D Dy (@) Fi(w) + F,(w) (2.58)

5Pout(w) =T hsl,
Tp . k=1 Tp

D:’Tll (w) Ol egt(w)
e

Above threshold, and for frequencies less than wy qg, 0 Poy(w) s,

5Iem(w)

5P0ut(w) = Mo R, + o TLQO{ (1 - 772') [Fc(w) - Fe(w)] ~ Tk Fl(w)

() + (77t — 1) Fr(w) — yrs Fu(w) } + Fy(w) (2.59)

Note that the photon noise depends on the current noise d/e4t(w) and not on the current
noise 0/ (w). High impedance suppression of the current noise 61,,¢(w) in the external circuit
can have a profound effect on the laser intensity noise. If §1.,(w) is suppressed, the spectral

density Kp(w) of the intensity noise, for frequencies less than ws gg, is,

I 1—m\?
Kp (w < w3dB, lext > Ith) = 78l Powt [1 — N + 21, Tsp (F_ -+ - 771) 7-32{}
w €
I I
+ (7 PY)? [m(l — )=+ mf”] (2.60)

The term proportional to I, in the above Equation is due to the current partition noise.
Even if the current noise in the external circuit is suppressed, the noise due to current
partition in the active region is not suppressed. If the current injection efficiency 7); is close
unity, the contribution from the current partition noise to the photon noise is small. The

low frequency Fano Factor Fp(w) of the photon noise at very large bias currents is,

Fp (UJ <w3dB, leat > ]Lh) =1—=nom (2~61)

In diode lasers both 7, and 7; have typical values around 0.80 - 0.90, and therefore
high impedance suppression of the current noisc in the external circuit can result in more
than 5 dB suppression of the laser intensity noise below the shot noise value. The laser
output coupling efficiency and the current injection efficiency, therefore, set the upper limit

on the photon number squeezing achievable in diode lasers. If the external impedance



Photon Noise Fano Factor

S
!

6
lext / lth

Figure 2-11: Photon noise Fano Factor of an InGaAsP/InP diode laser is plotted as a

function of the bias current for different values of the external circuit impedance Z;. Photon

noise is squeezed when Z; is very large. The values of different parameters of the laser are

given in Table 2.2.
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Figure 2-12: Photon noise Fano Factor of an InGaAsl’/InP diode laser is plotted as a
function of the ratio Z;(w)/Z(w) for two different values of the bias current. Photon noise

is squeezed when Z; is much larger than Z. The values of different parameters of the laser
are given in Table 2.2.



Table 2.2: Device Parameters for the InGaAsP/InP Diode Laser Used in Numerical Simu-
lations of Photon Noise

Parameter Value
Lasing wavelength A 1.55 um
Operating temperature 300 K
Number of quantum wells 5
Cavity width 2.0 um
Cavity length 400 pm
Cavity internal loss 9 cm™
Tp 3.15 ps
Te 5 ps
Te 30 ps
Tq 15 ps
T 50 ps
1/7w 24« B+ Ny +3+Cx*N2
B 10719 cm’/s
C 5x107% cn®/s
Lip, 15 mA
7 0.90
Mo 0.75
Ry=Z(w=0) 0.50 Q2

Zs(w) is much smaller than the impedance Z(w) of the active region, current noise in the
external circuit is not suppressed. In this case, it can be shown that at large bias currents
the Fano Factor of the photon noise is greater than unity, and photon number squeezing
is not possible. Fig. 2-11 shows the low frequency Fano Factor of the photon noise of
an InGaAsP/InP diode laser as a function of the bias current for different values of the
external impedance Zg(w). Fig. 2-12 shows the photon noise Fano Factor as a function of
the ratio Z;(w)/Z(w) for two different values of the bias current. The laser parameters used
in generating these Figures are given in Table. 2.2. When Z; < Z(w), the photon noise is
above the shot noise value. When Z; > Z(w), the photon noise is squeezed when the bias
current exceeds four times the threshold value.

Photon number squeezing in diode lasers when the current noise §/ey¢(w) in the external
circuit is suppressed can be understood as follows. In the Langevin approach, the noise con-
tribution by different transitions to the photon number noise is proportional to the average
rate of the transitions. When a laser is biased much above threshold, the fastest process is

carrier recombination by stimulated emission of photons. Since the average carrier density
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in the quantum wells is clamped to its value at threshold, non-radiative carrier recombi-
nation is by comparison a much slower process. Also, if 7; is close to unity then current
partition in the active region will also contribute little to the photon noise. Thus, much
above threshold stimulated emission is by far the most important process that contributes
to the photon number noise. Suppose in some small time interval photons in excess of the
average rate arc emitted. Immediately after the emission of photons the carrier density in
the quantum wells, and the voltage drop across the active region, will be below their average
values. The decrease in the carrier density will result in reduced optical gain. Consequently,
the rate of stimulated emission of photons will also drop below its average value until the
carrier density recovers. This negative feedback provided by the carrier density reduces the
noise in photon emission and helps in photon number squeezing. If the carrier density in
the quantum wells were somehow clamped to a fixed value, it would not be able to provide
negative feedback to control the noise in photon emission. This is what happens when a
laser is biased with a low impedance electrical circuit. Every time the carrier density drops
below its average value, the circuit responds by pumping in extra current which quickly
restores the carrier density to its average value. The ability of the carrier density to provide
negative feedback to control the noise in photon emission is thus diminished. On the other
hand, a high impedance circuit suppresses the current noise in the circuit by not allowing
the circuit to respond to the carrier density fluctuations inside the laser. In addition to the
mechanism described here, noise from sources external to the laser, such as thermal noise
from circuit resistances, also contributes to the photon noise. Photon number squeezing
in diode lascrs has been experimentally observed when the lasers are biased with a high
impedance circuit [50, 51]. The current noise model presented in the Section 2.7 is therefore
in agreement with the experimental observation of photon number squeezing in diode lasers.

The terms in Equation (2.58) containing elements of the matrix D! are proportional
to the modulation response function H(w) and, therefore, for frequencies much larger than

the modulation bandwidth the noise in the output power is,

O Poys (w > w3qp) = Fo(w) (2.62)
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Table 2.3: Device Parameters of the InGaAsP/InP Fabry-Perot Laser Used in the Experi-

ments
Parameter Value
Lasing wavelength A 1.55 um
Operating temperature ~ 300 K
Number of quantum wells 5
Quantum well thickness 60A
Ve/ Vi ~ 10
Cavity width 4.0 pm
Cavity length 800 pm
Ve/Vw ~ 10
; 15 cm~ !
Ry, Ro 0.3
Ith 44 mA
Mo 0.25

and the spectral density of the noise in the output power equals that of shot noise,

Kp (w > ws dB) = h€dy Pous (2.63)

2.9 Experiments for Parameter Extraction

In the previous Sections, a model for the laser noise was presented in which several different
parameters, including G, 7, ', 6, and 7. established a relation between the fluctuations
inside the laser and the fluctuations in the current in the external circuit. In this Section, it is
shown that the values of these parameters near threshold can be extracted from experimental
measurements. InGasAsP/InP Fabry-Perot laser was used in the experiments. The laser
parameters are given in Table 2.3, and the SEM of the laser structure is shown in Fig. 2-13.
The intrinsic cavity loss in the laser was determined by cleaving lasers of different lengths [1],

and was found to be approximately 15 ern™!

. The output power coupling efficiency 7, of
the laser (per facet), assuming facet reflectivities of 0.3, is then 0.25. Fig. 2-14 shows
the output power per facet. The differential slope efficiency of the laser near threshold is
measured to be 0.17 W/A. Using (2.8), the current injection efficiency n; is found to be
0.85 near threshold. Fig. 2-15 shows the measured differential resistance of the laser. At

threshold, the discontinuity in the differential resistance is 0.56 €). The differential resistance

Jjust above threshold is 4.4 2. Later in this Section, it is shown that just above threshold the
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" polyimide

Figure 2-13: A SEM of the InGaAsP/InP Fabry-Perot laser used in the experiments.
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Figure 2-14: The measured output power of an InGaAsP/InP Fabry-Perot laser is plotted.

The laser parameter values are given in Table 2.3. The solid line is the laser output power
per facet. The dashed line indicates a differential slope of 0.17 W/A near threshold.
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Figure 2-15: The measured differential resistance of an InGaAsP/InP Fabry-Perot laser is

plotted (solid line). The laser parameter values are given in Table 2.3. The two dashed

lines indicate a resistance discontinuity of 0.56 € at threshold. Just above threshold the
differential resistance of the laser is 4.4 Q.
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Figure 2-16: The measured value of log (Iezt) as a function of the junction voltage V for
an InGaAsP/InP Fabry-Perot laser is plotted (solid line). The laser parameter values are
given in Table 2.3. The dashed line indicates a slope of 19 V! just before threshold.



differential resistance of the junction is approximately 0.65 Q. The impedance Z, in series
with the junction is then 3.75 €). For any bias current, the voltage V across the junction can
be estimated from the relation V' = V; — I3 Z,, where Vj is the voltage measured across the
entire laser device. As discussed in Section 2.6, below threshold the laser current-voltage

characteristics resemble that of a plane PN diode,

Iezt = Io

eV
— .64
P (mKBT) 1} (2.64)

Note that V' in the above Equation is the voltage across the junction. It follows that the
slope of log (I4¢) plotted as a function of the junction voltage V gives the value of e/mK ,T.
This plot is shown in Fig. 2-16. The dashed line gives the slope just before threshold, and
the value of e/mK T is found to be approximately 19 1/V. The resistance discontinuity at
threshold is given by Equation (2.47),

o’ K. T
14+ 6 i ql,
th

ARg =1 me (2.65)

The above relation can be used to obtain the value of # near threshold if the value of 7, is
known. The value of 7, will be assumed to be 0.92 and this value will be verified later in
this Section. Using (2.65), the value of ¢’ is found to be approximately 1.46. Since 6 equals
¢’ (1 —n;me), the value of ¢ near threshold is 0.3. Using the relation given in (2.44),

ARy = é & —0) (2.66)

the value of G is found to be 2.1 Q1. The differential resistance of the junction just
below and just above threshold can be found using (2.42), and comes out to be 1.18
and 0.65 €2, respectively. The value of m obtained from the measured value of e/mK_T,
assuming T' ~ 300, is approximately 2.0. The conventional theory, as formulated in Ref. [49],
assumes that the current-voltage characteristics of a diode laser below threshold is given
by a relation similar to (2.64), and the differential resistance of the laser above threshold is
assumed to be zero. The discontinuity in the differential resistance of the laser at threshold,
as predicted by the conventional theory, is therefore mK_ T /el;;,. For the laser used in the
experiments, mK T /el;, equals 1.18 € which is almost twice the value of the discontinuity

in the differential resistance measured experimentally (see Fig. 2-15). The theory presented
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in this Chapter agrees well with the experiments. Knowing the values of &', 8, 7., and
ni, the ratios 7./71y, and 7./7; can be determined and are found to be 0.357 and 0.167,
respectively. The value of 7. can be obtained from the value of G and the ratio 7./74 as
follows. Below threshold, the ratio of the carrier densities N, and N, follow from the rate
equations (2.1)-(2.3),

NVe = NV e - (2.67)

Te Ne
It is assumed that below threshold the carrier density N, is related to the junction voltage

as follows,

N V. x exp (m;(VT> (2.68)
B

Differentiating the above Equation with respect to V' one obtains,

SNV, _ eNeVe
V. mK,T

(2.69)
The ratio 6 N.V./dV can also be obtained from (2.22) and (2.30) assuming that the laser is

biased with a current source (Z; = c0) and the noise sources are turned off,

ON.V,. TG
V. e

(2.70)

Using (2.67), (2.68) and (2.69), the value of 7. near threshold can be estimated by the

1 G (74 mK,T !
1 G(r 2.71
Te Nle e (Tc) ( € > (vaw [ezL:Ith> o

At threshold, the carrier density N,, can be determined by equating the cavity gain to the

relation,

cavity loss. The quantum well gain can be obtained from a model based on 6-band k.p

theory (see [54]),

N,
=g,1 v 2.72
9=9 0g<Ntr> (2.72)

where g, = 2800 1/cm, and Ny = 1.5 x 10*® 1/cm3. The value of 7, comes out to be
approximately 101 ps. Earlier in this Section, the value of 7, was assumed to be 0.92, and
this assumption can now be verified. Near threshold, the value of 7,, can be determined
from values of the B and C coefficients given in Table. 2.1, and comes out to be 1.1 ns. The
value of 7., given by the expression 7,,/(7, + 7,), is indeed 0.92. The carrier capture time

7. cannot be obtained from the measurements presented here. It can be estimated from the
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Table 2.4: Values of the Laser Parameters Extracted From Measurements

Parameter Value
0’ 1.46
0 0.30
G 2.10
Ry = Z{w =0) (below threshold) 1.18 Q
Ry = Z(w = 0) (above threshold) 0.62 O
i 0.857
Te 101 ps
Te 10 ps - 20 ps
Ty =2.8 7. =28 ps - 56 ps
T = 6.0 7. = 60 ps - 120 ps

theoretical result in Ref. [52],

Te &~ 1.0ps — 2.0ps X % (2.73)

w

For the lasers used in the experiments, V./V,, was approximately 10, and the value of 7, is
estimated to be between 10 ps and 20 ps. Since the ratios 7./7, and 7./7; are known from
the measurements, the values of 7; and 7y can also be estimated and are approximately
60 — 120 ps and 28 — 56 ps, respectively. The values of 7., 7, 74, Te, 8, ¢, and G determined
in this Section near the laser threshold, and given in Table 2.4, are expected to be strong

tunctions of the temperature and the bias current.

2.10 Current Noise Experiments

The experimental setup used for measuring the current noise in diode lasers is shown in
Fig. 2-17. For the experiments, InGaAsP/InP distributed feedback (DFB) diode lasers
were fabricated in collaboration with Michael H. Lim and and Elisabeth Koontz. The laser
structure consisted of polyimide planarized ridge optical waveguides that had negligible
parasitic capacitance between the top metal contact and the substrate. The laser structure
was similar to that of the Fabry-Perot laser shown in Fig. 2-13. This ensured that high
frequency current noise measurements would not be affected by RC parasitics. The lasers
had a side mode suppression ratio (SMSR) better than 40 dB a little above threshold, as

shown in Fig. 2-18. The threshold current of 600 x 2 sm? area devices, with uncoated facets,
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Figure 2-18: Optical spectrum for the InGaAsP/InP DFB laser structures used in the
experiments. The lasers had a side mode suppression ratio of better than 40 dB a little
above threshold.
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Table 2.5: Device Parameters for the InGaAsP/InP DFB Laser Used in Experiments

Parameter Value
Lasing wavelength A 1.55 um
Operating temperature 300 K
Number of quantum wells 5
Cavity width 2.0 um
Cavity length 600 um
Tp 4.1 ps
Te 15 ps
Te 101 ps
Ty 42 ps
Tl 90 ps
1/ 2+« B+ Ny +3%Cx N2
B 1071 emd/s
C 5x 1072 cm®/s
Ith 21 mA

was 21 mA. The values of the laser parameters are given in Table. 2.5. The lasers were
biased with a current source through a bias tee, as shown in Fig. 2-17. The signal from the
RF port of the bias tee was fed into a low noise amplifier (LNA) with a 30 dB gain over the
frequency range from 200 MHz to 2 GHz, and a Noise Figure (NF) less than 1.5 dB. The
LNA had a 50 Q input impedance. The signal from the LNA was fed directly into a RF
spectrum analyzer. Co-axial SMA cables were used at each stage of the setup. The large
impedance mismatch between the lasers, with junction impedance typically less than 1
above threshold, and the 50 2 LNA made it difficult to couple noise power from the lasers
into the LNA. A rough estimate of the noise power delivered to the RF spectrum analyzer
can made as follows. As shown in Fig. 2-8, the current noise of a diode laser attains its
maximum value near threshold. A little above threshold, the current noise spectral density
is about -185 dB-Amp?/Hz (see Fig. 2-10). Assuming the differential resistance of the
junction to be 1 {2 near threshold, the spectral density of the current noise going into the
LNA is -219 dB-Amp?/Hz. The noise power delivered to the LNA is -172 dBm/Hz, and
the noise power delivered to the RF spectrum analyzer is -142 dBm/Hz (LNA gain is 30
dB). The noise floor of the measurement setup is around -140 dBm/Hz. The noise power
coupled into the RF spectrum analyzer is, therefore, very close to the noise floor.

Fig. 2-19 shows the noise power measured by the RI' spectrum analyzer for different
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Figure 2-19: The noise power measured with the RF spectrum analyzer (units: dBm)
is shown for different values of the bias current from 21.3 mA to 24.0 mA in 0.3 mA
increments (solid lines). The threshold current is 21.0 mA. The dotted line shows the
noise floor measured with the input to the LNA shorted. The resolution bandwidth of the
RF spectrum analyzer was 3 MHz. The measured noise spectral densities show the laser
relaxation oscillation peaks.

values of the laser bias current; from 21.3 mA to 24.0 mA in 0.3 mA increments. The laser
relaxation oscillation peaks are clearly visible in the measured spectra. The signal measured
by the RF spectrum analyzer is, as expected, close to the noise floor. The total noise power

Sy (w) (units: dBm) measured by the RF spectrum analyzer can be written as,

VA

2
— | Z.10° N 2.74
z+zc+zemt) ot 1°G R, + Nj(w) (2.74)

Sn(w) =10 logyo [2 Ki(w) (

Here, Z,. is the impedance of the diode excluding the junction impedance and was measured
to be 6.0 2, Z is the differential resistance of the junction, Z.,; is the input impedance of
the LNA and is assumed to be 50 Q, G is the LNA gain and equals 103, R, is the resolution
bandwidth of the spectrum analyzer and equals 3 MHz, and Ny¢(w) represents the noise
floor. The factor of two on the right hand side in (2.74) converts from the double-sided
noise spectral density Kj(w) to the single-sided noise power Sy(w). The dotted line in

Fig. 2-19 is the noise floor (obtained by shorting the inputs to the LNA). The current noise
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Figure 2-20: The laser current noise spectral density Kj(w), estimated from the noise power
measured with the RF spectrum analyzer, is shown for different values of the bias current
from 21.3 mA to 24.0 mA in 0.3 mA increments. The measured noise spectral densities
show the laser relaxation oscillation peaks. The measured current noise spectral density is
in excellent agreement with the theoretical results shown in Fig. 2-21.
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Figure 2-21: The laser current noise spectral density Kj(w) calculated from the theory is
shown for different values of the bias current from 21.3 mA to 24.0 mA in 0.3 mA increments.
The values of the laser parameters are given in Table. 2.5. The calculated current noise
spectral density is in excellent agreement with the measured results shown in Fig. 2-20.
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spectral density K7(w) of the laser can be determined by inverting the relation in (2.74).
Fig. 2-20 shows the measured laser current noise spectra for different values of the bias
current. The theoretical results for the laser current noise spectra using the parameter
values given in Table. 2.5 are shown in Fig. 2-21. The measured results agree very well with
the theory. The value of the junction impedance Z in Fig. 2-20 was assumed to be 0.65 €) in
order to obtain a match with the theoretical results in Fig. 2-21. This is to our knowledge
the first reported measurement of the laser current noise spectral density. The error in the
measured value of K(w) was estimated to be less than 2 dB-Amp?/Hz. There is a good
reason why the theoretical results agree so well with the measurements. Above threshold,
the dominant term contributing to the laser current noise, as explained earlier, is the last
term on the right hand side in (2.54),

(0%)

Te

T (2.75)

2e Nsp M (Iezt - Ith)

The magnitude of this term depends critically on the factor (6/G7.)?. The other factors
are either known or can be estimated fairly accurately. Using (2.71), one can obtain an

expression for §/Gr, valid near the laser threshold,

9 mKBT 1
) | 2.
G, Te 70 < e ) ( eNyVy Iezt:Iih> o

The right hand side in (2.76) can be estimated accurately given that both 7. and 7; are

close to unity. The laser parameters used in generating the theoretical results in Fig.2-21
(see Table 2.5) satisfy (2.76). The spectral density of the current noise in the external
circuit is given by the expression in (2.75) multiplied by a current division factor which
is approximately [Z/(Z. + Zem)]Q. So the junction impedance Z cancels out, and in the
ideal case the noisc power measured by the RF spectrum analyzer can be predicted fairly
accurately. The junction impedance Z is needed to convert back from the noise power
measured by the RF spectrum analyzer to the spectral density of the laser current noise.
As mentioned above, the junction impedance was assumed to be 0.65 2 to obtain a good
match between the theory and the experimental data.

The current noise measurements, especially the observance of the relaxation oscillation

peaks in the measured current noise spectra, show that the current noise in diode lasers is
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driven by the carrier density fluctuations inside the active region. In the next Chapter, the
theoretical models presented in this Chapter will be used to develop models for the noise

in semiconductor interband cascade lasers.
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Chapter 3

Noise and Correlations in
Semiconductor Interband Cascade

Lasers

Semiconductor cascade lasers were introduced in Chapter 1. In semiconductor cascade
lasers, several gain stages are connected electrically in series as shown in Fig. 1-1 of Chap-
ter 1. These gain stages may be in the same optical cavity or in different optical cavities.
The fundamental difference between a semiconductor cascade laser and a conventional semi-
conductor laser is that each electron injected into a cascade laser is recycled from one gain
stage to the other and is able to produce multiple photons (see Fig. 1-3). In a conventional
laser, each electron injected into the device cannot produce more than one photon. Conse-
quently, the quantum efficiency of a cascade laser can be much greater than 100 percent,
whereas the quantum efficiency of a conventional laser is always less than 100 percent. In
Chapter 1, it was shown that the increased quantum efficiency of cascade lasers make them
highly suitable for RF photonic links. The noise behavior of cascade lasers can be signifi-
cantly different from that of conventional semiconductor lasers. In cascade lasers, since all
the gain stages are connected electrically, the carrier density fluctuations and, consequently,
the photon emission cvents in different gain stages are correlated. In this Chapter, theoret-
ical models are presented for the noise and correlations in semiconductor interband cascade
lasers. Experimental results that verify the theoretical models are also presented.

In Section 3.1, interconnect-coupled multiple cavity cascade lasers, shown in Fig. 1-4
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Figure 3-2: A circuit model for the current noise in a multiple cavity cascade laser (MCCL).

of Chapter 1, are discussed. Parallel laser arrays, shown in Fig.1-7 of Chapter 1, are also
discussed in the same Section. Parallel laser arrays are not cascade devices, but their noise
characteristics are closely related to those of multiple cavity cascade lasers. In Section 3.3,
experimental results on the correlations in the photon noise in multiple cavity cascade lasers
and parallel laser arrays are presented. In Section 3.4, the noise in interconnect coupled split
waveguide cascade lasers, shown in Fig. 1-5 of Chapter 1, is discussed, and in Section 3.5,

theoretical models for the noise in bipolar cascade lasers, shown in Fig. 1-6, are presented.
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3.1 Multiple Cavity Cascade Lasers

3.1.1 Theoretical Model

In a multiple cavity cascade laser (MCCL), cascaded stages are connected electrically in
series in separate optical cavities. An integrated MCCL is shown in Fig. 1-4 of Chapter 1 |3,
4]. For application in RF photonic links, light from all the optical cavities needs to be
collected before it can be transmitted over an optical fiber, as shown in Fig. 3-1. The noise
characteristics of MCCLs can be derived from the models of the laser current noise and
photon noise presented in Chapter 2. The Langevin rate equations for the carrier and the

photon densities in the j-th cascaded stage are as follows,

—~F} —F] + F! (3.1)

j , j
dONIV, _ 8l SNV, (l N 1) RRIAZ

dt Te T Te

déNiVy  ONIV,

; 1 1 1 V, . ) . ) ,
— SNV, (? +—+ —) — Yy, g8S)Vy+ FI —FJ —Fl —FJ, (3.2)
e

dt Te Tw  Tst Vo
déSlV, 6NIV v, 1 , - ;
prP — w ' w w _ 7 J FJ
a1 - + (va Vg g Tp) 0S5 Vp + Fy i3 (3.3)

The Equations above are the same as those given in (2.9)-(2.11) for a conventional semicon-
ductor laser except for the superscript j. Since the same current flows through all the stages
connected electrically in series, §/ey¢ in (3.1) does not have a superscript. The fluctuation

in the output power 5Pgut from the j-th stage is,

51,

Tp

5P = 0o kSl + FJ (3.4)

The fluctuation §PL, in the collected output power is E;V: 1 5P’ ., where N is the total

o out>

number of cascaded stages. The current noise 61.,; in the external circuit can be related to

the carrier density fluctuations in the j-th section as shown below,

6l GOVI 6NV, :
= -+, (3.5)

€ € Ta

The correlation functions of all the Langevin noise sources are given in Chapter 2. The

Langevin noise sources belonging to different stages in the cascade are uncorrelated. The
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condition imposed by the external circuit is given as (see Fig. 3-2),

§Vi(w) = 7L, VI (w)

5189:&(“}) = Z,g(u))

(3.6)

Equations (3.1)-(3.3), together with (3.5) and (3.6), can be solved in the frequency domain
to yield the circuit model shown in Fig. 3-2 in which a current noise source 617 (w) is attached
in parallel with the active region of the j-th stage. The impedance Z(w) of each active region
is the same as that given in (2.41) in Chapter 2. The parasitic series resistances in all the
stages are lumped in with the impedance Z4(w). The expression for the current noise source
§17(w) is also given by an expression identical to that in (2.51) in Chapter 2, except that

all the Langevin noise sources in the expression have the superscript 7,

-1

3
§F (w) = Z(ew)Cl; [ Z Die )j’ (3.7)

The current fluctuation §7.,; in the external circuit is,

OVs(w)

Z(w)
§logr(w) = NZ@) 1 Z.0) + <NZ( ) Z 6 (w (3.8)

The noise dPJ,,(w) in the output power from the j-th cascade section follows from (2.58)

in Chapter 2

D 1
" h? 3;“") S Lona (@) + 10 B2y Z @) +Fi (3.9
P p

W Dyl(w)  Vi(w)
T T T T N Z(w) + Zy(w)

5Pojut( ) =

A, D3 (w) Z(w) N
iy 3;p (N o Zs(w));mw)
+ 10 W82 Z (W) + FY (3.10)
Ty

3.1.2 Correlations in the Photon Noise of Cascade Sections

Since the current noise that contributes to the photon noise of a cascade section has contri-
butions from the noise generated in all the cascade sections, the photon noise in different

cascade sections is correlated. The cross-spectral density K },q(w) of the noise in the output
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Figure 3-3: The low frequency correlation in the noise in the output powers of two different
sections of a two-section multiple cavity cascade laser is plotted as a function of the bias
current for different values of the circuit impedance Zs(w). Each laser in the cascade device
is assumed to be a InGaAsP/InP diode laser operating at 1550 nm. The laser parameters
are given in Table. 3.1.

powers from the j-th and the ¢-th cascade sections is defined as follows,

K{Dq(w) = /_O:Od'r R{;J(T) exp (—jwT) (3.11)

where the correlation function R;f (1) is,
RE(7) = (0P, (t) 815 (t + 7)) (3.12)

Symmetry implies Rggq (r) = R‘g('r), and symmetry with stationarity implies R?;? (—7) =
RJ(7). Tt follows that K3 (—w) = K" (w) = K1%(w). The cross-spectral density K¥(w)

can also be calculated directly in the frequency domain (also see Appendix A.1),

Oodw’ *

1) = [0 68, ) 5P+ ) 3.13)

In what follows, it is convenient to introduce Kp(w)|z, (w) as the spectral density of the

noise in the output power of a conventional semiconductor laser when the active region of
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Table 3.1: Device Parameters for the InGaAsP/InP MCCL Used in Numerical Simulations
of the Correlations in the Photon Noise

Parameter Value
Lasing wavelength A 1.55 um
Operating temperature 300 K
Number of quantum wells 5
Cavity width 2.0 pum
Cavity length 400 pm
Cavity internal loss 9 cm!
Tp 3.15 ps
Te 5 ps
Te 30 ps
Ty 15 ps
T 100 ps
1/Tw 2% B* Ny +3%C* N2
B 1071% cm’/s
o 5x 10729 cmb/s
[th 15 mA
; 0.95
No 0.75
Ri=Z(w=0) 0.80 Q2
Z(w=0) 2.0 Q

the laser is in series with an impedance Z,(w) in the absence of any source of noise external
to the active region, including thermal noise in any of the circuit impedances. Kp(w)|z,(w)
can be calculated from the formulas given in Chapter 2. K f;q(w) can then be written in the

following form,

2

, ~1(, 2
Kif(w) = l% h?o Dg,;p( ) NZ(w)1+ )| )
A w : w 2
+ (N = 1) |n, h? Dﬁp( ) ‘ % Z(j(+) 7y K@)
+ Kp(@)lv-1)26)4 2000 — (1= 1) Kp(@)loo (3.14)

The normalized correlation C’?Dq(w) in the photon noise of two different cascade sections is,

K (w)

C(w) = ——
KR () KF(w)

(3.15)
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Schwartz inequality, and the fact that Kqu(w) is real, imply that,

~1<CHw) <1 (3.16)
Using (3.14), one obtains,
CH(w)=1- K—PJ% (3.17)
Kp (W)

From (3.14), and the analysis presented in Chapter 2, it follows that K};,j (w) is always
greater than Kp(w)|ee for frequencies smaller than the modulation bandwidth of the laser
and, therefore, at small frequencies the noise in the output power of two different cascade
sections is positively correlated. At frequencies much larger than the modulation bandwidth
both Kp(w)|e and K fgj (w) approach the shot noise spectral density and the noise correlation
C};q (w) approaches zero. The positive correlation in the photon noise of two different cascade
sections at low frequencies can be understood as follows. Suppose in some time interval
photons in excess of the average rate are emitted in a cascade section. As a result, the
carrier density in the active region of that section, and the voltage across the active region,
will drop below their average values, and the current in the circuit will become larger than
its average value. The increase in the circuit current will in turn increase the chances of
photon emissions in excess of the average emission rate in all the other cascade sections.
Thus, photon noise in different cascade sections is positively correlated. In addition, noise
sources external to the laser, such as thermal noise in the circuit resistances, also positively
correlates the photon noise in different cascade sections.

The degree of the noise correlation depends sensitively on the total impedance NZ(w)+
Zs(w) of the circuit. If the circuit impedance becomes large, K f_,] (w) approaches Kp(w)|oo,
and the noise correlation approaches zero. Without loosing generality, the impedance Zs(w)
is assumed to consist of an external circuit impedance Z..;(w) and also parasitic impedances
Z.(w) associated with each cascade section, i.e. Zg(w) = N Z.(w) + Zegi(w). Fig. 3-3 shows
the low frequency correlation in the noise in the output power of a two section MCCL as
a function of the bias current for different values of the circuit impedance Zg,(w). Each
cascade section is assumed to be a InGaAsP/InP diode laser operating at 1550 nm. The
laser parameters are given in Table. 3.1. Fig. 3-3 shows that the correlation in the photon
noise of the two cascade sections is almost 60 percent when the circuit impedance Zg,¢(w)

is small. The maximum correlation is limited by the series impedance Z. of each cascade
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Figure 3-4: The Fano Factor of the noise in the collected output power is plotted as a
function of the number of sections in a multiple cavity cascade laser for different values of
the impedance Z..¢(w). Each laser in the cascade device is assumed to be a InGaAsP /InP

diode laser operating at 1550 nm. The laser parameters are given in Table. 3.1. The bias
current is assumed to be three times the threshold bias.

section which is assumed to be 2.0 €2 in Fig. 3-3.

3.1.3 Photon Noise in the Collected Output Power

Since the photon emissions in different cascade sections are positively correlated, it is rea-
sonable to expect that these positive correlations would increase the photon noise when
light from all the cascade sections is collected. An interesting scaling relation can be de-
rived for the noise 6P, in the collected output power. Summing both sides of (3.10) over

the superscript 7, one obtains,

N .
6Pg;t = Z JPgut(w)
j=1
— hQ D3 (w) N Vs(w)
- g T NZ(w)+ Zs(w)
hQ, Dyt (w) ( N Z(w)

N
+3 [no
q:l € Tp
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~ Dy (@) .

+nohQy Y =t W) + FY (3.18)

T,

k=1 p
In what follows, it will be assumed that the noise source 6V;(w) represents the thermal noise
associated with circuit impedances, and its spectral density Ky, (w) equals 2K 5T Re{Z;},
where Zs(w) = NZq(w) + Zeyt(w). The spectral density of the noise in the collected output
power depends on the average output power (or the ratio I /L), the external circuit
impedance Zgy(w), and the number N of cascade sections. The spectral density of the
noise in the collected output power follows from (3.18), and it can be written in a way that

explicitly shows the scaling of the noise with the number of cascade sections,
KPT (Wa Iext/lthv Ze:z:ty N) =N KPT (W7 Iemt/Ithy Ze:r,t/Ny 1) (3'19)

If the noise in the output power of different sections were uncorrelated, the spectral density
of the noise in the collected output power would be N times the spectral density of the
noise in a single section laser. The positive correlations in the photon noise of different
scctions results in increased noise in the collected output power. Interestingly, the increase
in the noise can be expressed as a scaled external circuit impedance as shown in (3.19)
above (recall from Chapter 2 that a laser biased with smaller series impedance has larger
noise in the output power). When Zg(w) is very large, the current fluctuations in the
circuit, and, consequently, the positive correlations in the photon noise in different cascade
sections are suppressed, and the noise in the collected output power is IV times the noise in
the output power of a single section laser. When Z,,+(w) is zero, the spectral density of the
noise in the collected output power is again N times the spectral density of the noise in a
single section laser. This is because the increase in the noise due to the positive correlations
in the photon noise in different cascade sections is exactly balanced by the decrease in the
photon noise due to the increase in the circuit impedance seen by each cascade section
with the increase in the number of cascade sections (the total impedance of the circuit,
NZ(w) + NZ(w) + Zegt(w), increases linearly with N when Zey:(w) is zero). Fig.3-4 shows
the Fano Factor of the noise in the collected output power as a function of the number
of sections in a MCCL for different values of the impedance Z.,,(w). Each section in the
MCCL is assumed to be a InGaAsP/InP laser operating at 1550 nm. The laser parameters

are given in Table. 3.1.
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Figure 3-5: A circuit mode! for the current noise in a parallel laser array.

3.2 Parallel Laser Arrays

3.2.1 Theoretical Model

In a parallel laser array (PLA), laser sections are connected electrically in parallel as shown
in Fig. 1-7 of Chapter 1. PLAs are not cascade devices but their noise properties bear a
close relationship to cascade devices since in PLAs, like in cascade devices, the gain sections
are connected electrically. The noise characteristics of PLAs can be derived using methods
similar to those used for MCCL devices. In MCCLs, the current flowing through all the
cascaded sections is the same. In PLAs, the potential drop across all the sections is the
same since they are connected electrically in parallel. A circuit model for the noise in a
PLA is shown in Fig. 3-5. A current noise source 61’ (w), given by the expression in (3.7),
is attached in parallel with the j-th section. In addition, a voltage noise source dVJ(w) is
also attached in series with j-th section and represents the thermal noise associated with
the series impedance Z.(w) of each array section. The noise §P7,(w) in the output power

from the j-th section can be found using the methods described earlier for MCClLs,

o D3 () Verr(w)
Mo

5P’ =
ou (@) e Ty Z+ Zo+ N Zeg
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€ Tp Z+ Ze L4 Ze+ NZoy
1 Dy (w) < z > ( Zeat )
- ‘ 514
e T 1, 75 2c) \Z+ Zet NZow ;; ()
-1
o Mo Dutle) (LY (22t Nt gy
€ Tp Z+ZC Z+Z6+NZext
1 D3 (w) ( 1 ) ( Zeat )
= sV e
’ e Tp Z4+2,) \Z+Z.+ NZuy ; ¢ (@)
3 —1
D . .
+ 10 A Y Dy (@) Fl(w) + F! (3.20)

k=1 P

Its convenient to define impedances Z; and Zs as follows,

Z + Zc + NZea;t }
ZLi=(Z+2 -z 3.21
1= (24 2Z) [Z+Zc+(N—1)Zm (3.21)
Z+Z.+NZ
Zy = (2 + Z,) [ T2t m] - Z (3.22)
Zemt
The spectral densities K 1’37 (w) and K f)q(w) (7 # q) can then be written as,
y 1 D (w) | 1 2
K = |1 DAL x
P() oo T | 2T 2t W] Vet
2
7y Dyt (w) 12 | 12
N-1
G ™ zvz TWoVgyg| | M)
2
hQ, Daft(w) l zZ |
e —2 =B (N — 1 K
| e Tp ( ) Z+ Zy 1)
+ Kp(W)|z(w) (3.23)
- 170 Dt (w)|” 1 2
K]q —_ ; K
P ((.U) 770 e Tp Z + Zc + NZezt Vet (U.))
2
hQo Dy (w) ‘ 1| ‘ 172 l 1P
« : N-1 - K
T\ Tp VAR VA +( ) Z + 7o Z+ 7, VC(UJ)
2
hQ, D3t (w) ‘ z |2 ‘ z |? ‘ z |?
: N B %
+ |7 T 7+z “Nz7z 7Tzl | BW
— Kp(w)|z(w) + Kp(w)loo (3.24)
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Figure 3-6: The low frequency correlation in the noise in the output powers of two different
array sections of a two-section parallel laser array is plotted as a function of the bias current
for different values of the circuit impedance Z.,:(w). Each laser in the array is assumed to
be a InGaAsP/InP diode laser operating at 1550 nm. The laser parameters are given in
Table. 3.1.

3.2.2 Correlations in the Photon Noise of Array Sections

The normalized correlation ijgq (w) in the photon noise of two different array sections can

be determined using (3.23) and (3.23) with (3.15),

2
: 1 hQ, D3 (W) z )
7q _ _ K o 31 K
OF@) = 1 s K@l + i "2 P || i)
2
h$, D3 (w) 1P
K 2
770 e Tp Z+ZL Vc(w) (3 5)

If Ky, ,(w) = 0, then Cf;q(w) < 0 and the photon noise in any two array sections is neg-
atively correlated at frequencies smaller than the modulation bandwidth of the laser. At
frequencies much larger than the modulation bandwidth, C};q(w) approaches zero. The con-
tribution to the photon noise from the voltage noise source dV,,.:(w) is positively correlated
in different array sections, and if Ky, ,(w) is large enough, Cfgq(w) can become positive at

low frequencies. However, in most cases of interest, where §V,,;(w) represents the thermal
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noise in the impedance Z.;(w), Ky, ,(w) makes only a modest contribution to the photon
noise and C'qu (w) is negative. When N = 2, it can be shown that C})q(w) for the parallel laser
array with Z.;4{w) = 0o and C’};,q(w) for the multiple cavity cascade laser with Zg,(w) =0
are equal in magnitude but opposite in sign. This result follows simply from the symmetry
of the two problems.

The negative correlation in the photon noise of two array sections at low frequencies can
be understood as follows. Suppose in some time interval photons in excess of the average
rate are emitted in an array section. As a result, the carrier density in the active region of
that section will drop below its average value. Since the voltage across all the array sections
connected in parallel must be the same, the circuit will pump extra current in this array
section in order to maintain the voltage across the section. Consequently, the current in all
the other array sections will decrease and the photon emission rate in all the other sections
will fall below the average emission rate. Thus, photon noise in different array sections is
negatively correlated. In addition, noise sources external to the laser, such as the voltage
noise sources 6V (w), also negatively correlates the photon noise in different array sections.

Fig. 3-6 shows the low frequency correlation in the noise in the output power of a two
section PLA as a function of the bias current for different values of the impedance Zg,+(w).
Each array section is assumed to be a InGaAsP /InP diode laser operating at 1550 nm. The
laser parameters are given in Table. 3.1. The maximum correlation is limited by the series

impedance Z, of each array section which is assumed to be 2.0 @ in Fig. 3-6.

3.2.3 Photon Noise in the Collected Output Power

Since the photon emissions in different array sections are negatively correlated, it is reason-
able to expect that these negative correlations would decrease the photon noise when light
from all the cascade sections is collected. As in the case of MCCLs, a scaling relation can be
derived for the spectral density of the noise § PL, in the collected output power. Summing

both sides of (3.20) over the superscript 7, one obtains,

N
5P07':Lt = Z (Spgut(w>
j=1

RS, Dt (w) [NV 0Very(w) + Zév:l OV (w)
o =g T Z(w) + Ze(w) + N Zeg(w)
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Figure 3-7: The Fano Factor of the noise in the collected output power of a parallel laser
array is plotted as a function of the number of array sections for different values of the
impedance Zeg¢(w). Each laser in the array is assumed to be a InGaAsP/InP diode laser

operating at 1550 nm. The laser parameters are given in Table. 3.1. The bias current is
assumed to be three times the threshold bias.

il [% hQ, D3 (w) Z(w)

i ; e T (Z(w) + Z.(w) + NZemt(w)) Sl

3 -1
D (w
+ 1o A, Z Die (@) Fl(w) + Fg} (3.26)
— Tp
k=1
It will be assumed that the noise sources §V,4¢(w) and 6V, (w) represent the thermal noise
associated with circuit impedances Z.(w) and Z.,:(w), respectively. The spectral density
Kpr(w) of the noise in the collected output power depends on the average output power
(or the ratio Iyies/Iy for each array section), the external circuit impedance Zegt(w), and
the number N of array sections. Kpr(w) follows from (3.26), and it can be written in a

way that explicitly shows the scaling of the noise with the number of array sections,
KPT (wl IbiaS/Itha Zemt:n N) =N KPT (w? Ibias/-[tha NZe.’Bta 1) (327)

The negative correlations in the photon noise of different array sections decrease the noise in

the collected output power, and this decrease in the noise, like in MCCLs, can be expressed

30



! ox
capacitor <
i oY
G | EET Flgl
Anal
source Zc T i)
photodiodes

Figure 3-8: Experimental setup for measuring the photon noise correlations in diode lasers
connected electrically in series or in parallel.

as a scaled external circuit impedance as shown in (3.27) above (recall from Chapter 2 that
a laser biased with larger impedance has smaller noise in the output power). When Z4(w)
is very small, the current fluctuations generated by each array section do not couple into
other array sections, and the photon noise in different array sections is uncorrelated. The
spectral density of the noise in the collected output power is therefore N times the spectral
density of the noise in a single section array. When Z.,:(w) is very large, the spectral
density of the noise in the collected output power is again N times the spectral density of
the noise in a single section array. This is because the decrease in the photon noise Fano
Factor due to the negative correlations in the photon noise in different array sections is
exactly balanced by the increase in the photon noise due to the decrease in the impedance
seen by each array section with the increase in the number of array sections. Fig.3-7 shows
the Fano Factor of the noise in the collected output power of a PLA as a function of the
number of array sections for different values of the impedance Z.;¢(w). Each section in the
array is assumed to be a InGaAsP/InP laser operating at 1550 nm. The laser parameters

are given in Table. 3.1.
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Table 3.2: Device Parameters of GaAs/AlGaAs Fabry-Perot Lasers Used in Experiments.

Parameter Value
Lasing wavelength A 850 nm
Operating temperature ~ 300 K
Number of gquantum wells 3
Quantum well thickness 704
Cavity width 2.0 pm
Cavity length 400 pm
Facet reflectivities 0.85 and 0.10
Threshold current 15 mA
Slope efficiency 1.13 Watt/Amp

3.3 Photon Noise Correlations: Experiments

3.3.1 Experimental Setup

The theory for the noise in multiple cavity cascade lasers and parallel laser arrays presented
in this Chapter predicts large positive (negative) correlations in the photon noise of lasers
connected electrically in series (parallel). The experimental setup for measuring these noise
correlations is shown in Fig.3-8 [56]. Two GaAs/AlGaAs Fabry-Perot lasers, part number
SDL-5400-C (JDS Uniphase), operating at 850 nm were used in these experiments. The
lasers were mounted such that they could be connected electrically in series or in parallel.
The lasers were biased with a noiseless current source made using a lithium battery in series
with a potentiometer and a large inductor. This high impedance source could be converted
into a low impedance source by a large capacitor in the circuit, as shown in Fig. 3-8. At
frequencies of interest, the capacitor acted like a short. The light from each laser was col-
lected by a large area (1 cm?) Silicon PIN photodiode, part number $3590-1 (Hamamatsu).
The quantum efliciency of each photodiode was close to 80 percent (responsivity: 0.55
Amp/Watt). The photodiodes were slightly tilted with respect to the direction of incident
light to avoid back reflections into the lasers. The bandwidth of the photodiode response
was slightly larger than 1 MHz under a reverse bias of 40 V. The photodiode output signals
were capacitively coupled into 50 €2 input channels of a dual-channel HP89410A FFT Signal
Analyzer. The FFT Signal Analyzer had a measurement bandwidth of 10 MHz, and could
compute the power spectral densities and the power cross-spectral density of the signals at

its two input channels.
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just before threshold is 18 V1.
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Table 3.3: Values of Laser Parameters Extracted From Measurements.

Parameter Value
External slope efficiency 1.13 Watt/Amp
Mo 0.814
Device series resistance Z.(w) 2.3 Q
Junction impedance Z{w) below threshold 3.7 Q
Junction impedance Z(w) above threshold 0.8 Q2
Te 5 ps
Ty =22.4 7, = 112 ps

Tg = 2.5 717 = 12.5 ps
T 32 ps
e 0.972
74 5.44
0 0.38
G 1.74

3.3.2 Extraction of the Laser Parameters

The lasers used in the experiments were first characterized using the methods described in
Chapter 2 to extract the values of the parameters that were introduced in the theoretical
model to describe the current noise and the photon noise in diode lasers. The differential
slope efficiency of the lasers was measured to be approximately 1.13 Watt /Amp. The prod-
uct 7 7); for the lasers was therefore 0.773. The approximate values of the laser parameters
obtained from the vendor are listed in Table. 3.2. Assuming 5 cm™! cavity internal loss, the
value of 7, comes out to be 0.814, and 7); is therefore 0.957. The laser differential resistance
is plotted in Fig. 3-9 which shows a discontinuity of 2.9 Q in the differential resistance at
threshold, and a total differential resistance (i.e. Z + Z.) of 3.1 Q above threshold. Fig. 3-
10 shows log(1e,t) plotted as a function of the junction voltage, and the slope of the curve
Just before threshold is approximately 18 1/V. From these measurements, the values of the
parameters G, ¢, 0, and 7., and the ratios 7./7, and 7./7; can be determined (see Chapter 2
for details). The values of the laser parameters determined through measurements are given
in Table. 3.3. In obtaining the results in Table. 3.3, 7. was assumed to be 5 ps, and the
material gain was assumed to be related to the carrier density N, in the quantum wells
through the relation [1],

N +Ns) (3.28)

= golog [ L2
g go g(Ntr+N9
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where g, = 3000 em™t, Ny = 1.8 x 108 em™3, and Ny = 1.2 x 10'® ecm™3. As explained
in Chapter 2, the values of the laser parameters given in Table 3.3 are valid only near the

laser threshold and are not expected to be valid much above threshold.

3.3.3 Results and Discussion

The FFT Signal Analyzer can measure the spectral densities K j] (w) and the cross-spectral
density K }q(w) (7 # q) of the noise in the photodetector currents. The correlation C}%(w)

in the noise in the photodetector currents is given by a relation similar to (3.15),

Kp*(w)

CI( )= \/Kll K22 (w)

(3.29)

The spectral densities I(}j (w) and K}q(w) (j # q) are related to the spectral densities

K ;,j (w) and K g’(w) of the laser intensity noise as follows [1],

K@) = (i) PP (1 )00 P (3.30)
K = (55 ) [Pt 33

Here, P,,; is the average laser output power and 1 = ngn., where 7, is the photodetector
quantum efficiency and 7). is the light collection efficiency. Since n < 1, the correlation
C}(w) in the laser intensity noise is not equal to C}?(w). For the lasers used in the
experiments, the noise in the output power was much larger than the shot noise value.
The measured photon noise Fano Factors for each laser were larger than 100 for most
values of the bias current and larger than 10 for all values of the bias current [56]. Since
K j)] (w) > 7€ Poyt, and 7 is estimated to be at least 0.75, C}(w) can be safely approximated
by C}*(w). The measured value of C’(w) is not sensitive to the post-detection signal gains
in the two channels of the FFT Spectrum Analyzer since multiplicative gain factors cancel
out when CH(w) is computed using (3.29).

Fig. 3-11 and Fig. 3-12 show the low frequency value of C}(w) when the lasers are
connected electrically in series and parallel, respectively, as a function of the bias current
for two different values of the circuit impedance Zg,:(w); 082 and oof). The noise correlation

data shown in Fig. 3-11 and Fig. 3-12 was obtained by averaging the measured value of
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Figure 3-11: The low frequency correlation in the noise in the output powers of two lasers
connected electrically in series is plotted as a function of the bias current for two different
values of the circuit impedance Z,¢(w). The solid lines with circles are the experimental
data. The solid lines without circles are the predictions of the theoretical model using the
laser parameter values given in Table. 3.3.
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Figure 3-12: The low frequency correlation in the noise in the output powers of two lasers
connected electrically in parallel is plotted as a function of the bias current for two different
values of the circuit impedance Z.,¢(w). The solid lines with circles are the experimental
data. The solid lines without circles are the predictions of the theoretical model using the
laser parameter values given in Table. 3.3.
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C}(w) over a 400 KHz wide frequency window centered at 500 KHz. CE(w) was found to
be flat between 200 KHz and 800 KHz, and changing the center frequency of the averaging
window did not affect the final results. Fig. 3-11 and Fig. 3-12 show that when the lasers
are connected in series the noise in the output powers is positively correlated, and when
the lasers are connected in parallel the noise is negatively correlated. The experimental
results also exhibit the expected dependence of the noise correlations on the impedance
Zegt(w) in both the series and the parallel configurations. The results obtained from the
theoretical models using the parameter values given in Table. 3.3 are also shown in Fig. 3-11
and Fig. 3-12. The theoretical results are in good agreement with the experimental data
near the laser threshold.

The laser spectrum showed multiple longitudinal modes lasing at the same time. The
theoretical models for the noise correlations presented in this Chapter are based on the
assumption of a single lasing mode. The photon noise in different lasing modes of a laser
is negatively correlated as a result of gain competition, but, as shown in Ref. [68], the
combined noise of all the lasing modes is adequately described by a single mode model.
Since the noise in different lasing modes is negatively correlated, equal number of photons
must be collected from all the lasing modes when making noise measurements otherwise
noise in addition to that predicted by the single mode model can be introduced. Mode
selective loss inside and/or outside the laser cavity can make this difficult in practice. The
agreement between theoretical results and experimental data in Fig. 3-11 and Fig. 3-12
becomes poor much above threshold. This is not surprising since, as described earlier, the
parameter values used in the calculations are valid only near threshold. Mode switching and
mode hopping in multimode lasers can also introduce noise which may not be describable
by linearized noise models such as the ones presented in this Chapter. In the lasers used
in the experiments, excessive mode hopping was observed when the bias current had values

between 30 mA and 60 mA.

3.4 Split Waveguide Cascade Lasers

3.4.1 Theoretical Model

A split waveguide cascade laser (SWCL) is shown in Fig. 3-13. In a SWCL, a single optical

waveguide is split into sections that are connected electrically in series [5, 6]. The Langevin
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Figure 3-14: A circuit model for the noise in a split waveguide cascade laser.

rate equations for the carrier densities in the j-th section and the photon density in the

optical cavity for an N section SWCL are as follows,

Te Tl

ddNIV, Oy
dt e

. JNg;,Vw
Te

—F—F/ +FJ (3.32)

J J :
doNG Vi _ JNC%_JNM (T_ LI

1 1 ; . ) ;
: )= Yy 96,V + Fi — Fi ~ Fiy — F (3.33)

dt Te e Tw Tst p
ass, v, . sNiv, Vi 1 Sy
P2 =N w2y (NFvyg——]|8SVp+ > Fh—Fp (3.34)
dt o Tt Vo Tn i=1

The Equations above are almost the same as those used for multiple cavity cascade lasers.

The difference is that in SWCLs the carrier densities in all the cascade sections interact
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with the same optical field. The active region volumes V,, and V. of each cascade section
are N times smaller than the active region volumes in a conventional unsplit laser. The
current noise 8 1., in the external circuit is related to the carrier density fluctuations in the

j-th section by the expression,

Mewr _ GOVI NIV LR

n

(3.35)

[ e Te

Since G scales with the area, G becomes N times smaller when a waveguide is split into NV
cascade sections. The noise in the output power is given by an expression similar to (2.19)

for conventional lasers,
05p Vp

Tp

é‘]Dout =To th

+F, (3.36)

A circuit model for the current noise in a SWCL is shown in Fig. 3-14. The condition

imposed by the external circuit is,

SVs(w) — 3200, 6VI(w)

o1 = 3.37
Cmt(w) Zg(().)) ( )
The condition for lasing is,
Vi 1
N-— = — .
v, Vg g - (3.38)

The Equation above implies that the threshold carrier density in each cascade section does
not scale with the number N of sections. The threshold current scales as 1/N. The average

output power P,,; can be written as,

R&2,
e

Poyt = nomi N (Iezt - Ith) (3-39)

For the same output power, a SWCL requires N times less bias current compared to a
conventional laser.
Equations (3.32)-(3.34) can be solved by summing both sides of (3.32) and (3.33) with

respect to the superscript j, and after Fourier transforming one obtains the following matrix
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equation,

Dij(w) Diz(w) 0 NN (w)V, 1 Fy(w)
N . _ N(Hewt(w)

Dgl(w) Dgg(&)) Dgg(u)) Zj:] 5N1] (w)Vw — '—’g—’— -+ Fg(w)

0 Ds2(w) Das(w) 65p(w)Vp 0 Fy(w)

(3.40)
For the same output power, the elements of the matrix D are exactly the same as the
elements of the matrix D for a conventional laser (see Equation (2.26)). The noise sources

Fi(w), Fo(w), and F3{w) are as follows,

N N N o
Fw)=-> Flw) - F(w+> Fl(w) (3.41)
j=1

i=1 =1
N N N N
Fy(w) =) Fl(w) =Y Fl(w) = Y F,w) - > Fjw) (3.42)
J=1 J=1 j=1 j=1
N .
Fy(w) = Fj(w) = FL(w) (3.43)
j=1

For the same output power, the correlations of the noise sources Fi(w), Fa(w), and F3(w)
are also the same as the correlations of the corresponding noise sources in a conventional
laser. The total impedance Z(w) of the active regions of all the cascade sections can be

found by summing (3.35) with respect to the superscript 7, and using (3.40),

YN Vi(w Hw
Z(w):—%i:—t(w—)(—):% 1+P{GL—>] (3.44)

As described earlier, G scales as 1/N with the number N of cascade sections. Z(w) therefore

increases as N2 with the number of cascade sections.

3.4.2 Current Noise

A circuit model for the current noise in SWCLs in which current noise sources are attached
in parallel with each cascade section is not particularly useful since the carrier density in
each cascade section interacts with the same optical field and the current noise sources of
different sections become highly correlated. Current noise in a SWCL can be modeled by

attaching a single current noise source §/{w) in parallel with all the cascade sections, as
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shown in Fig. 3-14. Defining Fip(w) as Z?’Il Fljn (w), the current noise §I(w) comes out to

be,

3 —1 w
szzaé<%ww2;mg)&w> (3.45)

The expression in (3.45) is almost identical to the expression for the current noise in a
conventional laser given in (2.51). The correlations of the noise sources Fj,(w), Fi{w),
Fy(w), and F3(w) in (3.45) do not scale with the number N of cascade sections. The factor
Z(w)G in the denominator in (3.45) scales linearly with N. Consequently, for a fixed output
power the spectral density of the current noise in a SWCL scales as 1/N? with the number

of cascade sections, i.e.,

1
KI(W, Iezt/Ith,7N) = WKI(W,Iext/Ithyl) (3-46)

This scaling of the current noise can be understood if one realizes that the current noise
in the external circuit is equal to 0I(w) when the impedance Zs(w) and the voltage noise
source §V;(w) are both zero. When Zs(w) is zero, only a fraction 1/N of the current noise
of each cascade section is able to couple into the circuit since the impedance of a single

cascade section is IV times smaller than the combined impedance of all the cascade sections.
3.4.3 Photon Noise

The noise in the output power can be determined by using the solution of (3.40) in (3.36),

’. D3N w)
0lext(w) + 710 R E ——3?———— Fi(w) + F,(w) (3.47)
k=1 P

hﬂo N Dgll (w)

c Tp

5Pout(w> ="To

where §1oq¢(w) s,

§Vy(w) Z(w)

5Iewt(w) = Z(u)) 4 Zs(w) Z(w) + Zs(w)

§I(w) (3.48)

The impedance Z,(w) is assumed to consist of an external circuit impedance Z.,+(w) and
also a parasitic impedance Z.(w). Both Z(w) and Z.(w) scale as N? with the number N
of cascade sections. The spectral density of the noise in the output power can be obtained
from (3.47). Assuming that the voltage noise source 6V;(w) represents the thermal noise

associated with the impedance Z;(w), the spectral density of the noise in the output power
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Figure 3-15: The Fano Factor of the noise in the output power in a SWCL is plotted as a
function of the number N of cascade sections for different values of the impedance Zg.;(w).
The output power is kept fixed when N is varied by reducing the bias current. The laser
parameters are given in Table. 3.1.

can be expressed as follows,
KP(W: Iezt/-[ths Zea:ts N} = Kp(w, Iezt/Ith: Ze:.."t/Ngs 1) (349)

The above Equation shows that for the same output power the spectral density of the
photon noise in a N-section SWCL with an external circuit impedance Z.,:(w) is equal to
that in a conventional laser in which the external circuit impedance is Zez(w)/N2. Thus,
as in MCCLs, the increase in the photon noise in SWCLs due to the positive correlations in
photon emissions in different cascade sections can be expressed in terms of a scaled external
circuit impedance. Fig.3-15 shows the Fano Factor of the noise in the output power as a
function of the number of cascade sections in a InGaAsP/InP SWCL for different values
of the impedance Z,,¢(w). Since the threshold current in a SWCL scales as 1/N with the
number of cascade sections, the bias currents in Fig.3-15 are also scaled to keep the output

power fixed for all values of N. The laser parameters are given in Table. 3.1.
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cascaded laser junctions

Figure 3-16: A two section bipolar cascade laser (BCL).

3.5 Bipolar Cascade Lasers

3.5.1 Theoretical Model

A bipolar cascade laser (BCL) is shown in Fig. 3-16. In BCLs, multiple gain sections
are connected electrically in series within a single optical cavity by reverse biased tunnel
junctions [8, 9, 10, 11]. In a BCL the mode volume V}, is assumed to scale linearly with
the number of cascade sections N. The Langevin rate equations for the carrier and photon
densities for a BCL have exactly the same form as Equations (3.32)-(3.34) presented in the
previous section for SWCLs. The only difference is that the mode volume V},, instead of the
active region volumes V,, and V., scales with the number of cascade sections. The equations
for the circuit current noise and the noise in the output power for BCLs are also identical

to Equations (3.35) and (3.36) for SWCLs. The condition for lasing is,

Vi 1
N_—Fvyg=— (3.50)

Vp o
The threshold carrier density in each cascade section in BCLs does not scale with the
number of sections. The threshold current also does not scale with the number of sections.

The average output power P,y is given by the expression,

e,

Pout = ToT}i o N (Iext - Ith) (3-51)
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Figure 3-17: A circuit model for the noise in a bipolar cascade laser.

For a fixed bias current, the output power in BCLs scales linearly with the number N of
cascade sections. Since the mode volume also increases linearly with IV, the photon density
in the cavity does not scale with N.

The total impedance Z(w) of the active regions in all the cascade sections in a BCL is

given by an expression identical to (3.44) for SWCLs,

N j _
Z(w):g—%_%w—):g 1+D—1711;(‘”—)J (3.52)

Since the device area does not scale with N in BCLs, G does not scale with N, and Z(w)

scales linearly with V.

3.5.2 Current Noise

Current noise in a BCL can be modeled by attaching a single current noise source 6I(w)

in parallel with all the cascade sections, as shown in Fig. 3-17. The current noise 61 (w) is
given by an expression identical to (3.45) for SWCLs,

e 1 . Dy (w)

ol(w) = = |Finlw) = >

=1 Ta

Fi(w) (3.53)
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Figure 3-18: The Fano Factor of the noise in the output power in a InGaAsP/InP BCL
is plotted as a function of the number N of cascade sections for different values of the
impedance Z.,;(w) keeping the bias current fixed. The laser parameters are given in Ta-
ble. 3.1. The reverse biased tunnel junctions are assumed to have zero impedance.

The correlations of the noise sources Fj,(w), Fi(w), Fa(w), and F3(w) in (3.45) scale linearly
with N for a fixed bias current. The factor Z(w)G in the denominator in (3.53) also scales
linearly with N. Consequently, for a fixed bias current the spectral density of the current

noise scales as 1/N, i.e.,
1
Ki(w, Iegt/Ith, N) = N Ki(w, Iext/Itn, 1) (3.54)

3.5.3 Photon Noise

The noise § Py (w) in the output power in a BCL is also given by an expression similar to

(3.47) for a SWCL,

hilh; ... Dsr A
0P i(w) =1, _e—o N 3;_—@)) 0ezt(w) + Mo RSY, Z —?’f_(—w) Fi(w) + Fy(w) (3.55)
p k=1 p
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Figure 3-19: The Fano Factor of the noise in the output power in a InGaAsP/InP BCL
is plotted as a function of the number N of cascade sections for different values of the
impedance Z.,¢(w) keeping the bias current fixed. The combined impedance of the reversed

biased tunnel junctions is assumed to be (N — 1)Z;,(w), where Z;,(w) is assumed to be 1
Q.

where 01, (w) is,

Vs (w) Z(w)
Zw)+Zs(w)  Z(w) + Zs(w)

0lezt(w) = 01 (w) (3.56)

The impedance Z;(w) consists of an external circuit impedance Zg,s(w), the combined
impedance Z;(w) of all the reverse biased tunnel junctions, and a parasitic impedance
Ze(w). The impedance Z.(w), which is expected to be dominated by the resistance of the
ohmic contacts, is independent of the number of cascade sections. The impedance Z;(w)
scales linearly with the number of cascade sections, and it is convenient to write Z;(w) as
(N —1)Z;p(w), where Zy,(w) is the impedance of a single reverse biased tunnel junction. The
combined impedance of the active regions can also be written as N Z,(w), where Z,(w) is the
impedance of the active region of a single section. The voltage noise source §V;(w) represents
the thermal noise in the circuit impedances Zg;;(w) and Z.(w). The reversed biased tunnel

junctions are assumed to produce no noise. With these definitions and assumptions, the
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spectral density of the noisc in the output power can be written as,

KP(CU, Ie:ct/Ithy ZCv Zeil’.’ty N) = NKP(L‘-)7 Ie:l?t/lth7 ZC/N) Ze:l?t/N + ZtO(N - 1)/N> 1)

_ 2
l% h Dy (@)
e Tp

y 2KpT Re{Z;y(w)(N — 1)}
| Zo(W)N 4+ Zo(w) + Zio(w)(N — 1) + Zege(w)]

(3.57)

Since the reversed biased tunnel junctions are assumed to not produce thermal noise, the
second term on the right hand side accounts for this by subtracting out the thermal noise
contribution from the tunnel junctions which is contained in the first term. If the tunnel
junctions produce thermal noise, or if Z;,(w) = 0, then the second term on the right hand
side is not needed. The above Equation shows that for the same bias current the spectral
density of the photon noise in a N-section BCL, with an external circuit impedance Zgz(w),
a parasitic impedance Z.(w), and tunnel junction impedance Zs,(w) equal to zero, is N times
that in a single section laser in which the external circuit impedance is Zgy(w)/N and the
parasitic impedance is Z.(w)/N.

Fig.3-18 shows the Fano Factor of the noise in the output power as a function of the
number of cascade sections in a InGaAsP/InP BCL for different values of the impedance
Zext(w) when Zyo(w) = 0. Fig.3-19 shows the photon noise Fano Factor when Zi,(w) = 1
2. The laser parameters are given in Table. 3.1. Since the parasitic impedance Z.(w) in
BCLs does not scale with IV, the Fano Factor of the photon noise increases with NV by large
amounts for small values of Zg;+(w) when Z;,(w) is zero. Noise in electron transport through
the reversed biased tunnel junctions may also contribute to the circuit current noise and to
the photon noise, and this noise has not been taken into account in the analysis presented

here.

3.6 Conclusion

In this Chapter, models for the current noise and photon noise in semiconductor cascade
lasers and parallel laser arrays were presented. It was shown that the photon emissions
in different sections are positively correlated in cascade lasers and negatively correlated
in parallel laser arrays. The correlations in the noise in the output power were measured

experimentally in lasers connected electrically in series and in parallel and the results were
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found to agree well with the theory. The scaling of the current and photon noise with the
number of sections in cascade lasers and in parallel laser arrays were also described. The
positive correlation in photon emission in different cascade sections results in an increase in
the noise in the output power. It was shown that this increase in the noise in the output

power could be expressed in terms of a scaled external circuit impedance.
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Chapter 4

Dynamics and Noise in
Semiconductor Intersubband

Quantum Cascade Lasers

4.1 Introduction

In this Chapter, a comprehensive model for the dynamics and noise in QCLs is presented.
QCLs are different from interband semiconductor diode lasers in three important ways

which can have a significant impact on their noise properties:

1. Electron transport in QCLs takes place by tunneling between states in adjacent quan-
tum wells. It is well known that electronic correlations in resonant tunneling in quan-
tum well structures can suppress (or enhance) current noise by providing a negative
(or positive) feedback [26, 27, 28]. High impedance suppression of the current noise
in semiconductor diode lasers results in light output with squeczed photon number
fluctuations [29]. It is therefore intriguing whether suppression of the current noise
can also lead to squeezing in QCLs. Any model for the photon noise in QCLs must

take into account these electronic correlations self-consistently.

2. In diode lasers the carrier density in the energy level involved in the lasing action does
not increase beyond its threshold value and, therefore, the noise contributed by the
non-radiative recombination and generation processes also remains unchanged beyond

threshold. In QCLs the electron densities in the upper and lower lasing states do not
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clamp at threshold, and keep increasing when the bias current is increased beyond
threshold. As a result, non-radiative processes contribute significantly to photon noise

even at high bias currents.

3. Since all the gain sections in a QCL are connected electrically and optically, electron
density fluctuations and photon emission events in different gain sections become
correlated. The effect of these correlations on the photon noise in interband cascade
lasers has already been discussed in detail in Chapter 2, and the aim of this Chapter

is to investigate the role of these correlations in QCLs.

Conventionally, the noise in lasers has been studied using either Langevin rate equations
or Fokker-Plank equations [64]. On the other hand, the noise in electron transport in
mesoscopic devices is handled using quantum mechanical scattering approaches pioneered
by R. Landauer and M. Buttiker [58, 59]. Since the photon noise depends on the current
noise, a technique needs to be developed for QCLs that can be used to model the photon
noise as well as the noise in electron transport. In Appendix C.1. it is shown that Langevin
equations can also be used to model the noise in electron transport in multiple quantum
well structures. Therefore, Langevin rate equations are used to model the photon noise and

the current noise in QCLs.

4.2 Qutline

In section 4.4 the non-linear rate equations for the electron and photon densities in QCLs
are presented. The steady state solution of these rate equations below and above threshold
are described. In section 4.5 the non-linear rate equations are linearized to obtain Langevin
rate equations for the fluctuations in the electron and photon densities. Electron transport
in the multiple quantum well structure of QCLs is discussed in detail, and a self-consistent
model for the fluctuations in the electron charge densities and the electron current density
is presented. It is shown that a self-consistent description of the fluctuations in the charge
and current densities can be carried out in terms of a few device parameters. Langevin noise
sources are also used to model the noise associated with electron transport by tunneling.
Section 4.5 is the main part of this Chapter. In section 4.6 the set of coupled linearized
Langevin rate equations for the fluctuations in the electron densities in different levels of

all the cascaded gain stages and the fluctuations in the photon density are solved under
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Figure 4-1: Superlattice quantum cascade laser.

the constraints imposed by the biasing electrical circuit. In addition, the direct current
modulation response of QCLs is also evaluated and the maximum possible modulation
bandwidth is discussed. The analytical and numerical results on the current noise and the
photon noise in QCLs are presented and discussed in section 4.7 and section 4.8, respectively.
In these sections the results obtained are compared with the current and photon noise in
interband semiconductor diode lasers. Readers not familiar with the results on the current

and photon noise in diode lasers are encouraged to read Chapter 2 before proceeding.

4.3 Types of Quantum Cascade Lasers

Many different types of QCL structures have been reported in the literature [12, 13, 14, 15,
16, 17, 18, 19, 20, 21, 22, 23, 24]. Almost all of these QCL structures can be classified into

two categories:

1. Superlattice QCLs in which the gain stage consists of a superlattice structure and the
photons are emitted when the electrons make transitions between two minibands of

this superlattice. These minibands are actually clusters of closely spaced energy levels
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Figure 4-2: Multiple quantum well quantum cascade laser.

(Fig. 4-1) [21, 22, 23, 24].

2. Multiple quantum well QCLs in which the gain stage consists of multiple quantum
wells (typically two or three) and the radiative electronic transitions occur between

two discrete energy levels (Fig. 4-2) [12, 13, 14, 15, 16, 17].

In both types of QCLs, two successive gain stages are separated usually by a superlattice
structure known as the injector. The superlattice injector has a mini-gap which prevents the
electrons from tunneling out into the injector from the upper energy level(s) of the previous
gain stage and, therefore, increases the radiative efficiency. Electrons from the lower energy
level(s) of a gain stage can tunnel into the injector, and the injector injects these electrons
into the upper energy level(s) of the next gain stage.

In this Chapter, photon noise and current noise in only multiple quantum well QCLs
is discussed. The methods presented in this Chapter are fairly general and can be used
to analyze noise and dynamics in a wide variety of QCLs including those with superlattice
gain stages. The focus in this Chapter will be on the QCL structure shown in Fig. 4-2.
The operation of this QCL is as follows. Electrons tunnel from the energy states in the

superlattice injector into level 3 of the gain stage. Photons are emitted when electrons

102



make radiative transitions from level 3 to level 2. Transitions from level 2 to level 1 occur
primarily by emission of optical phonons. FElectrons leave the gain stage from level 1 by
tunneling out into the superlattice injector of the next stage. In addition, electrons also
make non-radiative transitions from level 3 to levels 2 and 1. This QCL structure is fairly
general in the sense that the linearized dynamics of many different multiple quantum well
QCLs can be described by a three level system with an injector state, or with an even
simpler model. Therefore, with minor adjustments the model presented here can be used
to study different multiple quantum well QCL structures that have been reported in the
literature. For example, in the multiple quantum well QCL structure employing diagonal
radiative electron transitions described in Ref. [60] level 3 is the same as the injector state,
and level 1 is the same as the injector state of the next gain stage. The linearized dynamics
of the QCL in Ref. [60] can be captured in the model presented here if the transition rates
from the injector state into level 3 and from level 1 into the injector state of the next gain

stage are made very fast.

4.4 Rate Equations and Steady State Solutions

For the multiple quantum well QCL structure shown in Fig. 4-2, the non-linear rate equa-

tions for the electron and photon densities are as follows,

dn} _ Ji, j N i Nsp
i R3a(ng,nd) — Rai(ng, ny) — vy g(ng, ny) | Sp + L (4.1)
dnj i i iy 4T i Nsp
— = R3a(nd, ng) — Ra1(ny, ny) + TVvg g(ng, ny) | Sp + WL (4.2)
dnl o ¢
—d—t—l = R31(nd,nd) + Ro1(nd,n]) — —‘éﬂt— (4.3)
S0 _ S L, glnd, m) (S + a2y~ 5 (14)
dt = gATR AP T W Tp ’
WLS,
Pout = Tlo th d (4.5)

Tp
In the above equations, ni is the clectron density (cm™2) in the kth energy level of the jth
gain stage. an and Jgut are the electron current densities (cm™2) tunneling into level 3 and

tunneling out of level 1 of the jth gain stage, respectively. Only in steady state an equals
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JJ

Jut- Sp is the photon density (cm™?2) inside the optical cavity. S, is equal to the total

number of photons inside the cavity divided by the width W and the length L of the cavity.
vy is the group velocity of the lasing mode and g is the optical gain (cm™!) contributed by
a single gain stage. I'7 is the mode confinement factor for the jth gain stage. N is the total
number of cascaded gain stages. Rj3o is the net transition rate from level 3 to level 2 through
non-radiative processes and spontaneous emission into the non-lasing modes. Similarly, Rs;
and Rg) are the net transition rates from level 3 and level 2 into level 1, respectively. gy 18
the spontaneous emission factor [1]. P, is the output power from the laser. 7 is the power

output coupling efficiency and 7, is the photon lifetime inside the cavity. The expression

for 7, is,
1 1 1
. _ 4 oe (—t 46
Tp bolout am) = vy {O” Llog( R1R2)} (4.6)

where «; is the internal loss of the cavity, oy, is the loss from the cavity facets, and Ry and
Ry are the facet reflectivities. The power output coupling efficiency 7, from the facet with

reflectivity R is,

_ (l_Rl)\/R—Z Om
Y T A= R)VE: + (1= Ra)vR1] (am + )

(4.7)

For simplicity it is assumed that all the gain stages have the same mode confinement
factor, i.e. TY =T for all j. This assumption is valid if all the cascaded gain stages are
located close to the peak of the transverse profile of the optical mode where the field strength
varies slowly. Ioven for QCLs with large number of gain stages numerical simulations show
that corrections to the solution obtained by assuming all I'V to be equal are small. Under
this assumption, the steady state electron densities n{c are the same in all the gain stages,

and the index j may be suppressed when calculating the steady state electron densities.

4.4.1 Steady State Solutions
Below Threshold

The steady state solution to the rate equations can be found by setting all the time deriva-

tives equal to zero, and putting J;, = Jeu. Below threshold, steady state carrier densities
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Figure 4-3: Energy subbands of the three levels of the gain stage. Most favored electronic
transitions by optical phonon emission are almost horizontal in the E(k) — k space.

can be found by putting S, = 0, and solving the equations (the index j has been suppressed),

J,
R3a(ns,n2) + Ra1(ng, n1) = ZM (4.8)
R3a(n3,n2) = Ra1(ng, n1) (4.9)
The third equation can be obtained by realizing that J,,; is also a function of nj,
Jout(nl) = Jext (410)

To proceed further, analytical expressions for the transition rates are required. These

transition rates can be approximated as,

n

Raz(n3, na) = — (4.11)
T32
I

Rai(ng, my) = — (4.12)
731
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ng

R21(n2,n1) = = (4.13)
721
Joltn) o 0 (4.14)
c B Tout .

The rationale for the approximations in (4.11)-(4.13) is that optical phonons are largely
responsible for intersubband transitions. As shown in Fig. 4-3, optical phonon mediated
intersubband transitions that are almost horizontal in E(k)-k plane are more likely to
occur [61]. Therefore, the transitions rates from an upper to a lower subband are not much
affected by the electron density in the lower subband, as long as the electron density in the

lower subband is small. More complicated expressions for these transition rates, such as,

Rs(ngmy) = ~4 = % (4.15)
may be used if necessary.

The expression for Jyy: in (4.14) does not depend upon on the electron density in the
injector since electrons in the injector states are assumed to relax very quickly into the
ground state of the injector which is spatially localized near the next gain stage. Using
(4.11)-(4.14) in (4.8)-(4.10), expressions for the carrier densities can be obtained as a func-
tion of the current density,

Jext T32T31 (4.16)

ng — —
e T3+ T31

ng = Jeot THTSL (4.17)
e Ty2+T31

Tout (4.18)

Above Threshold

Above threshold, the gain is clamped to a value determined by equating the gain with the
loss,
N o 1
Z Mo, g(nd,nd) = NTv, g(nz, no) = p (4.19)
=1 P

For perfectly parabolic subbands, the expression for the gain may be approximated as,

g9(ng, n2) = a(ng — ny) (4.20)
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where a is the differential gain. In the parabolic band approximation a is [62],

2.2
47r6 232

1
4= ———"°¢
Lp 6077leff)‘o(2f732)

(4.21)

z32 1s the optical dipole matrix element, ¢, is the vacuum dielectric constant, n.s; is the
effective index of the optical mode, A, is the lasing wavelength, (2v32) is the full width at
half maximum (FWHM) of the optical transition, and L, is the length of a single gain stage
over which the integration is performed when calculating the mode confinement factor I.

The carrier and photon densities above threshold can be obtained by solving the equations,

n3 o Jext

R3i1(n3,n1) + Ro1{ng,ny) & — 4+ — = 4.22
31(n3,n1) 21(n2, n1) P o ( )
Jout ~ — Jeat (4 23)
€ - Tout [ ’
1
erg a(n3 - ng) = — (4.24)
Tp
which results in,
Jezt  T21731 1 T31
Tia = + 4.25
3 e To1 + 731 (NI‘vg an> To1 + T31 ( )
o — Jeat To1T31 1 T21 (4.26)
2 e To1+ 7131 NT'vgar, | To1 + T31 '
J,
ny = ext Tout (4'27>
Jext — J;
Sp=mnN M Tp (4.28)
hQ
Py = nmony °N (Iext - Ith) (4-29)

where the threshold current density Jip and the radiative efficiency 7, are,

g, ¢ <_1_ n L) L (4.30)
T NTwgarp \132 | 731/ (1— 721/732) .
21 31
o (1oTy _T™ 4.31
7 ( T32) (721 + 731) 431

The radiative efficiency 7, for a QCL is defined as that fraction of the total number of

electrons injected into each gain stage per second which contribute to photon emission.
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Table 4.1: Device Parameters Used in Numerical Simulations (From Ref. [16])

Parameter Value
Lasing wavelength A 5.0 um
Operating temperature 20 K
Number of gain stages N 25 (unless stated otherwise)
Total confinement factor Zév:II‘j erf(0.019N) =~ 0.02 N
Cavity width W 11.7 pm
Cavity length L 3 mm
Facet reflectivities 7{, T2 0.27
Cavity internal loss «; 11 cm !
Mode effective index n.sy 3.29
Mode group index ngy 3.4
Differential gain a ~40x107% cm
Length of a single gain stage L, 45.3 nm
Tins Tout, T3 1.0 ps
T2, T1 o0
T32 2.1 ps
31 3.4 ps
721 0.5 ps
Cinj 0.31 pF/cm?
Cs, Co 0.56 uF/cm?
& 0.81 uF/cm?
Xin s Xout ~ 1

Equations (4.25) and (4.26) show that above threshold, even though the gain is clamped
to its threshold value, the electron densities keep increasing with the bias current. This is
in contrast to what happens in a semiconductor diode laser in which the carrier density in
the lasing state does not increase beyond its threshold value. As a result, an increase in the
injected current density in QCLs does not only lead to an increase in the photon emission
rate but it also leads to an increase in the rate of non-radiative transitions. For this reason,
QCLs tend to have radiative efficiencies 7, significantly smaller than unity. If the lifetime
791 of the electrons in the lower lasing state is much smaller than both the non-radiative
lifetimes, 730 and 731, then the electron densities in levels 3 and 2 would not increase much
beyond threshold, and the radiative efficiency 7, would be close to unity. As will be shown
later, the value of n, has a significant impact on the noise properties of QCLs.

Fig. 4-4 shows the electron densities n3 and ng plotted as a function of the bias current.

The values of the various device parameters used in generating Fig. 4-4 belong to the QCL
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Carrier Density (10'%cm?)
Output Power per Facet (W)

Iext / Ith

Figure 4-4: Electron densities in level 3 and level 2 of the gain stage, and the output power
per facet are plotted as a function of the bias current. There is a discontinuity in the rate
of increase of the electron densities with the bias current at threshold. For values of the
QCL parameters see Table 4.1.

reported in Ref. [16], and these values are given in Table 4.1. Fig. 4-4 shows that the rate of
change of electron densities in levels 3 and 2 with the bias current exhibits discontinuities at
threshold. This can be confirmed by comparing Equations (4.25) and (4.26) with Equations
(4.16) and (4.17). As will be shown later in this Chapter, these discontinuities in the rate
of increase of electron densities with the bias current result in a discontinuity in the value

of the differential resistance of the laser at threshold.

4.5 Noise and Fluctuations

The model for the noise presented here consists of a set of coupled self-consistent Langevin
rate equations for the fluctuations in the electron density in different energy levels of a
gain stage. Fluctuations in the electron density are caused by radiative and non-radiative
scattering processes, electron tunneling processes and also by fluctuations in the current
injected into the gain stage. Fluctuations in the current are a relaxational response to

electron scattering and tunneling events occurring inside all the gain stages of the QCL,
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and they are also caused by sources external to the laser which include thermal noise
sources associated with circuit resistances. Photon density fluctuations are also modeled
by Langevin rate equations. Electron density fluctuations in different gain stages are all
coupled to the photon density fluctuations and also to the fluctuations in the current which
flows through all the gain stages connected in series. The system of equations obtained
this way can easily be solved analytically or numerically to give the spectral density of the

photon number fluctuations and the current fluctuations.

4.5.1 Linearized Langevin Rate Equations for Electron and Photon den-
sities
The non-linear rate equations can be linearized around any bias point to obtain rate equa-

tions for the fluctuations. Linearized Langevin rate equations for these fluctuations are as

follows,
dénl §J2  snl and . ; ; n P
dt3 = —2- ——7323 ~ —T313 — Ty, [a (571% - 5n§) (Sp + HS’Z> + g(nézné)ésp]

~fh =y — Fhy (4.32)

d én} ool : . o o
= = Ty o (o) - o) (54 2 ) + 0008, | + Sl Fh + Py

dt 13 Tm WL o
dj?]l = %7:—% + %nl% +fh+ - % (4.34)

djfp _ é Iy, [a (m3 53 (sp + ;@2) + g(n%,n%)éSp} —%~FL+§:21 fhe (4.35)
5Py = 1o T2, %jsp +F, (4.36)

Equations (4.11)-(4.13) have been used above for approximating the transition rates Rg.
f32, f31, and fa1 are Langevin sources which model the noise associated with the non-

radiative intersubband transitions and also the radiative transitions into the non-lasing
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modes. fry and frs are Langevin sources which model the noise in photon emission and
absorption from the lasing mode. Fp, and F, describe the noise associated with photon loss
from the cavity [1]. All the Langevin noise sources have a white spectral density. All the

non-zero correlations among the noise sources are given in Appendix C.2.

4.5.2 Linearized Electron Transport, Coulomb Correlations and Noise

In order to determine 5Jijn and Jg“t, the electron transport through the active region needs
to be looked at in detail. Self-consistent modeling of electron transport in multiple quantum
well structures poses a significant challenge, and the steady state current-voltage charac-
teristics of QCLs are difficult to compute accurately. On the other hand, a self-consistent
analysis for the fluctuations in the electron current density and the electron charge density
can be carried out in terms of only a few device parameters. The values of these parame-
ters can either be determined experimentally or computed theoretically from more detailed
self-consistent transport models.

The expression for the direct sequential tunneling current density from the injector state

into level 3 of the gain stage can be written as [63],

Jin = Jin—for'u;a?"d — Jin—backward

B Q/dQE/dQIZ’Q_w
- ) en?) @tk

ool /_oo dE A (E = Euy(F)) A(E - E5(F)) x

B =) = F ()| @D

where the forward and backward components of the injection current are,

; 3 26/ d’k /d2l§’ 2
in—forward — (27()2 (271')2 A

Tl /_O; dE A (B — Euny()) A(E — Es(})) x

(B = o) [1= £ (B - ) | (4.38)
Jin—backward = 2€ / (;i’; / (‘Zk); 2% T ’ _O:o dE A(E ~ Eny(F)) A (E — Ey(K)) x
S (E — is) [1 _f(E um]@ (4.39)

-,

T is the coupling constant, and its related to the transmission probability. Einj(k)
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and Eg(/:) are the energies of electrons in the injector state and level 3 of the gain stage,
respectively. A(E) is a normalized Lorentzian function with FWHM equal to the broadening
of the energy levels, and f(F — p) is the Fermi-Dirac distribution function with a chemical
potential . Expressions similar to (4.37) can also be written for the phonon assisted
tunneling current density. The analysis presented in this paper is independent of the specific
nature of the electron tunneling mechanisms. In what follows, Ei,; and E3 will stand for
Einj (k = 0) and E3(k = 0), respectively. The tunneling current in (4.37) depends upon the

following three quantities,

e The difference (pin; — Eipn;) between the injector chemical potential and the energy

of the injector state.

e The difference (u3 — E3) between the chemical potential and the energy of level 3 of

the gain stage.

o The relative difference (Fyy,; — E3) between the energies of the injector state and level

3 of the gain stage.

The current can change if the number of electrons in the injector level or in level 3 of the
gain stage changes. The current can also change if the energy of the injector level shifts

with respect to the energy of level 3. 4.J;, can be written as,

0Jin/6(inj — Einj) 8Jin/8( 113 — E3)

8J) = ond .+ 5n
" Ning /S (pting — Fing) ™ dng/d(us — E3)  °
0 Jin; j A
+ 5(Ein; — E3) (0E;,; — 0E3) +efy, (4.40)
8 i 0T §Jin; - o
= 2 ond Pt 4+ (§E - SE}) +ef! 4.41
iy K ong "t O(Ein; — E3) (5Em] OBy) +efin ( )

fin is a Langevin noise source which models the noise in electron tunneling. As shown in
Appendix C.1, noise in electron transport by sequential tunneling in multiple quantum well
structures can be described with Langevin noise sources. In Ref. [26], the current noise
in double barrier resonant tunneling structures is evaluated using a quantum mechanical
scattering approach. It can be shown that Langevin rate equations yield results identical
to those presented in Ref. [26] for the current noise in double barrier resonant tunneling
devices (see Appendix C.1). A linearized analysis based on Langevin rate equations may

become invalid for highly non-linear devices. The correlation function for the noise source
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Figure 4-5: Charge densities associated with the electron densities dni,j, dng, dng, and
dn; are shown. The electron charge densities are imaged on the positively charged ionized
dopants present in the superlattice injector of the subsequent stage.

fin is,
i 1
WL < z]n(t) fﬁz(t,» = g (Jin—foa"ward + Jin—backward) ‘5jlc 5(t - tl) (4.42)
~ -‘%’l Xin 01 6(t — t') (4.43)

The factor y;, relates the sum of the forward and backward tunneling currents to their
difference which is the total injection current J;,. At low temperatures y;, is expected to
be close to unity since Pauli’s exclusion would restrict the available phase space for the
backward tunneling current [28]. For the same reason, x;, is expected to be close to unity
for large values of the injection current J;,. At high temperatures and small values of the
injection current, ;, can be larger than unity. Although the expression in (4.41) for the
change in current density is derived for direct sequential tunneling, it also holds for phonon
assisted tunneling. Even if the energy distribution of electrons inside each energy level in
the steady state were not a Fermi-Dirac distribution with a well defined chemical potential,

(4.41) would still hold.

113



It is assumed that the superlattice injector is doped in regions not close to the gain

J

stage. Electric field lines from electron density fluctuations Oy, (5n§, 5n%, and (5n{ are

imaged on the ionized dopants in the injector layer of the (5 + 1)th gain stage, as shown in
Fig. 4-5. Therefore, the fluctuation §V7 in the potential difference across the jth gain stage
can be written as, . . ' ‘
eont,; N ednl  ednd N qén]

SVI =
Cinj C3 Cy C1

(4.44)

Cing, C3, Oy, and C1 are capacitances which relate the incremental change in the potential
difference across a gain stage to the changes in the electron densities in different energy

levels. Using first order quantum mechanical perturbation theory, §EY . — 5E§ can be

nj
related to the fluctuation in the average potential difference between the injector level and
level 3 of the gain stage. The fluctuation in the average potential difference between these
two levels can also be expressed in terms of capacitances. Therefore, the expression for

SE! . — 6E§ becomes,

inj

. el . e2epd e2nl €20
J J _ inj 3 2 _ 1 4.4
B ¢ (4.45)
Using (4.44) and (4.45), (4.41) can be put in the form,
dJ ‘jn 1 Gin 7 1 Gin j Gin j Gin 7 7
—_n = )= J — —_ - A
o~ (L 2o - (24 B ot (S ot - () ot + 2 ca
Cinj = Cinj SV 1 Gin \ Cinj ( 1 Gin> ;
= N in ) T — T s dnd
( tm + Cz{an ) [ tm + Cz/ng 03 + t3 * Cé s
1 Gip \ Cing <Gm) ; 1 Gin \ Cinj <Gm> j
_ i K J _ . J T § J
[(t T c;nj) o o)™ \&ta,) o )™
+ 1, (4.47)
In (4.47), Gin, tin, and 3 are given by,
0J; 1 168Ji, 1 16Jin
Gin=e—etin 2 _ 2% 2 _ 20 4.48
" 5(Einj - EB) tin € 5ninj t3 e dn3 ( )

More generally, there may be more than just one energy level in the injector from which
electrons get injected into level 3 of the gain stage. (4.46) can be modified appropriately to

take into account the contributions from all the encrgy levels inside the injector. However,
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if the values of t;, are roughly the same for all such states in the injector then the final form
of (4.46) will remain unchanged, but dn,; will then represent the total electron density in
all the injector states.

Similarly, the fluctuation § Jgut in the tunneling current density from level 1 of the gain

stage into the injector is given by the expression,

. 0J /(5(#1 — El) R 8T ot ' g )
§J2 out Snd o 2dout  (spd _ SE i 44
Jout 5n1/(5(u1 — El) n] + 5(El _ E;n]) (5 1 6 7’71'.7) + efout ( 9)
5Jout J 5Jout i 74 .
— (] —0E] . J 5
dny oy + §(Ey — E{nj) (0F4 6El?’l]) + efout (4.50)

The Langevin noise source fJ,, has the correlation function,

: 1
WL <fgut<t) f(]ﬁut(t,» = ; (Jouc‘.—forwa,rd + Jout—backward) 5jk 5(t - tl) (451>
Jou
= e : Xout 5jk6(t - t,) (4'52)

In a well designed QCL, the backward tunneling current from the injector of the next stage

into level 1 of the gain stage is small, and X,y is expected to be close to unity. ng is the

energy of the injector level of the next stage into which electrons tunnel from level 1 of the

. 1 17 . .
gain stage. §E] — 5Eiflj, as before, can be expressed in terms of capacitances,

. ‘ e2nd . e26nd  e26ml  e2on]
SE] —6F7 . = 1 3 Z 1 4.53
1 nj CLI;L i + Cé’ Cé’ Ci, ( )
Using (4.44) and (4.53), 6J7,, becomes,
8T Cinj §Vi  (GowCinj Gout) :j [GouCinj Gou)  ;
Ll — G u _ ey _ U (5 J O J ou 5 ¥
e ar Cen) T T\cn, G o )T \a e oy ) T
Gout Cinj ( 1 Gout) j j
- - + ond + f2, 4.54
|:C{;z ; Cl t()ut Cg 1 fo t ( )
where toyr and Gy are,
1 1 5J0ut 5Jout
_ ! Goup = eelout 4.55
tout e om ’ out 65(E1 — E;n]) ( 50)

In (4.49), it is assumed that electrons in the injector relax into the ground state of the

injector sufficiently fast so that electron occupation in the injector levels do not effect the
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electron escape rate out of level 1 of the gain stage. Note that G}, and G can be positive
or negative depending upon the relative alignment of the energy levels E;n; and E3 in the
steady state. The scheme used in deriving (4.47) and (4.54) is fairly general and can be
used to derive self-consistent linearized transport equations for a variety of QCL structures.
Approximations can be made to simplify (4.47) and (4.54). Expression for § JZJn can also be
written as,

5 L snd

1 : 1
= Loond ol L
e Tin 7T T2

_ (ij) M_(_I_ij +l> 57%

Tin &

1 G 1\ <5 (1 Cms 1\ .. .
(G DY g (2 Cmg —)51 J 4,57
(Tm Cy +T2> "2 <Tm Cy +7'l M Jin (4.57)

1 .
ond, — — ond + f} (4.56)
1

mn

For the sake of economy of notation, new parameters have bheen introduced in the above

Equation,
1 1 G 1 1 G; 1 G; 1 G
—=—t5 , —=ctZg . T=ar . o= (4.58)
Tin tin Cm i 73 t3 03 2 CZ ! Cl

Simple electrostatic arguments can be used to show that m and m will be large, and can
be assumed to be infinite.
The injector is assumed to have a large number of closely spaced energy levels. J,,; is,

therefore, largely insensitive to the relative shifts in F; and E/, .. This implies that terms

nj*

containing Gyt in the expression for 5J~Ojut may be neglected, and the simplified expression

]
for 8.J7,,, becomes,

5.0 1 , .
—out - ond + [l (4.59)

€ Tout

where 74,1 is just foye. (4.57) and (4.59) show that in addition to the parameters given in
the electron and photon density rate equations (Equations (4.32)-(4.35)), the only other
parameters necessary for describing electron transport through the gain stage are Ci,j, Cs3,

CZv Clv Tin, T3, T2, and 71
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4.5.3 Displacement Currents

The noise current 8.Jey;, which flows in the external circuit, is not equal to 6J7 or 5ng

§ Jozs also includes displacement currents and is given by the expression,

dénmj

5«]91»{ = (5J] + e——= a1

(4.60)

Since all the gain stages are connected electrically in series, the same current dJe.; flows
through all the gain stages. The second term on the right hand side in (4.60) is the contri-
bution to é.J.,: from displacement currents. Differentiating both sides of Equation (4.44)

with respect to time, and rearranging yields,

dnmj dvi S ij dén

T T YTy _kzl C, dt

Using the above Equation, the expression for d Jey; becomes,

dsVi & Cinj don),

— J E ' 4.61
O Jent 8J;, + Cing—— 7t k:le C. i (4.61)
dévi 3 Cini\ don’
= o i———— y LY k .
6J7 + Cing r +§:e< Ck) = (4.62)

k=1
(4.62) follows from (4.61) using the particle number conservation equation,

3 j
Z k - 6Jgut

(4.61) and (4.62) satisfy the Ramo-Shockley theorem [66].

4.5.4 Differential Resistance

Below threshold, the total differential resistance Ry of all the gain stages can be calculated

by using (4.16)-(4.18) in (4.57),

R, = Y Tin [1+<_1_%1+l)ﬂ
WL Cipj Tin Ch T3/ T39 + 731
1 Ciny 1) T21731 ( 1 Cinj 1) }
p( =2y o) 2 D Ty )y 4.63
(Tm Cy 72/ 132+ 731 Tm C1 1) (4.63)
N 71y 1 1

= — 1+86 0 g 4.64
WLC”L] ( + 3+ 2+ 1) ( )
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Figure 4-6: Differential Resistance of a QCL is shown as a function of the bias current. The
experimentally measured discontinuity in the differential resistance at threshold is about

0.3 Q2. The theoretical model reproduces the discontinuity exactly. The experimental data
is taken from [16].

Above threshold, the differential resistance can be computed by using (4.25)-(4.27) in {4.57),

N 1 1 Cing . 1\ 721731
Ry = —— 1 STy =y el fel
¢ WL Cinj [ ! ( * )

Tin C3 T3/ To1 + T31
1 Cipj 1> T21731 ( 1 Cin; 1) ]
S R WSS TR (N R 4.65
+ <Tm Cs +T2 To1 + T31 * Tin C1 +71 Tout (4.65)
= N T g pg,0,40) (4.66)
= WLCh, 3+ 02 + 01 .

Expressions for the parameters 03, 05, 02, 65, and 6; are given in Appendix C.3. Notice
the similarity between the expressions in (4.64) and (4.66), and the expression in (2.42)
for the differential resistance of interband semiconductor diode lasers given in Chapter 2.
Unlike the active regions of diode lasers, the active regions of unipolar QCLs are not charge

neutral, and as a result various capacitances appear in the expression for the differential

resistance of QCLs.
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The discontinuity ARy in the differential resistance at threshold for an N stage QCL is,

AR, = Y Tin Kicmul)( TTL T )
WL Cinj Tin Cs T3 T3z + 731 Tol + 731

+(L%+_1_>( To1T31  T21T31 )} (4.67)

Tin C2 T2) \Ts2+ 731 T21+ T31
N Tin

= WLCm [(65 — 83) + (02 — 02)] (4.68)

The Incremental change in the potential drop across a gain stage is related to the incremental
changes in electron densities through (4.44). Therefore, the discontinuity in the differential
resistance at threshold results from the discontinuity at threshold in the rate of change
of electron densities in levels 3 and 2 of the gain stage with the bias current. Fig. 4-6
shows the calculated and measured differential resistance of a QCL as a function of the
bias current. The experimental data is taken from [16]. The values of the various device
parameters are given in Table 4.1. Values of 791, 731 and 732 are taken from [16]. Values
of all the capacitances that are given in Table 4.1 are estimated for the QCL structure
described in Ref. [16]. Values of 7, 73, and 7,y are estimated from (4.48) and (4.55).
The total resistance of the ohmic contacts and the superlattice injectors is assumed to
be approximately 0.3 Q at threshold. The experimentally observed discontinuity in the
differential resistance at threshold is exactly reproduced in the calculated results without
the use of any fitting parameters. This agreement suggests that the self-consistent model for
the linearized electron transport presented in this paper adequately captures the essential
ingredients.

Diode lasers also exhibit a discontinuity in the differential resistance at threshold. As
shown in Chapter 2, the discontinuity in the differential resistance of diode lasers at thresh-
old is KT /el;p, times a factor of the order of unity, which can be compared with the more

complicated expression given in (4.67) for QCLs.

4.5.5 Electron Transport in the Superlattice Injector

In this Chapter, no attention has been given to modeling the electron transport through the
superlattice injector. In the absence of any bias current, the energy levels in the injector are
not suitably aligned to facilitate electron transport, and the resistance of the injector region

is large. As the bias current is gradually increased, electrons pile up in different quantum
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Figure 4-7: Circuits used for biasing QCLs.

wells until their presence modifies the potential profile and aligns the energy levels such
that the electron current can flow. Once the injector has been turned on in this fashion, the
differential resistance of the injector region is negligible, and the only bottleneck for electron
transport is the gain stage. As a result of the small differential resistance of the injector
region, any current noise originating in the injector region will not couple well into the
external circuit. Therefore, electron transport in the injector region may be ignored when
modeling noise. If necessary, the impedance of the superlattice injectors can be modeled
with a lumped element, and the current noise generated inside the injector regions can be
modeled with a voltage source in series (or a current source in parallel) with that element,
as shown below. A detailed discussion of the current noise in superlattice structures is

beyond the scope of this paper.

4.5.6 Biasing Electrical Circuits

Two electrical circuits for biasing QCLs are shown in Fig. 4-7. In circuit A the QCL, with
an impedance Z(w), is biased with a voltage source V; in series with an impedance Z(w).

The thermal noise originating in the impedance Z4(w) is modeled by adding a voltage noise
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Figure 4-8: Thevenin equivalent circuit model indicating the distinction between §lex(w)
and 6 Lneqs(w)-

source 6V5. The differential impedance of the superlattice injector and the current noise
generated by the injector can also be modeled with an impedance and a voltage noise source
in series (or a current noise source in parallel) with that impedance. For the sake of economy
of notation it will be assumed that the impedance Z (w) represents not just an external
circuit impedance but the Thevenin equivalent impedance of the superlattice injectors,
device ohmic contacts, external circuit resistances, and device and circuit parasitics, and
the voltage noise source 0V represents the Thevenin equivalent of their individual noise
sources. Only the gain stages inside the QCL are not included within Zs(w) and they
are represented by the impedance Z(w). However, Z(w) will be loosely referred to as the
impedance of the QCL. The current noise generated by the gain stages can also be modeled
by adding a current noise source in parallel with Z(w), as shown in later sections.

Direct current modulation of the QCL can be achieved by adding an RF voltage source
in series with V4, and this RF voltage source can also be represented by the voltage source
8Vs. From the context it will be clear whether 6V, represents a RF signal source or a noise

source.
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Semiconductor lasers are frequently biased as shown in circuit B in Fig. 4-7. The laser
is biased with a current source in series with an ideal inductor, and it is also capacitively
coupled to a voltage source 6V with a series impedances Z,(w) and Zy(w). If at frequencies
of interest the inductor and the coupling capacitor are almost open and short, respectively,
then this circuit is also equivalent to circuit A. Therefore, in this Chapter only circuit A

will be considered. In circuit A, the current §/.,; can be expressed as,

N
Vi(w) = > 6VI(w)

Lozt (w) = 6 gt (w) WL = ZJ(Zl) (4.69)

It is important to note here that §l.p¢(w) may not be the noise current which would be
measured in an experiment. For example, suppose that the QCL has a parasitic capacitance
C, in parallel with the actual device, as shown in Fig. 4-8. The QCL is driven with a series
resistor R, and a noise voltage source dV,(w) representing the thermal noise in the resistor
R,. Fig. 4-8 shows the distinction between the noise current 61, (w) defined in (4.69), and
the noise current §lp,eqs(w) that would be measured in an experiment. Notice that the
Thevenin equivalent impedance Z{w) is a parallel combination of the resistance R, and

the capacitance C,. Zs(w) and 6Vy(w) are,

R, WVo(w)
Z =— Velw) = ——————— 4.70
W) =157, R.C,) () (1 + jw R,C,) (4.70)
and the relation between 6/ey¢(w) and 61 peqs{w) s,
0l meas(w)
§1ey = meas 4.71
xtl@) = T 6 Z(@0)0y) (4.71)

Choosing to define Z;(w) this way helps in formulating a noise model that is independent

of the specific nature of the device parasitics.
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4.6 Solution of the Coupled Equations: Modulation Response

and Noise

4.6.1 Current Modulation Response

In this section the response 0P,y (w)/6 e (w) of QCLs to external sinusoidal current mod-
ulation 6I.z(w) is determined !. The frequency dependence of the photon noise spectral
density of semiconductor lasers is directly related to the frequency dependence of the cur-
rent modulation response. It is therefore instructive to look at the modulation response
of QCLs. The modulation response can be found by solving (4.32)-(4.36), togcther with
(4.57) and (4.59), and setting all the noise sources equal to zero. The external circuit con-
straints expressed in (4.61) and (4.69) must also be enforced. Equations (4.32)-(4.34) for
each gain stage arc coupled to the same set of equations for all the other gain stages through
Equations (4.35) and (4.61). Such a large system of coupled equations can be solved only
numerically. A numerical approach, although simple to implement, is not very instructive.
With the approximation that all gain stages have the same confinement factor I', a signifi-
cant portion of the work can be done analytically. This approach will be followed here. All
equations, unless stated otherwise, will be expressed in the frequency domain.

The relationship between the current density §Jezt(w), which flows in the external cir-
cuit, and the total potential drop 6V (w) across all the gain section can be obtained by using

(4.57) in (4.61), and summing over the index j,

Cing 0V (w) N dJext(w) 3 [ 1 Cin, 1 ]
- — SNy, 4.72
Tin € (1+ jwTin) € " Z Tin Ck T T (1 4 jw Tin) W) (472)

The following new symbols have been introduced in (4.72),

N N
SNp(w) =Y onf(w) {wherek=1,2,3} and V(w) =) 6V/(w)
Jj=1 j=1

Using (4.57), (4.59) and (4.72) in (4.32)-(4.35), summing over the index j, and arranging

11t is assumed that Poui(t) = Pour + Real{6Pout(w) € “*} and Ieq:(t) = Lewt + Real{dl.:(w) e/ “*}
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the resulting equations in a matrix form gives,

'Di D Dz 0| [ 6M(w) | [0 ]
0 D3; Dz Doy dNy(w) _ N 8Jegt(w) | O (4.73)
D31 D3z Dsz Dg 0 N3(w) (L+jwmn) e 1

|0 Dgy Dy Dug | | 08, | 0 |

The coefficients of the matrix D can be found from (4.32)-(4.35), and they are given in
Appendix C.4. The solution of (4.73) can be written as,

SN (w) Dy (w)
6No(w) | _ | Dil(w) N Jent(w) (4.74)
Now) || D) | (wmm) e

| 05,(w) | | Dg (w)

The coefficients of the matrix D~! are given in Appendix C.5. (4.74) can be used in (4.72)

to calculate the total impedance Z(w) of all the gain stages,

Zw) = Tmg 1 |+ i (i Cinj | 1 ) Dl(w)|  (4.75)
WL Cinj (14 jwTin) = \Tin Gk T (1+ jwmin) k3 )

Z(w = 0) is just the differential resistance Ry of the QCL given earlier in (4.63) and (4.65).

Finally, from (4.36) and (4.74), the current modulation response can be written as,

Pput(w) _ B N Dyl(w)
Olepi(w) flo =2 7 (14 jw Tin)

(4.76)

In QCLs that have been reported in the literature the photon lifetime 7, is usually much
longer than any other relevant time constant of the laser. Therefore, it is expected that
the bandwidth of the modulation response in QCLs will be limited by the inverse photon
lifetime. Above threshold, an analytical approximation for the modulation response valid
for values of w smaller than 1/7,, 1/75, and 1/791 can be found in the limit {79, 71} — oo

(see Appendix C.5),

u {2 z
5PO t(w) _ 770 r")r ﬁ o N 5 UJR :
0lent(w) ¢ (Wi — w? + jwy)

(4.77)
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where 7, is the radiative cfficiency defined in (4.31), and the relaxation oscillation frequency

wg and the damping constant v are,

wi = L - (4.78)
[1+ﬂ+ﬂ+’—"+ﬂ(2 —")}
731 732 73 Tst 73
1 1 1 ;
—<1+E>+——+—+ L <2+£’1>
Tst 731 T31 732 Tp Tst 73 (4 79)

Y= ) )
[1+Tﬂ+32—1+3’1+32-l (2+”—”>]

73
In the above expressions, 74 is the differential lifetime associated with stimulated and

spontaneous photon emission into the lasing mode, and is given by the relation,

1 Ngp
— 4.
Tst Fvg ¢ (Sp * W L) ( 80)

(4.77) has the standard form used for semiconductor diode lasers (see Chapter 2 and [1]).
The damping constant + can be related to wp,

=K W+, (481)

where,

K=r, (4.82)

1 1 T i
— + — + —= (2 + ﬂ)}
T3l  T32  TpTst T3

Yo = ) )
[1+E+E+T’—"+E <2+Eﬂ)]
731 T32 73 Tst 73

(4.83)

The K-factor describes the damping of the QCL modulation response at high photon den-
sities. 7, has a weak dependence on the photon density through 74, and it approaches 1/7,
at large photon densities.

If the condition wg < /2 is satisfied, then (4.77) describes a second order over-damped
system. For QCLs that have been reported in the literature, this condition holds true
above threshold. Using the values of device parameters from Table 4.1, wr and ~ can be
calculated. If the output power of the laser is assumed to be around 150 mW, then from (4.6)

and (4.80) 7, and 7, are approximately 7 ps and 2.8 ps, respectively. The resulting value of
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~ is more than three times larger than that of wr. The internal time constants in QCLs are
usually smaller than the photon lifetime 73, and therefore the modulation response of QCLs
is over-damped. An over-damped modulation response implies the absence of relaxation
oscillations. In contrast, the current modulation response of semiconductor diode lasers is
under-damped, and becomes over-damped only at very large bias currents when 75 becomes
small [1].

For QCLs the 3 dB frequency, which is defined to be the frequency at which the square
modulus of the laser modulation response becomes one half of its value at zero frequency,

can be found from the simplified expression for the modulation response in (4.77),

2 _ 7_2_ 2142 4 72 2 4.84
W34 = (2 wp)? + wh “(‘Q—*WR) (4.84)

As the photon density inside the laser cavity increases, the 3 dB frequency also increases
but it asymptotically approaches an upper limit w3 4 | max- This maximum attainable 3 dB

bandwidth can be calculated from (4.84), and comes out to be,

1
W3dB | max ¥ — (4.85)
P

(4.85) confirms the intuition that a laser cannot be modulated much faster than the inverse
of the photon lifetime inside the laser cavity. As long as the photon lifetime 7, is much longer
than 7in, s, and 791, the approximations made in deriving (4.77) are justified. Otherwise,
the exact expression given in (4.76) must be evaluated numerically. As shown in Chapter 2,
in diode lasers the value of w3 gp | max €quals V2/ 7p. The difference of a factor of V2 comes
from the fact that in diode lasers the modulation response is under-damped (see Chapter 2).

As in diode lasers, the photon lifetime imposes a fundamental limit on how fast QCLs
can be modulated. It is not uncommon to find predictions of THz modulation bandwidths
for QCLs in literature [67]. However, for all the QCLs reported in the literature so far, the
photon lifetime is the longest of all the time constants and it is the dominant factor that
would limit the modulation bandwidth of these QCLs to tens of GHz instead of THz. It
remains to be seen if QCL structures can be designed in which the photon lifetime is not
the bottleneck for the modulation bandwidth.

Fig. 4-9 shows the calculated modulation response of a QCL as a function of the fre-
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Figure 4-9: Absolute value squared of the direct current modulation response is plotted
as a function of the frequency for different bias currents. Modulation response shown in
the figure has been normalized w.r.t its value at zero frequency. For values of the QCL
parameters see Table 4.1.

quency for different values of the bias current. The values of the different parameters of the
QCL are taken from [16] and are given in Table 4.1. In the numerical calculations, values
of all the device time constants (except 75) were assumed to be independent of the bias.
Fig. 4-9 shows that at low bias currents the 3 dB frequency increases with the bias current,
and at high bias currents the 3 dB frequency saturates to a value which is well approximated
by 1/(2n7,) = 21 GHz. The analysis carried out in this paper does not take into account
device heating which may also be important in limiting the modulation bandwidth of QCLs
at large bias currents.

Fig. 4-10 shows the impedance Z(w) of the QCL plotted as a function of the frequency for
different bias currents. The peaks in the values of Z(w) are not due to relaxation oscillations
since, as already pointed out earlier, the modulation response of the QCL is over-damped.
The peaks are due to the fact that the smallest zero of Z(w) is at a frequency which is
smaller than the frequency of its smallest pole. Impedance measurements can therefore

provide valuable information about the time scales associated with electron dynamics in
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Figure 4-10: Absolute value of the impedance Z{w) is plotted as a function of the frequency
for different bias currents. The peaks in the values of Z(w) are not because of relaxation
oscillations, since the modulation response of the QCL is over-damped, but because the
smallest zero of Z(w) is smaller than its smallest pole. For values of the QCL parameters
see Table 4.1.

QCLs.

4.6.2 Current Noise and Photon Noise

In this section, the current noise in the external circuit and the photon noise in the output
power from QCLs is calculated. In the Langevin equation formalism noise is added through
the Langevin noise sources which were introduced in (4.32)-(4.36) and also in (4.57) and
(4.59). In addition, any noise originating in the external circuit and in the superlattice
injectors can also contribute to the current noise and the photon noise, and as already
explained earlier, this noise can be represented by the voltage source 6V,. Here, it is
assumed that dV; represents the thermal noise originating in the series impedance Z;(w),

and its correlation function is,

(8Va(w) Vi(w")) = 2K 5T Real{Z,(w)} 2 §(w — w') (4.86)
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By assuming the above correlation function for the noise source 4V;, noise that is contributed
by the superlattice injectors is being ignored.

Including the Langevin noise sources, (4.73) can be written as,

Dy, D12 Dis 0 5N1(w) 0 F](w)
0  Dg D2z Dy dNa(w) _ N 6 Jege(w) | O N Fy(w) (4.87)
D31 D3z D33z Dag N3 (w) (I+jwmn) e 1 F3(w)
L 0 D42 D43 D44 ] L 6Sp(w) ] L 0 B L F4(w) ]
The expressions for the noise sources F, Fy, Fs, and Fy are,
N N ' .
Fiw) =Y Fl =Y [Aiw) + fiw) = flu)] (4.88)
j=1 j=1
Fow) = Fi =" [fa(w) = 1) + fow ()] (4.89)
j=1 j=1
N Jw Tin j
Fy(w) = ]gl Fy :}'}; {fm(w) m - f32( ) - f31( ) — fRN(w):| (4.90)
N N
; ; F.
) = F =Y [flslo) - B2 (1.91)
j=1 j=l1 N

[ sNiw) | | D) | [ o, DR w) Rw) |
6N2(""') _ 1)2_31 (w) N (5Je:tt(w) + Z?:l ])2_11 (w) Fl (u.)) (4‘92)
5 N3(w) Dyj(w) | LHawmm) e L, D3 w) Fw)

| 3S(w) | | D) | | ¥z D3 () Fi(w) |

8 Jext(w) in (4.92) still needs to be determined. Using (4.57) in (4.61), summing over the

index j, and making use of (4.92) yields,

V(W) = Z(w)dlgy(w)

¢ 1 Cin’ 1 _
-y Z (— J 4 R Tm)) D! (w) Fl(w)} (4.93)
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Figure 4-11: Circuit model for the current fluctuations.

where Fip, = 337, f3 . Substituting the value of §V(w) from (4.69) in (4.93), the final

mn

expression for the current fluctuations 6l.;¢(w) in the external circuit is obtained,

w) = 6Vs(w) e Tin Fin(w)
0egt(w) = (Z(w)+Zs(w))+( Z(w) + Zs(w)) Cing [(ij%)
3 4 1 oy A B
_;:‘1; (a Ck +Tk(1+jw7m))D/cz (W)Fl(w)} (4.94)

The fluctuation §Fu(w) in the output power can be obtained by substituting (4.94) in
(4.92), and using (4.36),

Rl N Dyl(w)

6Pout(w) = T e E(l-}-jwﬂ‘n) 5Iea:t(w)
nQ WL 1
ZD () F(w)| + Fy(w) (4.95)

4.7 Current Noise: Results and Discussion

4.7.1 Circuit Models for the Current Noise

A circuit model for the current fluctuations can be constructed by attaching a current noise
source 817 (w) in parallel with the jth gain stage, as shown in Fig. 4-11. But current noise

sources belonging to two different gain stages are not independent but are correlated. This
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Figure 4-12: A simplified circuit model for the current fluctuations.

is because electron densities in different gain stages interact with the same optical field.
A simpler approach, more relevant from the experimental point of view, will be followed
in this paper. Equation (4.94) for the current fluctuations in the external circuit can be

written as,
6Vs(w) Z(w)

8lert(w) = (Z(w) + Zs(w)) + (Z(w) + Zs(w))

0I(w) (4.96)
Expression for 67 (w) is,
Tin F

__¢ | Cing _, {
ol (w) = Z(w) Cinj (1+jwrm g; (Tm C‘k (1 +]w7m)> Dii' () il )}
(4.97)

It follows that a circuit model for the current fluctuations can be constructed by attaching a
single current noise source 61 (w) in parallel with all the gain stages of the QCL, as shown in
Fig. 4-12. (4.96) shows that the current noise 61 (w) is equal to the current noise 6, (w) in
the external circuit if §V,(w) and Zs(w) are both zero. This is also obvious from Fig. 4-12.

The characteristics of the noise source §/(w) are explored next.

4.7.2 Spectral Density and Fano Factor of the Current Noise

The spectral density K(w) of the noise source §I(w) can be calculated from (4.97). Most

of the numerical results presented in this paper, unless stated otherwise, are for the QCL
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Figure 4-13: Spectral density Kj(w) of the current noise is plotted as a function of the
frequency. The noise spectral density has been normalized w.r.t. its value at zero frequency.
For values of the QCL parameters see Table 4.1.

described in Ref. [16]. The device parameters for this QCL are given in the Table 4.1. In
the numerical calculations, values of all the device time constants (except 75;) were assumed
to be independent of bias. The values of xin, and xou: were assumed to be unity (see the
discussion in section 4.5.2). Fig. 4-13 shows the frequency dependence of K(w) for different
values of the bias current. As expected, K (w) rolls over near the 3 dB frequency (wj4p) for
the laser modulation response. Fig. 4-15 shows the Fano Factor (see Appendix A.1) for the
low frequency fluctuations of the current noise source 4/ (w) as a function of the bias current.
Near the laser threshold, the current fluctuations are very large. Below threshold, the
photon number fluctuations inside the laser cavity are damped by the photon loss from the
cavity. Above threshold, the photon number fluctuations are damped by negative feedback
from the electron density in the lasing levels. Near the laser threshold, both these damping
mechanisms are small and therefore photon number fluctuations and, consequently, the
electron density fluctuations become large. Since, as discussed in detail below, the current
fluctuations are driven by the electron density fluctuations, the current noise is also large

near the laser threshold. Away from the laser threshold, the current noise is suppressed far
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Figure 4-14: Low frequency spectral density Kj(w = 0) of the current noise is plotted as a
function of the bias current. For values of the QCL parameters see Table 4.1.
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Figure 4-15: Fano Factor for the low frequency current fluctuations is plotted as a function
of the bias current. For values of the QCL parameters see Table 4.1.
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Figure 4-16: N times the Fano Factor for the low frequency current fluctuations is plotted

as a function of the bias current. For values of the QCL parameters see Table 4.1.

below the shot noise value.
For frequencies less than w3 gp, analytical expression for Kj(w) can be found using the

expressions for the elements of the matrix D~! given in Appendix C.5,

Lo (2 + 02+ (5)7 (142 582) + (81 xow)?)

Kriw<uw s Togr < I = e
1( 3dB , lext < Itn) N T 610,10,
- (X'2 + (93 + 92)2 + (01 Xout)z)
Krlw<w s Tege > 1 = p—= AR
I( 3dB s fext th) N (1 T 03 i 62 T 91)2
2
T, T,
I _7 93 Jst 02 St
+ 2€nsp 77,( ext Ch) ( 721 TSJ_) (4.98)

N (1465 + 62+ 61)2

Expressions for the parameters 83, 6%, 62, 65 and 6; are given in Appendix C.3. The
3 2 g

expression for Kj(w) above threshold is valid provided,

1 .
Nlygg——~0 and 5, =2 (4.99)
P

It is insightful to compare the expression for the current noise in (4.98) to the current noise

in interband semiconductor diode lasers. Using the model presented in Chapter 2, one gets
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for diode lasers (sce Chapter 2 for details),

Ky (W < W3dB ; degt < Ith) = ele
/ 9)
K < ws I, I = el 2e T
1w <ws3aB, lear > Ith) € legt -+ 2€ Ity 110
9 Z;t)?
+ 26nsp Ul (Ie;l;f, - Ith) ﬁ (4100)

where 7; is the current injection efficiency, 6’ is a number of the order of unity, and ¢
is much less than unity (see Chapter 2). Comparing (4.98) and (4.100), it is seen that
below threshold and also much above threshold (when 74 — 0 and I > I;j) the current
noise approaches the shot noise value in diode lasers, whereas in QCLs the current noise
can be suppressed much below the shot noise value. The mechanisms responsible for the

suppression of the current noise in QCLs are discussed below.

Effect of Small Differential Impedance of a Single Gain Stage

The total differential impedance of all the gain stages in a N-stage QCL is larger than the
differential impedance of a single gain stage by a factor of N. This reduces the total noise
power of the current fluctuations by a factor of N, and therefore Kj(w) has an explicit 1/N

dependence in (4.98).

Effect of Electronic Correlations

The expression for the current fluctuations §I(w) given in (4.97), for frequencies less than

w3 4B, can also be written as,

N I (w

3 1 '
W[k £ (A% D] e

Tk

The expression in (4.101), which is almost identical to that in (2.22) given in Chapter 2 for
semiconductor diode lasers, shows that fluctuations in the electron density in different levels
of the gain stage causes fluctuations in the current. The sign of the current fluctuations
is such as to restore the electron density to its average value, thus providing a negative
feedback. The physical mechanisms responsible for this negative feedback are discussed

below. On one hand these electronic correlations suppress the current noise associated with
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electron injection into the gain stage by providing negative feedback, and on the other
hand they arc also responsible for generating current noise in response to electron density
fluctuations caused by noise sources internal to the gain stage. Various physical mechanisms

which contribute to these electronic correlations are described below:

1. Coulomb Correlations: If the electron density changes in any level of the gain stage
then the electrostatic potential energy of level 3 also changes because of coulomb
interactions. As a result, the energy level separation 6E;,; — § E3 also changes, and
consequently the total electron current from the injector into the gain stage also
changes. Usually QCLs are not biased in the negative differential regime and the
value of the conductance Gjp, given in (4.48), is positive. Therefore, the change in
the current will be such as to restore the electron density in the levels of the gain
stage to its steady state value. Coulomb correlations provide negative feedback to
regulate electron density fluctuations. If a QCL is biased in the negative differential
regime, in which the coulomb correlations provide positive feedback (negative Gip),
the fluctuations may increase substantially and the linearized noise analysis presented
in this paper may not be applicable. In the model presented here, the effect of coulomb

correlations was introduced through the parameters Gy, /C}, in (4.47).

2. Pauli’s Exclusion and Backward Tunneling Current: If the electron density increases
in level 3 of the gain stage then this reduces the phase space available for additional
electrons to tunnel into level 3 from the injector due to Pauli’s exclusion, and conse-
quently the forward tunneling current from the injector into level 3 decreases from its
average value. In addition, an increase in electron density in level 3 also increases the
backward tunneling current from level 3 into the injector and this also reduces the
net current from the injector into level 3 (recall from (4.37) that the net current is the
difference of the forward and backward tunneling currents). In model presented in
this Chapter, both these effects were introduced through the parameter 3 in (4.47).
The readers are reminded that later in (4.56) and (4.57), t3' and G, /C} were ab-
sorbed in the definition of 75 ' and Gy, /CY and Gy, /Ch were relabeled as 75 L and
T, !, respectively. Therefore, coulomb correlations, Pauli’s exclusion and backward

tunneling current account for the presence of the terms Jni (w)/7k in (4.101).
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3. Injector Electron Density Response: Here, the presence of the terms (Cip; /Tin Ci) 5n£(w)
in (4.101) is explained. Recall that the current fluctuations d/(w) can be evaluated
by looking at the current fluctuations §I..¢(w) in the external circuit when Zg(w) is
zero, and all external voltage sources are incrementally shorted, and the sum of the
fluctuations in voltage across all the gain stages (i.e. Zé\;l §V7) is, therefore, also
zero. Under these conditions, the relationship between the fluctuations in the carrier

densities, expressed earlier in (4.44}, becomes,

||M2

N 3

nliw)=—=> Z Cimg 5nk (4.102)
j: :

(4.102) can be used to write (4.101) as

3
NV olw ! } (4.103)

M) Z @) = 2 (- 60@)) + (o)

(4.103) shows that the current fluctuations are proportional to the total fluctuations in
the electron density in the injector states of all the stages. Since Z L 0VI(w) =0, a
net increase in the electron density in different levels of all the gain stages must result
in a net decrease of the electron density in all the injector states, and consequently, the
current being injected into the gain stages must also decrease. This effect is captured

through the terms (Ciy;/7in C) 5ni(w) appearing in (4.101).

As a result of the electronic correlations described above, the current noise associated
with electron injection into the gain stages, which is described by the noise sources ] (W),
is suppressed. Electron density fluctuations caused by sources internal to the gain stage
contribute more strongly towards the current fluctuations because of the same correlations.
To see this in a more transparent fashion, it is best to write (4.101) in terms of all the noise
sources. Below threshold, (4.101) is,

NI (w)

N
— / AW Y]
eWL (1+93+02+01 ]:Zl[ W) + 01 £ () + (63 + 63) 1 ()

o (14 2) )+ (- 622) )] (2104
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Above threshold 61(w) is,

NoI(w) ZN y :
WL T GERTET j 2 b+ Sl + G5 4.02) (o) + ()
7-5 Tgf ] F/ w
<037'2i _927'31> (f;%S(w)_ []\(f )ﬂ (4.105)

Note that the strength of the electronic correlations depends on the values of the parameters
fs, 05, 02, 65 and 6; (Appendix C.3). From (4.104) and (4.105), it is clear that larger
values of these parameters will result in stronger electronic correlations, larger suppression
of the current noise associated with electron injection into the gain stage, and also larger
contribution to the current noise from the noise sources internal to the gain stage. The
reader is encouraged to compare (4.104) and (4.105) with the corresponding expressions for
semiconductor diode lasers given in (2.52) and (2.53) in Chapter 2.

A quantitative measure of the role played by the electronic correlations in suppressing
the current noise can be obtained by multiplying the Fano Factor of the current noise
by N. It has been mentioned earlier that a factor of 1/N appears in (4.98) because the
total differential impedance of all the gain stages is larger than the differential impedance
of a single gain stage by a factor of N. Therefore, multiplying the current noise Fano
Factor by N removes this explicit 1/N dependence in the current noise, and the resulting
expression can only be less than unity because of electronic correlations. Fig. 4-16 shows the
current noise Fano Factor from Fig. 4-15 multiplied by N. Below threshold, and also much
above threshold, N times the current noise Fano Factor is less than 0.5. This implies that
electronic correlations are responsible for suppressing the current noise by a factor greater

than 2. Using (4.98), expression for the current noise Fano Factor F; can be written as,

(0% + (05)2 + (09) (142 ;3%) + (01 Xow)?)
(1405 + 0, +6,)°

(Iemt < Ith)
NxFr{w<wsqgp) =

(X%n + (63 + 02)2 + (91 Xout)z)
(1 + 85 + 05 + 01)2

(Text > Itp)

(4.106)

For semiconductor diode lasers, using (4.100), one gets,

Fr{w<wggp) =1 (Tewt < I, and Loz > Iiy,) (4.107)
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At frequencies much higher than the inverse of the smallest time constant of the QCL
the current noise 61(w) is just the capacitive response to the various electronic transitions

which occur inside the gain stages. In the limit w — oo, Kj(w) is given by the expression,

Lex Cinj \° Cinj \*
Kr(w— 00, Izt < Ith) = e {(1 - ﬂ') X?n + <ﬂ> Xgut}

N Cs o
WL ij ij 2 Cinj Cinj E
TN {R31<03*01)+R21(02_01>
C.. C..\?2
R o Jl) 4.108
+ 32( Cs s } ( )
Above threshold an extra term,
(Iezt - Ith) (Czn] Cinj)Q
e(2ngp — L)n, NG Cs s (4.109)

is added to the above equation to account for the stimulated transitions. Semiconductor
diode lasers on the other hand are charge neutral. Therefore, in the limit w — oo, the
current noise in diode lasers is just the noise associated with carrier injection into the active

region (see Chapter 2),

Tot (1426 Tt < 1
K[(w—>OO): € et( ) (e:tt th) <4.110)
eIezt (1 +29) + 2e Ith (9/ — 0) (Iemt > Ith,)

4.7.3 Scaling of the Current Noise with the Number of Cascade Stages

In QCLs, the spectral density Kj(w) of the current noise obeys a simple scaling relation
with respect to the number of cascaded gain stages N, and this relation can be determined

from (4.97),
N2K(w, Leat/Ton, N) = N K1(w, Iegt/Ton, N') (4.111)

According to the above Equation, the spectral density of the current noise, for a fixed value
of It/ Ii (i-e. for a fixed value of the output power), scales as 1/N2. This scaling relation
for Kr(w) holds provided the transition rates Rji(nj,ng) and the material gain g(ns, ng)
are linear functions of the electron densities and the total mode confinement factor also

scales linearly with the number of cascade stages N.
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4.7.4 Spectral density of the Current Noise in the External Circuit

Equation (4.95) shows that the quantity which affects the photon noise is not the current
noise 6/(w), but the current noise in the external circuit 8l.pt(w). When Zg(w) # 0 Q,

which is usually the case, then K7_,(w) is not the same as Kj(w). Expression for K _,(w)

ext

can be obtained from (4.96),

Ky, (w) Zw)
Klgzt(w) lZ(W) +- Zs(w)iQ ‘Z(w) +Zs(w) K[(w)
2KpT Real{ Z,(w)} Zw) |2
| Z(w) + Zs(w)]? ‘Z(w) + 7.(@) Ki(w) (4.112)

(4.112) shows that in the presence of a large impedance Z4(w), the current fluctuations in
the external circuit are suppressed. The total differential impedance of a QCL is usually
less than 1 §2. Therefore, for even a moderately large impedance Zs(w) the current noise
in the external circuit can be dominated by the thermal noise from the impedance Zg(w).
Experimental measurement of the current noise would therefore require a relatively sensitive
measurement scheme. High impedance suppression of the current noise in the external

circuit can influence the photon noise, as shown in the following section.

4.8 Photon Noise: Results and Discussion

4.8.1 Spectral Density and Fano Factor of the Photon Noise

The spectral density Kp(w) of the photon noise can be calculated from (4.95). The Fano
Factor for the low frequency fluctuations in the laser output power is plotted as a function
of the bias current in Fig. 4-17. The numerical results presented here are for the QCL
structure described in Ref. [16] (see Table 4.1). The Relative Intensity Noise (RIN) is
plotted in Fig. 4-18. In each Figure, the respective shot noise limit is also shown. It is
assumed that the light coming out from both the facets of the laser is collected before the
noise is evaluated. This is equivalent to assuming that the output coupling efficiency 7,
defined earlier in (4.7), is,

am (4.113)

o = (am + ai)

In practice this can be achieved by HR/AR coating the laser facets so that that most of the

light comes out from only one facet of the laser. When the value of the external impedance
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Figure 4-17: Fano Factor for the (low frequency) photon noise is plotted as a function of
the bias current. For values of the QCL parameters see Table 4.1.

Zs is 0 £, the photon noise remains above the shot noise limit. Even at high bias levels, no
amplitude squeezing is observed despite the fact that the current noise is suppressed much
below the shot noise value as shown earlier in Fig. 4-15. When Z; = 50 2, and the current
noise in the circuit is further suppressed, a very small amount of squeezing is observed at
high bias levels (less than 0.4 dB at Izt = 10 ITy).

Fig. 4-20 shows the RIN as a function of the frequency for different values of the bias
current assuming Zs(w) = 0. The RIN also rolls over at the frequency ws 4. Fig. 4-21 shows
that the Fano Factor of the photon noise as a function of the frequency. As in all other
lasers, at frequencies much higher than the inverse of the photon lifetime inside the cavity,

the RIN is dominated by the noise from photon partition at the output facet. Therefore,

Kp(w>1/1) = i Pow (4.114)

In this paper careful attention has been given to modeling the current fluctuations in the
external circuit. The question arises if such detailed modeling of the current fluctuations is

necessary for calculating the photon noise. In (4.95), the current noise 6l (w) is included
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Figure 4-18: Low frequency Relative Intensity Noise (RIN) is plotted as a function of the
bias current. Very small amount of squeezing (less than 0.4 dB) is exhibited at high bias
levels even when the circuit current fluctuations are suppressed with a 50 2 impedance. For
values of the QCL parameters see Table 4.1.

in the first term on the right hand side. It should be noted here that the first and the
second term on the right hand side in (4.95) are correlated, and the spectral density of the
photon noise cannot be obtained by a simple addition of the spectral densities of these two
terms. In Fig. 4-22, the ratio of the low frequency spectral density of the photon noise
obtained by ignoring the term containing §/..:(w) in (4.95) to the actual spectral density
of the photon noise is plotted as a function of the bias current for different values of the
impedance Z;. When the laser is biased a little above threshold, the fluctuations in the
current are large, and the error incurred by ignoring the term containing §/.z:(w) in (4.95)
is also large. Also, when Z, is much larger than the total differential impedance of the QCL,
the current fluctuations in the circuit are suppressed, and the term containing § /.. (w) can
be ignored in (4.95).

Above threshold and for large Z,(w), analytical expression can be obtained for the

spectral density of the low frequency photon noise using the expressions for the elements of
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Figure 4-19: Low frequency Spectral density K p(w = 0) of the photon noise is plotted as a
function of the bias current. When Z; is large (50 ) small amount of squeezing is seen at
high bias levels. For values of the QCL parameters see Table 4.1.

the matrix D~! in Appendix C.5,

r 2 2
T 1 1
Kp(w<wsas, Legt > LItn) = 7Q Powt |1 =10 + 200 nsp (;;—E‘T;) (;3: + —T~3-2-> Tft

+ (7o hﬂo)z NWL [Rgg + 773 Rz +(1— 777)2 Rzl} (4.115)

[ 731 2 1 1 2 )
= Mholou (Lot Bone \ o m ) S )

I I
+ (o hQW)EN [a 87“ + 8 %’l] (4.116)

7, in the above Equation is the radiative efficiency defined in (4.31). The constants o and

B are,
731 To1
o= 1-— +2(1 - ——(——*) 4.117
nr ( Nr) ( nr) 7oL+ 731 \ 730 ( )
732
=7, —2 1- e 4.118
B=mn—2n (1 -1n) P ( )

The above expression for Kp(w) is valid for frequencies smaller than wjgp, and when

the laser is biased above threshold when the conditions given by (4.99) are satisfied. The
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Figure 4-20: Relative Intensity Noise (RIN) is plotted as a function of the frequency for
different bias currents (Z; = 0 Q). At high frequencies the RIN reaches the shot noise value.
For values of the QCL parameters see Table 4.1.

expression given in (4.116) is almost identical to the expression for K p(w) for semiconductor
diode lasers (when the later are also biased with a high impedance current source). Using

the model presented in Chapter 2 one gets for diode lasers (see Chapter2 2 for details),

1 1—n\2
Kp (w < W3dB, lext > Ith) = Iy Pouw l:l — Mo + 210 Ngp (T— + - T > T,gzt}
w e
2 Iemt Ith
+ (0 i) |11 — 1) == + 1=~ (4.119)

ni in the above equation is the current injection efficiency into the quantum wells [1].

The contributions from the non-radiative electronic transitions to the photon noise in
QCLs and diode lasers are proportional to the terms inside the second square bracket in
(4.115) and (4.119), respectively. The contributions to the photon noise from the photon
loss from the laser cavity and from the radiative transitions in QCLs and diode lasers are
proportional to the terms inside the first square bracket in (4.115) and (4.119), respectively.
Two important differences emerge when (4.115) is compared with (4.119), and both these

diffcrences make it harder to achieve photon number squeezing in QCLs compared to diode
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Figure 4-21: Fano Factor of the photon noise is plotted as a function of the frequency
(Zs = 0 ). The photon noise at frequencies much higher than the inverse of the photon
lifetime in the cavity is dominated by the photon partition noise at the output facet. For
values of the QCL parameters see Table 4.1.

lasers. These differences are discussed in detail below.

Contribution of Non-Radiative Transitions to Photon Noise

The contribution to the photon noise from the non-radiative recombination in diode lasers
is constant above threshold and it has been expressed in terms of the threshold current in
(4.119). Asshown earlier, in QCLs above threshold the electron densities in different energy
levels of a gain stage do not remain fixed at their threshold values. The electron densities
keep increasing when the bias current is increased beyond threshold. As a result, the
contribution of non-radiative electronic transitions to the photon noise also keeps increasing
with the bias current. Since only a fraction 7, of the electrons injected in level 3 of the
gain stage end up producing photons, a multiplicative factor n? appears with the transition
rate Ra1 in (4.115). A fraction 1 — 7, of the vacancies left by removing electrons from level
2 get filled by radiative transitions from level 3 to level 2, and therefore a factor (1 — 7,)?
appears with Rop. All the electrons taken out of level 2 and injected into level 3 will end up

producing photons (since 1 — n, + 7, = 1) and, therefore, R3s has no multiplicative factor
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Figure 4-22: Ratio of the low frequency photon noise spectral density obtained by ignoring
the term containing the current fluctuations in (4.95) to the actual spectral density is
plotted as a function of the bias current for different values of the impedance Z;. The
current fluctuations are suppressed when Z; is large and the error incurred in calculating
the spectral density is, therefore, small. For values of the QCL parameters see Table 4.1.

in (4.115).

The noise associated with the electron transitions from level 1 into the injector of the
next stage does not directly contribute to photon noise at low frequencies. These transitions
contribute to the current noise in the external circuit, which can in turn contribute to the
photon noise. But in (4.115), it is assumed that Z4(w) is large and the current fluctuations
are suppressed. Similarly, the noise associated with the electron transitions from the injector
into level 3 of the gain stage is also suppressed at low frequencies when Z, (w) is large.

In diode lasers, since the current injection efficiency 7); is less than unity, the partition
noise associated with carrier leakage from the SCH region contributes a term to the photon
noise which increases linearly with the bias current cven beyond the laser threshold, as
shown in (4.119). Since 7; is usually close to unity in well designed diode lasers [1], the

contribution of this term to the photon noise is small.
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Contributions of Photon Loss and Radiative Transitions to Photon Noise

The most important contribution to the photon noise from the photon loss from the laser
cavity and from the radiative transitions is given by the term proportional to 72 in (4.115)
and (4.119). Just above threshold, the photon density is small, and 75, which is inversely
proportional to the photon density, is large. Consequently, just above threshold the term
proportional to 724 dominates all the other terms in (4.115) and (4.119). As the bias
current is increased, and the photon density becomes large, 75 becomes small. Tt is evident
from (4.115) and (4.119) that photon number squeezing can only be achieved if the ratio
(Tst/Tnr)?, where Ty, is the total non-radiative lifetime for the carrier density interacting
with the photons, becomes smaller than unity. The appearance of this ratio is related to the
carrier density and the photon density dynamics in response to sudden radiative transition
events or photon loss events which temporarily move the carrier density and the photon

density away from their steady state values. In diode lasers 7,,, given by,
— = — " Diode Lasers (4.120)

is around 0.5 ns to 1 ns (see [1]). In QCLs, 7y, is the non-radiative lifetime of the difference
carrier density (ns — na) that interacts with the photons, and is given by the expression,

1, ™ (i + —1—> QCLs (4.121)

Tnr o1 + 731 \ 731  T32

The factor of 2 in the above equation does not show up in (4.115) because the differential
stimulated emission lifetime of the difference carrier density is 75:/2, and the factor of 2
cancels out. In deriving the above Equation, the sum carrier density (ng 4+ ng), which
does not interact with the photons, was adiabatically eliminated from the rate equations.
In QCLs, the value of (27,,) is usually around a few picoseconds. In the QCL structure
described in Ref. [16], (27,,) equals 1.5 ps (see Table 4.1). Therefore, for photon number
squeezing to be possible the value of 75 in QCLs must be a few hundred times less than
the value of 75 is diode lasers (assuming both have equal values for 7, and ng,). For the
same photon density and the mode group velocity, the ratio of 75 in QCLs and diode lasers

depends on their respective differential gains (see (4.80) and (2.12)). For the QCL described
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Figure 4-23: Relative Intensity Noise (RIN) for the QCL with improved 7, (= 0.84) is
shown. Only 1.2 dB of squeezing is seen at high bias levels and when Z; = 50 €.

in Ref. [16],
1/Tst (QCL) - a Lp -~
1/7s (Diode Lasers)  dg/dN,,

15 (4.122)

In the above Equation, the differential gain dg/dN,, of diode lasers is assumed to be around
1.0-1.5 x1071% ¢m? [1]. Note that the ratio in (4.122) is independent of any geometrical
factors and depends only on the properties of the material gain of the lasers. The expression
above implies that the photon density in the active region of QCLs must be at least an order
of magnitude larger than the photon density in diode lasers to make squeezing possible. This
does not seem to be a formidable obstacle to achieving photon number squeezing in QCLs
since QCLs with output powers exceeding 1.0 Watt have been demonstrated [16]. However,
in QCLs, in contrast to diode lasers, it will be difficult to achieve squeezing with only a few
tens of milli-Watts of output power. In QCLs, since both 7, and 7 depend on the spatial
overlap of the wavefunctions of the upper and lower lasing states, it may not be possible to
change the value of the ratio (75 /7n,) by engineering the wavefunction overlap.

The output coupling efficiency 7, of QCLs that have been reported in the literature

is much smaller than those of typical diode lasers. But even if that were not the case,
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squeezing is expected to be less in QCLs than in diode lasers for the reasons discussed
above. The QCL, whose characteristics arec shown in Fig. 4-17 and Fig. 4-18, has a 3 mm
long cavity, a waveguide loss of 11 cm™!, and an output coupling efficiency of only 28%.
Consider a QCL with a 500 um long cavity, a waveguide loss of 5 cm™!, and an output
coupling efficiency of 84%, which is comparable to that of good diode lasers [1]. The values
of all the other parameters of this QCL are identical to those given in Table 4.1. Fig. 4-23
shows the relative intensity noise when this QCL is driven with a 50 €} resistor in series.
Only about 1.2 dB of squeezing is observed even at very large bias levels (Iey = 10 I7r).
The Fano factors for the photon noise much above threshold (when 75 — 0 and I >>

I;) in QCLs and diode lasers can be calculated from (4.116) and (4.119),

1—m7
1=y + 25, L) T (E) QCLs
Fp(w)l = e T2+ 731 \T32
(W <wsan, Test > Iin) 1—n,m; Diode Lasers
o

(4.123)

(4.123) gives the maximum photon number squeezing which is asymptotically achievable in
QCLs and in diode lasers at very large output power levels. In real devices, the squeezing
will be always less than that predicted in (4.123). In diode lasers, 7; and 7, can be larger
than 0.9 and 0.85, respectively [1], and the photon noise in diode lasers can be maximally
suppressed more than 6 dB below the shot noise value. For the QCL whose parameters are
listed in Table 4.1, 7, and n, have the values 0.66 and 0.28, respectively, and, consequently,
the maximum possible squeezing is only 0.6 dB. Even if the output coupling efficiency 7, of
this QCL is increased to 0.85, the maximum squeezing predicted by (4.123) is only 2.0 dB.
The maximum squeezing achievable in QCLs can be increased by decreasing the life-
time 791 of electrons in level 2 of the gain stage, and increasing the lifetimes 731 and 739
associated with the non-radiative electronic transitions out of level 3. This will reduce the
rate of increase of the electron density above threshold in levels 3 and 2 with the bias cur-
rent, increase the radiative efficiency 7n,, and reduce the contribution of the non-radiative

electronic transitions to the photon noise.

4.8.2 Scaling of the Photon Noise with the Number of Cascade Stages

The spectral density of the photon noise in QCLs is a function of the output power (or

Teqt/Itp), the circuit impedance Zs(w), and the number of cascaded stages N. In Chapter 3,
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it was shown that the effect of the positive correlations in photon emissions in different
cascade sections on the photon noise in semiconductor interband cascade lasers can be
expressed simply in terms of a scaled circuit impedance. A similar relation holds for QCLs

and can easily be derived from (4.95),

Kp(w, Legt/Ith, Zs(w), N) = Kp(w, Leat/Ih, Zs(w) N' /N, N') (4.124)

The scaling relation for Kp(w) holds provided that the transition rates R(nj,n,) and the
material gain g(n3,ng) are linear functions of electron densities and the total mode con-
finement factor also scales linearly with the number of cascaded stages N. In Ref. [62], it
is shown that the total mode confinement factor scales with the number of cascaded stages

according to the expression ~ erf(0.019N), which is almost linear in N for N < 40.

4.9 Conclusion

A model for noise and fluctuations in intersubband quantum cascade lasers has been pre-
sented. The current noise exhibited by QCLs is much below the shot noise value. Sup-
pression of the current noise in QCLs is largely due to the small differential resistance of
individual gain stages compared to the total differential resistance of all the cascaded gain
stages. In addition, electronic correlations also suppress the current noise. However, unlike
semiconductor diode lasers, current noise suppression does not lead to significant photon
number squeezing in QCLs. In QCLs the contribution to the photon noise coming from the
non-radiative clectronic transitions keeps increasing with bias beyond the laser threshold,
and this reduces the amount of photon number squeezing achievable in QCLs compared to
semiconductor diode lasers. It has also been shown that photon noise in QCLs is squeezed
at photon densities much larger than those in diode lasers.

The current modulation response of QCLs has also been investigated. It has been found
that the direct current modulation response of many QCLs that have been reported in the
literature is over-damped since, in contrast to diode lasers, the photon lifetime inside the
optical cavity in QCLs is usually the longest time constant. The modulation bandwidth is
also limited by the inverse photon lifetime. At present, in the wavelength region of interest
only quantum well infrared photodetectors (QWIPs) have bandwidths wide enough that

they could be used to study the modulation response of QCLs. However, the current noise
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provides an alternate way of studying the high speed dynamics of QCLs, and as shown in
this paper, the modulation bandwidth of QCLs can be found by looking at the spectral
density of the current noise in the external circuit.

Although in this paper the emphasis has been on a specific multiple quantum well QCL
structure, the theoretical methods and techniques presented in this paper can be used to

study a variety of QCLs that have been reported in the literature.
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Chapter 5

Quantum Noise in Actively
Mode-Locked Semiconductor

Lasers

5.1 Introduction

Mode-locked lasers have important applications in electro-optic sampling, optical analog-to-
digital conversion, optical communication systems, and ultra-fast optical measurements [69].
Low noise performance of mode-locked lasers, especially reduced amplitude noise and timing
Jitter, is critical to most of these applications. Semiconductor mode-locked lasers, by virtue
of their small size and high repetition rates, are potential candidates for replacing bulkier
solid state and fiber mode-locked lasers. Semiconductor mode-locked lasers have been used
to produce sub-picosecond optical pulses with repetition rates exceeding hundreds of giga-
hertz [30, 31]. Semiconductor mode-locked lasers must be able to produce short high power
pulses with reduced noise and timning jitter in order to compete with other mode-locked
lasers. Fig. 1-9 of Chapter 1 shows the requirements on the root mean square (RMS) tim-
ing jitter of optical pulses for optical A/D conversion [2, 32]. Less than 100 femtosecond
RMS jitter is required for an A /D converter with 8 bits of resolution at a sampling frequency
of 10 GHz, and less than 30 femtosecond of RMS jitter is required if the desired resolution
is 10 bits at 10 GHz.

Very few theoretical models have been reported in the literature that describe the noise
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in mode-locked semiconductor lasers. Models for the noise in mode-locked solid state and
fiber lasers have been developed by Haus et. al. [33, 34]. These models use the soliton
perturbation theory [70], and assume that the group velocity dispersion and the Kerr non-
linearity in the laser cavity balance each other so that the steady state optical pulse is
a soliton. Optical pulses in semiconductor mode-locked lasers are not solitons since the
non-resonant Kerr non-linearity in semiconductors is negligible compared to the resonant
non-linearities, such as dynamic gain saturation and dynamic self-phase modulation [36].
Also, in semiconductor mode-locked lasers the group velocity dispersion in the laser cavity
is generally not balanced by either the self-phase modulation or by active phase modulation,
and, consequently, the steady state optical pulses are almost always chirped {30, 31]. Theo-
retical models presented in the literature for the noise in semiconductor mode-locked lasers
have either used the soliton perturbation approach (which assumes unchirped pulses) {71],
or have completely ignored phase modulation and group velocity dispersion [35]. Soliton
perturbation theory, as presented in Refs. [33, 34, 71], treats active phase modulation only
perturbatively and a self-consistent solution is not known. Therefore, to the best of au-
thor’s knowledge, a theoretical model that can describe the noise in chirped optical pulses
in mode-locked lasers has never been presented in the literature. Accounting for active
phase modulation in the theoretical model is important since active gain (or amplitude)
modulated mode-locked semiconductor lasers are also strongly phase modulated as a result
of the carrier density dependent refractive index in semiconductors [1].

In this Chapter, a theoretical model for the noise in semiconductor mode-locked lasers
is presented that for the first time accounts for group velocity dispersion and phase mod-
ulation without relying on the soliton perturbation theory. It is shown here that a non-
zero pulse chirp significantly affects the noise in mode-locked semiconductor lasers. The
model presented here is linear, and non-linearities, such as dynamic gain saturation and
dynamic self-phase modulation, are ignored. In semiconductor mode-locked lasers, these
non-linearities become important only at large pulse energies, and at low pulse energies a
linear theory is adequate [36]. The model presented in this Chapter is fairly general and
can be used to model the noise in a wide variety of mode-locked lasers (not necessarily
semiconductor mode-locked lasers) with amplitude modulation, phase modulation, and/or

group velocity dispersion.
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5.2 Effect of Phase Modulation and/or Group Velocity Dis-

persion on the Pulse Noise

The noise in an optical pulse in a mode-locked laser can be determined by a perturbative
expansion in terms of the eigenmodes of the linear operator that describes the slow time
evolution of the pulse fluctuations [33, 34, 72]. In most mode-locked semiconductor lasers,
this operator is not Hermitian (i.e. not self-adjoint) or even normal (i.e. does not commute
with its adjoint). This operator can be non-Hermitian in the presence of a number of dif-
ferent factors, such as group velocity dispersion, active phase modulation, and/or dynamic
self-phase modulation. The eigenmodes of a non-normal operator are not mutually orthog-
onal [73]. It is well known that the non-orthogonality of the eigenmodes significantly affects
the noise in non-Hermitian and non-normal optical systems and, in most cases, generates
excess noise [74, 75, 76, 77). In this Chapter, it is shown that the non-orthogonality of the
eigenmodes result in excess noise in the pulse photon number, phase, frequency, and timing
fluctuations. In this Chapter, quantum mechanical operators are constructed for the pulse
photon number, phase, timing, and frequency noise, and it is shown that as a result of the
non-orthogonality of the eigenmodes, these noise operators have significant contributions
from the noise in all the higher order eigenmodes. In the presence of active phase modu-
lation and/or dispersion, the magnitude of the frequency chirp of the steady state pulse is
a good measure of the degree of non-normality of the operator that governs the slow time
evolution of the pulse fluctuations, or the degree of non-orthogonality of the eigenmodes of
this operator. The excess noise in the pulse can be related to the chirp in the steady state
pulse. It is shown that when the magnitude of the pulse chirp exceeds a critical value (=
0.577), the perturbative expansion for the pulse noise diverges exponentially as more eigen-
modes are included in the expansion. A modified perturbative expansion is developed that
converges. The origin of the excess noise in linear systems with non-orthogonal eigenmodes
is explained in Appendix D.1, and readers are strongly encouraged to browse through this

Appendix before proceeding.
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5.3 Theoretical Model

5.3.1 Master Equation for Actively Mode-Locked Lasers

The model presented here uses the time domain perturbation theory for optical pulses
developed in Refs. [33, 34, 72]. The quantum field operator for the optical pulse inside
the laser cavity is assumed to be @(t,T) exp(—j Qt), where G(t,T) describes the slowly
varying envelope of the optical pulse and €, is the pulse center frequency. The additional
time variable 7' describes the evolution of the pulse over time scales larger than the cavity
round trip time Tx. The operator qg(t,T) is normalized such that ((ET (t,T) $(t,T)> equals
the photon number flux (units: number/sec). The angled brackets (.. .) stand for averaging
with respect to the quantum mechanical density operator which describes the state of the

optical pulse at time T. $(t,T) obeys the quantum mechanical commutation relation [34],
(6, 7), (¢, )] = o(t — ¥) (5.1)

The master equation that describes the slow time evolution of the optical pulse inside the

laser cavity is [33, 34, 72],

det, T) v - 1 1Y - -
T - jﬁgb(t?T) + _2‘ (G_ E) ¢(t>T) + O(t)¢(t7T)
+ Fsp(t,T) + Fy(t,T) (5.2)
where the operator O(t) is,
107 1 ,
O(t) = (B~ 1D) 5 + 5(Ant + iPar) [cos (wrt) ~ 1] (5.3)

Here, G is the cavity gain (units: 1/sec). 7, is the photon lifetime in the laser cavity. B
describes the effect of the finite gain bandwidth. D is the dispersion (units: sec). Ajs and
Py are the modulation depths for amplitude and phase modulation, respectively. wp is the
frequency of the active modulation and it is assumed to be equal to 27/Tg. v is a phase

shift accumulated by the pulse in one round trip. G, B and D are given by the expressions,

1
G= 7 fdzg(z) (5.4)
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g(2)

1
B = —QTR %dz 892 (J.O)
1
D= ja{dz Ba(2) (5.6)

where g(z) and (2 are the position dependent power gain (units: 1/cm) and dispersion
(units: sec®/cm) in the cavity, and the integrals §dz are over one complete roundtrip in the
cavity. In semiconductor mode-locked lasers the phase modulation depth Py is related to

the amplitude modulation depth Aps by the semiconductor a-parameter,

The a-parameter relates the changes in the real part of the gain with carrier density to
the changes in the imaginary part of the gain (or the refractive index), and has values
typically between 3.0 and 5.0. Fgp(t, T )and Fy (¢, T) in (5.2) are Langevin noise operators
which represent the noise in spontaneous emission and photon loss (or vacuum fluctuations),

respectively, and have the following correlation functions,

(Ep(t,T) Fsp(t', T')) = ngp [G +O(t) + O'(8)] 6(t — ) 6(T ~ T") (5.8)
(Fsp(t,T) Fip(t', 1) = (ngp — 1) [G+0(2) + O' ()] 6t~ ) 6(T — T") (5.9)
By, T) By (¢, Ty = 22 500 — ) 6(T — T) (5.10)

Tp
(Fy(t,T) FL(¢',T")) = {runt1) §(t—t)6(T —T) (5.11)

Tp

where ngp is the spontaneous emission factor that takes into account incomplete inversion
of the gain medium [1]. ny, is the thermal occupation number for photons at the frequency
{25, and is close to zero since the photon energy /), is usually much greater than the
thermal energy at room temperature. The noise operators obey the quantum mechanical

commutation relations,

|Fsp(t,T), Fip(#, T)] = =[G + O(t) + O'(8)] 8(t ~ ) (T — 1) (5.12)
[By 6,1y, B} (¢, 7] = ~ 8t — ¢)8(T - T") (5.13)
Tp
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Carrier number fluctuations in the gain medium will be included in the master equation
later in this Chapter. A lincar quantum theory for optical pulses, such as the one presented
in this Chapter, gives almost the same results as the corresponding classical theory in which
the operator ¢(t, T) is replaced by a classical field ¢(t, T), and ¢! (¢, T) by ¢*(t,T). In the
classical theory the noise sources acquire an unphysical character, e.g. the correlation func-
tion (FZ,(t, T) Fep(t', T')) no longer equals (Fg,(t', T") Fgp(t,T)). To avoid this problem, a
fully quantum mechanical model is presented. It should be noted that the master equa-
tion (5.2) describes the pulse only over time scales longer than the cavity round trip time.
The master equation is valid provided the pulse does not change significantly as it travels

in the laser cavity.

5.3.2 Steady State Solution

The steady state solution of the master equation (5.2) is obtained by turning off the noise
sources and setting the right hand side of the master equation (5.2) equal to zero. The
solution is much simpler if the term [cos(wgr(t) — 1] is approximated by —w%t?/2 [72].
The eigenfunctions Ag(t) of the operator O(t) are complex Hermite-Gaussians, and the

corresponding complex eigenvalues are Ag. It follows that,
O(t) Ax(t) = A Ag(t) (5.14)

where A\, = (2k 4+ 1) Ao, and,

)\O:_% \/(AM +jPum) (B —jD) (5.15)

2 w%
The master equation (5.2) is valid only if |Ag| <« 1/Tg. In actively mode-locked semiconduc-
tor lasers, |Ag| is usually two or three orders of magnitude smaller than 1/Tx [36, 78, 79, 80).
The approximation |\g| < 1/Tg will be used frequently in this Chapter. The eigenfunctions
Ay (t) are normalized such that [dt |Ax(t)|> = 1. The steady state pulse is given by the

eigenfunction Ag(t) of the smallest (in magnitude) eigenvalue Ay, where,

2

EnE P |5
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The pulse chirp parameter § and the pulse width 7 are given by the relations,

fan=(8) = % [san™4(Pas/Aps) + tan ™ (D/B)| (5.17)

1/2
2 ( B2+ D?
2 /
=4/1 = | s 5.18
" +ﬁ\Jw12? (A?VI—G—P]%/I) (5.18)
In terms of the pulse width 7 the eigenvalue )\q is,

(1—3iB8)wh7? (Ap + 5 Pyp)

= are) 1

(5.19)

The expectation value of the field operator (E(t, T) with respect to the quantum mechanical

state of the optical pulse is,

(6(t, T)) = /g Ao(t) (5.20)

where 7, is the number of photons in the steady state pulse. For stable pulse operation the

real and imaginary parts of the eigenvalue A\g must satisfy the equations,

1 ,
G—-—+4+2X=0 (5.21)
Tp
. v
(AT 5.22
ot Tr 0 ( )

The gain G is assumed to be a decreasing function of the number of photons n, in the
optical pulsc as a result of gain saturation. The details of the relationship between G and
N, are not important for the purposes of this Chapter. However, it should be noted that
(5.21) fixes the number of photons in the steady state pulse. In semiconductor lasers, mode-
locking with pure phase modulation can be done by using an external modulator. When
pure phase modulation is used (i.e. when Ay = 0), the pulse can be at the crest or trough
of the sinusoidal modulation signal where the phase modulation has opposite signs. Using
(5.15) with (5.21) and assuming Py > 0, it can be shown that when D < 0, the threshold
gain is lower if the pulse is at the crest, and when D > 0, the threshold gain is lower if the

pulse is at the trough.
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5.3.3 Non-orthogonal Eigenfunctions

The operator O(t), in the presence of dispersion and/or phase modulation, is not Hermi-
tian (or not sclf-adjoint) and also not normal (i.e. it does not commute with its adjoint).
Consequently, the eigenfunctions of the adjoint operator Of(t). The eigenfunctions of the
operator Of(t) are complex conjugates of the corresponding eigenfunctions of the operator
o),

O (t) 4} () = At AL(1) (5.23)

The orthogonality relation is then [dt A4(t) Ag(t) o< dqr. The cross-product matrix My is
defined as,
Mg = M, = / dt A%() Ax(?) (5.24)

If the eigenfunctions were orthogonal then My, would equal 4. In Appendix D.2, it is
shown that My, depends only on the pulse chirp 8. The larger the magnitude of 3, the
larger the magnitude of My,. Therefore, the degree of non-orthogonality of the eigenfunc-
tions increases with the increase in the magnitude of the pulse chirp. When g = 0, the
eigenfunctions are all orthogonal and My, = 0s. Also, My, is non-zero only if Ai(t) and
A,(t) have the same parity (i.e. if k and ¢ are both even or both odd). Properties of the
complex Hermite-Gaussian functions, and expressions for the elements of the matrix My,
are given in Appendix D.2. The eigenfunctions Ag(¢) form a complete basis set and satisfy

the completeness relation,
) /
—t 2
>4 ,dt Ag =d(t—t) (5.25)
5.4 Solution in the Presence of Noise

5.4.1 Eigenfunction Expansion

In the presence of noise, the field operator a(t,T) can be written as a sum of a classical
field, which describes the steady state pulse, and a quantum operator which describes the

noise and also preserves the field commutation relations [34, 70],

d(t,T) = /g Ao(t) + (¢, T) (5.26)
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where,

BHT) = 0 (5.27)
B T), 91, T)] = 8-t (5.28)

The operator J(t, T') can be expanded in terms of the eigenfunctions of the operator o(t),
o0

D(t,T) = /ng > @(T) A(t) (5.29)
k=0

where ¢;,(T) is a quantum mechanical annihilation operator. The operators ¢ (T) obey the

commutation relation,

1 My,
no | Jat A0y fdt A7)

(D), (1)) = (5.30)
If the eigenfunctions were orthogonal, the terms inside the square bracket in (5.30) would
equal dx,. The operator EL(T) creates a photon in the mode A} (t) and not in the mode
Ag(t). This can be shown as follows. The temporal wave-function of the photon created by
the operator EL(T) can be obtained by looking at the probability amplitude when the state

is destroyed by {p\(t, T),

A (1)
Vo Jdt ()

P TYEUT)10) = [9(,T), 2(T)] 10) = 0) (5.31)

In many cases the quantities of interest are the pulse photon number, phase, timing, and
frequency fluctuations. If the eigenmode expansion for the operator &(t,T) in (5.29) is

restricted to only the first two eigenfunctions, Ay(t) and A;(t), then one obtains [33, 34, 70],

- 3N, - N t -
Y, T) = /no {(—;TL(—T) + jé@(T)) Ay(t) —6J(T) Bfi,}ot( ) — 76Tt AL(t)
(o]
+ { terms containing higher order eigenfunctions } (5.32)

The operators §N,(T'), 68(T), 5.7 (T), and 6Q(T) describe the pulse photon number, phase,

timing, and frequency fluctuations, respectively, and are given as follows,

SN,(T) = no&o(T) + h.c (5.33)
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56(T) = % So(T) + hec (5.34)

T (L+ B2

§J(T) = VAN ARE e(T) + h.c (5.35)
R : 213/4
50(T) = f;TS ifﬂ;l/z u(T) + hec (5.36)

The operators 5]vp(T), 86(T), 6J(T), and 6T describe only those perturbations that do
not distort the shape of the pulse. The non-zero commutation relations among the operators
SN,(T), 60(T), 6J(T), and 6Q(T), and the corresponding uncertainty relations, are given

below,

[55,(1),66(D)] =5 (1+67)""  (ARAT) (50%(T) = § (14 67) (5.37)
. 3
a0, 05) = L (14+8)" @) o) 2 L) (5.39)
If both (&1(T) & (T)) and (&](T) €} (T)) vanish then,
- 2
ey = YD) (14 ) (5.:30)

The expansion in (5.32) has been used in the literature [33, 34, 70]. The problem with the
expansion in (5.32) is that when the eigenfunctions are not orthogonal, the perturbations
given by the higher order eigenfunctions are no longer orthogonal to the perturbations de-
scribed by the first two eigenfunctions. Consequently, the operators for the pulse photon
number, phase, timing, and frequency fluctuations given in (5.33)-(5.36) are not valid, and
do not correspond to the quantities that are measured in experiments, when the eigenfunc-
tions are not orthogonal (see Section 5.9 for details). In the next Section, operators are
constructed that describe the pulse photon number, phase, timing, and frequency fluctua-

tions when the eigenfunctions of the operator O(t) are not orthogonal.

5.4.2 Pulse Fluctuation Operators

The total number of photons in the pulse at time T is given by the operator,

/ dt 3, T)(t, T) (5.40)
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The operator ANP(T) for the fluctuations in the pulse photon number can be obtained by
using (5.26) in (5.40) and keeping only the terms first order in 9 (¢, T),

Ry(T) = \/_/thO DT + hee (5.41)

The operator ABG(T) for the pulse phase fluctuations, which is also conjugate to A]\ATP(T),

is,

AO (t,T) + hec (5.42)

The commutation relation between A]V,,(T) and AO(T) follow from the commutation re-

lation between (¢, T) and o1 ', 1),
[AN(T), A8(T) | =5 (5.43)

The resulting uncertainty relation is,

(ARZ(T) (A1) = (5.44)
The operator for the pulse position in time is,
/ dt ' (t, T)t (t, T) (5.45)
It follows that the operator A.J| (T') for the fluctuations in the pulse timing is,
W(t,T) + h.c (5.46)

The operator AQ(T) for the pulse frequency fluctuations, which is also conjugate to AJ| (1),
1s,

AQ(T) f 18’40 B(L,T) + hee (5.47)

The commutation relation between AQ(T) and AJ(T) is,

~

)] = L (5.48)

No

D),
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and it implies the uncertainty relation,

(AGT)) (AP(T)) > —

A4
> 12 (5.49)

An important relation can be derived between the mean square frequency and timing fluc-
tuations by comparing (5.46) and (5.47). If ((t, T)v(t,T)) = (¢, )T, T)) = 0,

which is most often the case, then,

(AQX(T) = =L (14 8%) (5.50)

It can be shown that other than the commutation relations given in (5.43) and (5.48), all
other commutators between ANP (T), AS(T), AJ(T), and AQYT) vanish. Using the eigen-

function expansion for 1/7(25, T'), the expressions for the pulse fluctuation operators become,

ANYT) = no Y. Mok (T) + hc (5.51)
k=0
~ 1 &=
A@(T) = Z Z Moy Ek(T) + h.c (5.52)
k=0

1 - \1/2 0 R
%%ﬁiﬂ%i/—‘l kz_:o My & (T) + h.c (5.53)
i (LA

AQT) = NPT kgo My, &(T) + h.c (5.54)

Equations (5.51)-(5.54) show that when the eigenfunctions Ag(t) are not orthogonal, the
noise in all the higher order eigenfunctions contributes to the pulse photon number, phase,
timing, and frequency fluctuations. If the eigenfunction expansions for the operators AJ\Afp(T)7
AB(T), AJ(T), and AQT), given in (5.51)-(5.54), are terminated after the second eigen-
function A;(¢), then the operators §N,(T), §6(T), §J(T), and 6Q(T), given in (5.33)-(5.36),
are obtained. In Section 5.9, it will be shown that the experimentally measured pulse fluc-
tuations correspond to the operators ANP(T), AB(T), AJ(T), AQ(T) and not to JNP(T),
§O6(T), 8J(T), 8§(T). Note that only the even numbered eigenfunctions contribute to the
pulse photon number and phase noise, and only the odd numbered eigenfunctions contribute
to the pulse timing and frequency noise. In Appendix D.3, it is shown that the expansion

for the operator ¥(t,T), in terms of the operators AN,(T), AO(T), AJ(T), and AQ(T),
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can be written in a form similar to (5.32),

AN, (T) DAH(t)

BtT) = o [(T +j Aé(f)) Ao(t) = AJ(T) =22 — j AQ(T) t Ao(t)
+ { terms containing orthogonal perturbations } (5.55)

The difference between (5.55) and (5.32) is that the additional terms in (5.55) consist of
only perturbations that are orthogonal to those described by the operators ANP(T), A@(T),
AJ(T), and AS(T). In the next Section, the dynamical equations for the operators ¢ (T)

are derived.

5.5 Noise Dynamics and Excess Noise

The dynamical equation for the operator ¢x(T) can be found by substituting the eigenfunc-
tion expansion in (5.29) in the master equation (5.2), and using the eigenfunction A}(t) of

the adjoint operator O to project out the equation for & (T),

s Jdt |Fsp(t,T) + Fy(t,T)| Ax(t)
T = e e [Spﬁ—o)fdtf:;%(t) L (559
= 2k X &(T) 4 F(T) (5.57)

The commutation relations given in (5.12) and (5.13) for the noise sources, Fgp(t, T) and
Fy(t,T), preserve the commutation relations for the operators ¢ (7") during time evolution.
The equation for the operator ¢y(T') is not damped. Carrier number fluctuations (or gain
fluctuations) must be included in the model to damp the fluctuations in é&(7") and this will

be done later in this Chapter. For k # 0, (5.57) can be integrated directly to yield,
T
() = / dT" exp [2k Mo (T — T')] Fyx(T") (5.58)
—00

The expectation values for the operators ¢ (T) can be calculated using the expression above,

and for k, ¢ # 0 one obtains,

(@ (T)) = (EL(T)) = (@(T) &(T)) = (L(T) e (T)) = 0 (5.59)
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1 *
7_— (nth + TLSp) + (2]6)\0 + 2(])\0) Nsp

4 ~ o M4
(@ (T),(T)) = —— TR, {fthZ " qu(t)} (5.60)
T (o) + (2N + 20%0) (g = 1) "
o~ -~ o p »q

The terms in (5.60) and (5.61) proportional to (2kA) + 2gA\g) in the numerator can be
ignored if |\g|] < 1/7p. Since 7, is usually of the order of Tx, the condition |Ao| < 1/7, is
also satisfied if |A\g| <« 1/Tg. Since the master equation (5.2) is valid only if [\o| < 1/Tg,
these terms will be ignored in this Chapter. If the eigenfunctions were orthogonal, the
terms inside the square bracket in (5.60) and (5.61) would equal é;, and there would be no
correlation in the noise in different eigenfunctions. The expectation values (¢x(T") EL(T)) and
(EL(T )¢k (T)) are proportional to the factor 1/ | fdt A%(t)lg, which is the excess noise factor.
The excess noise factor appears as a result of the non-orthogonality of the eigenmodes and
would have been absent if the eigenfunctions Ay (t) were orthogonal. The excess noise factor
is similar to the Petermann’s K-factor that describes the excess noise in optical amplifiers
and oscillators with non-orthogonal optical modes [74, 75, 76, 77]. Readers are referred
to Appendix D.1 for a general discussion of the excess noise in linear systems with non-
orthogonal eigenmodes. It needs to be emphasized here that the excess noise does not
disappear if, instead of the eigenfunction basis, any orthonormal basis, such as the one
introduced in Appendix D.3, is used to expand the operator J(t,T ). The excess noise is
intimately tied to the non-normality of the operator O(¢) itself, irrespective of the basis set

used to study noise. It can be shown that (see Appendix D.2),

i (5.62)

|fdt,ig(t)|2 B ‘m i (W)

where Pi(.) is the k-th Legendre polynomial, and Py(z) = 1 and Pi(z) = x. The excess
noise depends on the degree of non-orthogonality of the eigenfunctions (or on the degree of
non-normality of the operator O(¢)). The larger the magnitude of the pulse chirp, the more
non-orthogonal the eigenfunctions, and the larger the excess noise.

As stated earlier, the fluctuations associated with the even numbered eigenfunctions do
not contribute to the pulse timing and frequency fluctuations. Therefore, the discussion of

the dynamical equation for the operator ¢y(7T’) is postponed, and proceed to study the pulse
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timing and frequency Huctuations in the next Section.

5.6 Timing and Frequency Fluctuations

In section 5.4.2, it was pointed out that the when the eigenfunctions are not orthogonal the
operators AJ(T) and AQ(T), and not 8.J(T) and §€(T), describe the timing and frequency
noise in an optical pulse. However, it is instructive to first look at 8.7 (T') and JQ(T). The

mean square value of 6.J(T) can be obtained using (5.60) and (5.61) with (5.35),

GPT) = 5 [@@am) + @@ am)] (5.63)
_ T [ 2ngp + (205 — 1) (220 + 200) Tp} 1
= 2n, [ (—2)\0 - 2)\6) Tp ‘fdt AIZ(t)IQ (5.64)
Msp (1+ ﬁ2)5/2
( No ) Tpwi (Am + 8 Par) (5.65)

The mean square value of 6Q(T) can be obtained from the mean square value of 6J(T)

using (5.39),

(602(T)) = @;(—ﬁ (1+6) (5.66)
Nsp (1 + ﬁ2)7/2
(E) pwh T (Apm + B Pur) (5.67)

The term 1/ ]fdt A12(t)12 = (1 + B%)%2 in (5.64) is the excess noise factor and it can be
much greater than unity when the pulse chirp § is large. In Section 5.5, it was shown
that the noise in different eigenfunctions is correlated. AJ(T) and AS(T) contain noise
contributions from all the odd numbered eigenfunctions. Therefore, one may expect that
the presence of these correlations would affect the mean square fluctuations <AL72(T )) and

(A(T)). Using (5.53), (5.60), and (5.61), (AJ%(T)) becomes,

o0
7 o~ o~ —~
A1) = 3 >0 MMy | (@(T)E(D)) + (e(T) &(T)) | (5.68)
k :
TP S My Mg Mg [2ng + (2 — 1) (2kX0 + 2¢X5) @5 69)
2no oy (=2kX0 — 207) 7 Jdt Az (t) [dt Ap*(t)
2 o0
o @)L My, Moy, Moy ! 5.70
(no Tp kéo (=2kXo — 2g05) [dt Az(t) [dt A*(t) (5.70)
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Figure 5-1: Mean square timing noise (AJ2(T')) calculated using (5.70), normalized to the
value of (8J%(T)) in (5.65), is plotted as a function of the number Ny, of eigenfunctions
used in the expansion. The perturbative expansion diverges exponentially when the pulse
chirp |B| becomes larger than 1/v/3 =~ 0.577. The steps appear because only the odd
numbered eigenfunctions contribute to the timing noise.

The first non-zero term (k = g = 1) of the series in (5.70) equals (§.J%(T)) given in (5.64).
Fig. 5-1 shows the mean square timing noise (AJ2(T')) calculated using (5.70) as a function
of the number of eigenfunctions Nyq, used in the expansion (i.e. when only terms with
k,q < Nmaz are included in the summation in (5.70)). When the magnitude of the pulse
chirp 8 is larger than 1/v/3 ~ 0.577, the series in (5.70) does not converge and diverges
exponentially. The perturbative expansion for the pulse frequency noise also diverges in
the same way. Later in this Chapter, it is shown that the perturbative expansions for the
pulse photon number noise and phase noise also diverge. The divergence of the perturbative
expansion is analyzed in detail in Appendix D.4, and it is shown that in general a series of

the form,
My, Mg Myp

2 P T A2 [ A (5.71)

where Fgi (= F,:q) decays only algebraically as k, g become large, diverges exponentially

when |3| > 1/v/3. The divergence is not physical and can be removed by an appropriate
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resumimation. In Appendix D.4, the following result is established,

> j\/[ k ]\([ k M . 9 2 Npwaz—1 . .
kqu:O ’ fdt A;Q(t) fdt AkQ(t) Nmag—+00 P k’qz:o q kp q pq

The series on the right hand side in the above Equation converges for all values of the pulse

chirp 8 as Nyqq becomes large. Using (5.70) and (5.72), one obtains,

max —1 -
(ATHT)) = ? ST M MaMy
— BV * S
2n, (1+02)%2 o2y (=2kdo~2¢05) 7
+ (2ng — 1) (2kXo + 2gA8) 75 ] (5.73)
~ (ﬁ?>———li———PmmvlAG?A%kM@l (5.74)
o /) 7, (1 +,82)3/2 gt (—2kAo — 2¢7y)

The series above converges for all values of Py;/Ap and chirp g that satisfy (5.18) to a

value which may be approximated (with less than five percent error) by the expression,

1 +,32)3/2
AFHT z<3ﬁ> ( 5.75
Fig. 5-2 shows (Aj?(T)) calculated using (5.74) and normalized to the approximate expres-
sion given in (5.75) as a function of Nyqq for Par/Apn = 3.0. The expression in (5.75) can

be written as,

1+6%)%*
ATT)) ~ o — 5.76
where 0%, given by the expression,
2 Nsp 1
=—| —5— 5.77
o4 < o ) Tp w%{ Apm ( )

is the mean square timing noise in the absence of group velocity dispersion and phase

modulation. The factor,
(1+ 38 Pym/Am)

(5.78)

captures the cffect of dispersion and phase modulation on the mean square timing jitter.
Pulse stability with respect to timing perturbations require that (1 + 8 Pas/Apr ) > 0. Using
(5.17), it can be shown that the stability condition is always satisfied for all values of D/B

and Py /A Fig. 5-3 shows (AJ2(T)), normalized to o2, plotted as a function of the ratio
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Figure 5-2: Mean square timing noise (AJ?(T)), calculated using (5.74) and normalized
to the expression given in Equation (5.75), is plotted as a function of the number Npqz
of eigenfunctions used in the perturbative expansion. The series in (5.74) converges for all

values of the pulse chirp.

D/B for different values of the ratio Pys/Ap. The corresponding values of the pulse chirp

are shown in Fig. 5-4. In the presence of dispersion and phase modulation, keeping Apr
fixed, the mean square timing noise is minimized when,

Py Py \?
465 = 9+8(AM) 3 (5.79)

In the presence of phase modulation, the minimum timing noise always occurs for a non-zero

value of the pulse chirp, as shown in Fig. 5-3 and Fig. 5-4. If pure phase modulation is used

(i.e. if Apr = 0) then,

2\3/2
(ATXT)) ~ o3 “Lg)__ (5.80)
where J?, is,
2 Ngp 1
_(Dsp - 5.81
9P ( T ) Tp w% Py ( )

In this case, pulse stability with respect to timing perturbations requires that SPy > 0
which, using (5.17), can be shown to be satisfied for all values of D/B. Fig. 5-5 shows

(AJ*(T)), normalized to 0%, plotted as a function of the ratio D/B. The corresponding
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Figure 5-3: Mean square timing noise (AJ?(T)), normalized to 0% (see Equation (5.77), is
plotted as a function of the ratio D/B for different values of the ratio Pys/Aps.

Pulse chirp

Figure 5-4: Pulse chirp 3 is plotted as a function of the ratio D/B for different values of
the ratio Ppy/Ap.
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values of the pulse chirp are shown in Fig. 5-6. In case of pure phase modulation, assuming
Py is fixed, the mean square timing noise is minimized when 3% =1 /2 (and BPy > 0).
(AQ2(T)) can be determined using the result in (5.50),

. %2
ooy = T (1 )

<@> (1+59)" (5.82)

Mo pr%%’TLl (AM—]-/@PM)

Comparing (5.75) and (5.82) with (5.65) and (5.67), it is seen that (AJ2(T)) and (AQ2(T))
are smaller by a factor (1 + 32) compared to (§J(T)) and (6Q2(T)), respectively. Since the
noise in different eigenfunctions is correlated, when contribution to the pulse timing and
frequency noise from all the eigenfunctions is taken into account, the excess noise factor is
reduced by a factor (1 + 32).

The external cavity semiconductor mode-locked laser, shown in Fig. 5-7, is considered
next for obtaining numerical results on the timing jitter. The lengths Lg and Lps of the
gain and the modulator sections are assumed to be 500 pm, and 100 pm, respectively. The
operating wavelength is 1.55 ym. The cavity round trip time Tx is 0.1 ns, and corresponds
to a cavity roundtrip frequency of 10 GHz. The value of the gain bandwidth parameter
B is such that BT = 2500 fs? [36], and this corresponds to an actual gain bandwidth of
approximately 2.0 THz. The spontaneous emission factor ng, equals 2.0. The pulse energy
R, no 1s assumed to be 0.15 pJ, and the modulation strength Aps is assumed to be 0.1/7,.
As explained earlier in this Chapter, Py equals —« Ay in gain modulated semiconductor
mode-locked lasers. Fig. 5-8 shows the root mean square (RMS) timing jitter as a function
of the dispersion parameter DT for different values of the a-parameter. Fig. 5-9 shows the
corresponding values of the pulse chirp. It can be seen that RMS timing jitter less than b0 fs
can be achieved in semiconductor mode-locked lasers at a repetition rate of 10 GHz. Lower
timing jitter can be achieved by increasing the pulse energy or by increasing the modulation
strength Aps. The pulse energy in semiconductor mode-locked lasers is limited by dynamic
gain saturation to less than 0.15 pJ for conventional waveguide structures [36]. Higher pulse
energies may be obtained by designing waveguide structures with larger mode areas. Note
that for non-zero values of the a-parameter, the minimum values of the timing jitter are
obtained at non-zero values of the dispersion and the pulse chirp. The material dispersion

in the active region of semiconductor lasers is expected to be negative, with values ranging
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Figure 5-5: Mean square timing noise (AJ2(T)), normalized to o2 (see Equation (5.81), is
plotted as a function of the ratio D/B when pure phase modulation is used.
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Figure 5-6: Pulse chirp 3 is plotted as a function of the ratio D/B when pure phase
modulation is used.
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Figure 5-7: An external cavity actively mode-locked semiconductor laser structure used in
the numerical simulations is shown. For the laser parameters, see text.
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Figure 5-8: The RMS timing jitter in an actively mode-locked semiconductor laser is plotted
as a function of the dispersion parameter DT, for different values of the a-parameter for the
laser structure shown in Fig. 5-7. The minimum jitter for non-zero values of « is obtained
at a non-zero value of the dispersion and the pulse chirp. The pulse energy is assumed to
be 0.15 pJ. The amplitude modulation strength A, is assumed to 0.1/7,.
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Figure 5-9: The pulse chirp g in an actively mode-locked semiconductor laser is plotted as
a function of the dispersion parameter DTg for different values of the a-parameter for the
laser structure shown in Fig. 5-7. The pulse energy is assumed to be 0.15 pJ. The amplitude
modulation strength Aps is assumed to 0.1/7,.

from -0.5 ps?/cm to -2.0 ps?/cm [36]. On the other hand, the material dispersion in the
SCH regions (see Fig. 2-3 in Chapter 2), where the optical energy is below the material
bandgap, is positive and can have values from 0.1 ps?/cm to 1.0 ps%/cm [81, 82, 83]. The
net dispersion DTR for the laser in Fig. 5-7 can therefore be in the range -5000 fs? to +5000
fs? depending upon the device geometry and the confinement factor of the transverse optical
mode in each region. The net cavity dispersion in a mode-locked semiconductor laser can
also be adjusted by an external dispersion compensator to achieve the dispersion required
for minimum timing jitter. The minimum timing jitter obtained this way can be less than

the worst case timing jitter by a factor between 2 and 3.

5.6.1 Spectral Densities of the Timing and Frequency Noise

—~ o~

The spectral densities Ssj(w) and Sas{w) of the pulse noise operators 6.J(T') and AJ(T),
respectively, are defined as in Appendix D.5.1. Ss;(w) can be determined by solving (5.57)
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in the frequency domain. This yields,

N _ Fi(w)

The spectral density S;;(w) follows from (5.35) and (D.58),
T S (N A (! oo oy ] & .
Ssw) = = [ [@@d)+d@ae)] 5+ @ - -w) (5.84)
L2 20+ @ngp — 1) (2h0 + 229) 5] (w2 + 220]°) (s 52>3/2(5 -
— 5 ,
210 Tp (w2 = 20%) " +w? (=220 — 247)°
2 2 2 3/2
~ (H) T W+ |220] (1+42) / (5.86)
Tlo

2
T (w2 = 20*) +w? (=200 — 2X5)°

_ (1 + ,82)3/2 Sy (w) (5.87)

As a result of the coupling between the pulse timing and frequency noise, the frequency
dependence of the timing noise spectral density is that of a second order linear system
with the damping constant equal to (—2Ag — 2Ajj) and the square of the resonant frequency
equal to 12/\0|2. Note that (1 + [)’2)3/ ? in the expression above is the excess noise factor.
The spectral density S;s(w) is defined to be equal to Sss(w) without the excess noise factor.
The spectral density Sso(w) of the frequency noise 6Q(T) equals (1 + (62) Ss(w)/T.
Using (5.53) and (D.58), the expression for the spectral density Sas(w) of the timing

o~

noise AJ(T") becomes,

,7_2 0 ny
Sarw) = T3 MMy [ (@@ &) + G @] G + @ - ulps9
k,q=0
I My, My, My
Jdt AxP(t) [dt AG>(t)

Tro s [2ngp + (2ngp — 1) (2kAo + 2gA)) 73]

<w2 + kq |2/\0|2)

X 5 (5.89)
(w2 = kg [220]) +w? (—2kA0 — 295)°
~ (M)ﬁ i My Mg Mg
no ) T Jdt Ax2(t) [dt Ag*(t)
w? + kq |22 2
y ( 220P%) (5.90)

2
(w2 = kg [220]) +w? (—2kA0 — 205)°
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The series expansion for Saj(w) above does not converge for the reasons described in the
previous Section. Below, the relation in (5.72) is used to obtain a convergent expansion for

Sas(w),

7,2 N1naa: —1

Sajw) = , Mt My MY [2ng, + (2ng, — 1) (2kXg + 2g0\5) 7,
@) = e, M Mak My [0+ (2 = 1) 0]

<w2 + kq !2/\012)

X 3 (5.91)
(w? — kg [200]*) "+ w? (=2kA0 — 20)5)°
N <%> 7_2 Nmaz:_l Mk_ll qu Ml_ql (w2 + kq [2A()|2> (5 92)
o '

2
o (L+ Y7 20 (w2 — kg [220%)” + w? (~2620 — 2045)°

Fig. 5-10 shows the timing noise spectral densities S5 ;(w), Sss(w), and Sas(w), all normal-
ized to S5 ;(w = 0), for § = 2.0 and Pps/Ap = 3.0. When only the first two eigenfunctions
are used in the perturbative expansion, the excess noise factor increases the low frequency
timing noise of the pulse by a factor (1+ ﬁ2)3/ 2 (see (5.87)). Since the noise in different
eigenfunctions is correlated, the inclusion of noise contributions from higher order eigen-
functions in Sas(w) reduces the low frequency noise and partially compensates the excess
noise. Numerical calculations show that Saj(w = 0) = (1 +,62)5/8 Sss(w = 0). When

w > |2Xg], the series in (5.92) can be summed exactly,

Sastw> o) = () T = 5,0) (5.93)

Ne ) Tpw?

The above Equation shows that when w > [2Ag|, Sas(w) becomes equal to Ss;(w) and
there is no excess noise. As explained in Appendix D.4, the excess noise results from the
non-Hermitian time evolution of the pulse noise, and therefore, at time scales much shorter
than 1/|2Xg|, or at frequencies much larger than |2)g|, the excess noise does not appear.
This is also shown in Fig.5-10. The spectral density Saq(w) of the frequency noise AQ(T)

is simply (14 32) Sas(w)/T4.

5.7 Photon Number and Phase Fluctuations

In Section 5.5, it was mentioned that the dynamical equation for the operator ¢y(7') is not

damped, and that carrier number fluctuations (or gain fluctuations) must be included in
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Figure 5-10: The timing noise spectral densities S;;(w), Sss(w), and Sas(w) are shown
for § = 2.0 and Py /Apn = 3.0. The spectral densities in the Figure have been normalized
w.r.t. the value of S5;(w) at w = 0. The frequency w has been normalized to [2Ag].

the model to determine the pulse photon number and phase fluctuations. Carrier number
fluctuations must be incorporated in the model in a way that preserves all the commutation

relations. Carrier number fluctuations introduce an additional term,

225 (1 jo) AR(T) Vi Ao(t) (5.94)

on the left hand side of the master equation (5.2). The a-parameter, as mentioned earlier,
relates the change in the imaginary part of the gain (or the refractive index) to the change
in the real part of the gain, and models the refractive index fluctuations which accompany

gain fluctuations [1]. Carrier number fluctuations affect only ¢ (7"),

15(T) _ (1=j0) \ gy, 1% [Fsp(t.T) + Fy (t,T)] A0(t) 5.9
dT — 27g4ne Vo Jdt A%(t) '
Here, 74 is the carrier stimulated emission lifetime,
1 oG
- = 5.96
Tst 8N flo ( ) )
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When the non-radiative carrier recombination time 7,, is much smaller than the pulse
roundtrip time Tg, a condition true for most semiconductor mode-locked lasers, the equation
for the carrier number fluctuations AN(T) is,

dA(Zj(T) _( 1 1)N(T)

— Ty i { |:7_i + ()\k — Ao):l Ek(T) /dt AS(t)Ak(t) + h.c}

+ Fyurp(T) + Frr(T) (5.97)

where Fy,(T') models the noise in non-radiative carrier recombination, and Fpump(T") models

the noise in the pump current. If the pumping process has shot noise then,

o~

<Fpusz(T) ﬁpump(T’)> = Rpump oT — T,) (5.98)

Rpump is the average rate at which carriers are pumped into the active region. The corre-

lation function of ﬁ‘nr(T) is,
(Fpe(T) By (T")) & Ry 6(T — T") (5.99)

R, is the average carrier recombination rate. It can be shown that (5.95) and (5.97),
together with (5.57), preserve all the quantum mechanical commutation relations for the

operators ¢(T).

5.7.1 Photon Number Fluctuations

The spectral densities Ssx, (w) and San, (w) of the photon number fluctuations 5NP(T) and
ANP(T), respectively, are defined as in Appendix D.5.1. Equations (5.95) and (5.97) are
easily solved in the frequency domain. The modulation response H (w) of the laser is defined

as 1,
2

ro (5.100)
w'go —w? + Jwy

W,

H(w) =
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where the laser relaxation oscillation frequency wy, and the modulation damping constant

v are,
1
w?, = — (5.101)
st ip
1 1
e (5.102)
8 nr

Equation (5.97) for the carrier number fluctuations is valid only if wy, and v are much
smaller than 1/Tg. The photon number noise spectral density Ssy,(w) can be found by
retaining only the terms with £ = 0 in (5.97). This preserves the equal time commutator

[eo(T), ?E(T)] The expression for Ssy,(w) is,

ne |H(W)2 — no

+ Tp [(Znsp -1) (w2 + %) i+ (w2 + 72) T?t] /14 6% (5.103)

nr

S 2
SN, (w) T (Rpy + Rmmp)

The first term is the contribution from the non-radiative carrier recombination noise and
the noise in the pump current. The second term is the noise contribution from spontaneous
emission and vacuum field fluctuations. The term /1 + 52 in the equation above is the
excess noise factor 1/| [dt Ag?(t)|2. Just as in the case of the timing noise, the spectral
density Ssp, (w) is defined to be equal to Ssn, (w) but with the excess noise factor V1432
stripped off,

Ssn, (W) 7 p2

1
— (Rnr + Rpump) + 7 {(Qnsp -1) <w2 + =

2 2 .2\ 2
—F == 104
no [HW)|2  no nr) st T (w 7 )Tst] (5.104)

SaN,(w) can be found by solving (5.57), (5.95), and (5.97),

SAN, (W) 5 2
o0
MOk qu MqO
+ (27’L _ 1) F, k(w)
P ,%;0 Jdt Az*(t) [dt A(t) " °
> Moy My Myo

+

kgm0 Jdt AZ2(t) [dt AP(t) Gi(w) (5.105)

Far(w) and Ggr(w) are expressed in terms of the functions fy(w) and gi(w) where,

fow) = 7 (ko) H@) (5.106)

nr
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go(w) = 7o (jw+vy) Hw) (5.107)

felw) = - <j::f—21k/j\’;> H(w) + (JTI_%&) k>1 (5.108)
Fuw) = 2 [1+(2kAo+200) 7] (@) @) + (@ = —w)] (5.110)
~ 2 f@)f ) + @ = —w)] (5.111)

Gap(w) = TQ [gk( )g;(w) + (w— —w)] (5.112)

The two series in Equation (5.105) diverge if the magnitude of the pulse chirp is larger than

B.. These series can be replaced by convergent series using (5.72),

SAN (w) 7'2
"np— = f ( Ror + Rpump ) |H(W)l2

(2n4p — 1) Mmaz”

e Mt My, Myt Fye(w)

m kzj_:o kO q Oq

1 Nmaz:
+ — M. Mg Mg, e k(w) (5.113)
m qu() kO q Ogq q

The expansion for San,(w) in (5.113) converges for all values of the pulse chirp 8. The two
series in the expression for San,(w) in (5.113) can be summed exactly when w ~ 0, and

one obtains,

SA_NP@ = I[:?- (Rnr +RPUT”P)

No No
(2n) — (T st ) 14 32

nr

(VI+55L + ) +VITAR-1
Vit

+7p

+ (5.114)

When w > |4)[, a simple analytical expression for San,(w), analogous to (5.93), can be
obtained,

SANP(W > [4Ag]) = §5Np(w) (5.115)
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Table 5.1: Parameter Values of a Semiconductor Mode-locked Laser Used in Fig. 5-11

Parameter Value
Pulse photon number n, 108
Pulse roundtrip time TR 0.2 ns
Pulse repetition rate 1/Tg 5.0 GHz
Pulse width 7 5.0 ps
Non-radiative recombination lifetime 7, 1.0 ns
Stimulated emission lifetime 74 1.2 ns
Laser relaxation oscillation frequency wy,/2m | 300 MHz
Damping frequency |2Xo|/27 1.8 MHz

Fig. 5-11 shows the spectral densities San, (w), S5y, (w), and Ssn,, (w) for an actively mode-
locked semiconductor laser. The values of the laser parameters are given in Table 5.1. Ry,
and Rpyump are both assumed to be zero. In semiconductor mode-locked lasers the values of
the relaxation oscillation frequency wy, and the modulation damping constant ~ are usually
much larger than the value of |2)\p| (see Table 5.1). When only the first two eigenfunctions
are used in the perturbative expansion, the excess noise factor increases the low frequency
photon number noise of the pulse by a factor /1 + 82 (see (5.103)). The inclusion of the
noise contribution from higher order eigenfunctions in Say,(w) reduces the low frequency
photon number noise and partially compensates the excess noise (see (5.114). At large

frequencies, when w > |4Xg|, San,(w) equals §5Np (w), and the excess noise disappears.

5.7.2 Phase Fluctuations

The equation for the pulse phase fluctuations 60(T) can be obtained from (5.95) using

(5.34),

20T o o 1 [Jd (Bt T) + F,(1,T)) Ao(1) )
T _QTst o AN(T) + Z \/T_l; fdt A%(t) —h.c (5.116)

The spectral density Sse(w) can be found from (5.97) and (5.116),

Sso(w) = % 77 ( Rnr + Rpumyp ) IH(W)IQ

+ (t;:) % [£+a2|H(w)P (£+T§>] m (5.117)
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Figure 5-11: The photon number noise spectral densities San,(w), S5y, (w), and Ssn,(w)
are shown for § = 2.0 and Pps/Ap = 3.0 for an actively mode-locked semiconductor laser.
The values of the laser parameters are given in Table 5.1. Ry, and Rpump are both assumed
to be zero. The spectral densities in the Figure have been normalized w.r.t. the value of
Ssn, (w) at w = 0. The frequency w has been normalized to |4\o|. The resonance peak is
due to the laser relaxation oscillations.

The factor /14 42 in the above equation is the excess noise factor 1/| fdt Ap?(t)|2. The

spectral density Ssg(w) is defined as equal to Sso(w) but with the excess noise factor

removed,
2 T 2
Sse(w) = « An (Bnr + Rpump ) |H(w)]
nep\ 1 1 9 2(1 2)}
— )} — | = H — 5.118
+(52) 7 [P (G5 + 7 (5.118)

The spectral density Sae(w) of the phase noise A©(T") comes out to be,

2
.
Spe(w) = a24p (Rnr+Rpump)|H(w>|2
o
(2ng —1) & Mok Mg Myo
—r Up(w
o oy JEAR Jae AT
1 & Moy My Mo
y— Vi (w 5.119
no ,WZ:O Jdt Az2(t) [dt A2(t) k() ( )

182



Ugk(w) and Vyi(w) are expressed in terms of the functions uy(w) and vg(w) where,

o« 2kXg + 1/7 1 1/7p .
w(w) = 5 (1 e v 21%”) H@) + 5 <T“—w J 2k-/\o) (5.120)
o (2kMo+1/7 1 1/
vp(w) = 5 <—————jw — QMOP) H(w) + 5 (F - meo) (5.121)
Ug(w) = % [1+ (260 + 2g79) 7] [uk(w) et (w) + (w — ~w)] (5.122)
= %p [uk(w)u;‘(w) + (w— —w)] (5.123)
Vop(w) = ;—” [o(w)vy (@) + (W — —w)] (5.124)

The two series in Equation (5.119) diverge if the magnitude of the pulse chirp is larger than

B3.. As before, these series can be replaced by convergent series using (5.72),

'B\L;

Sae(w) = o’ (Rnr+Rpump) |H(W)’2

4n,

(2nsp _ 1) ]\Imaz_1

S M o Ut
(e}

k,q=0
1 Nmaz41
e D My Mg Mg, V() (5.125)
ne Vv 1+ 32 hg0 q

The expansion for Sae(w) in (5.125) converges for all values of the pulse chirp 3. Analytical
cxpressions for some simple cases can now be obtained. For frequencies much smaller than

|[4)g] and the laser relaxation oscillation frequency wy,, one obtains,

Sao(w = 0) = Sso(w~0) = (nSP) M\/1+ﬂ2 (5.126)

ne ) 2Tpw?

Unlike pulse timing, frequency, and photon number fluctuations, pulse phase fluctuations at
small frequencies exhibit the full excess noise factor \/1 + 82 even when the noise contribu-
tion from the higher order eigenfunctions is included. This is because the pulse phase noise
AB(T) at small frequencies is dominated by the phase noise contribution from the first
eigenfunction since the phase noise contribution from the first eigenfunction is not damped

and executes a random walk. This phase diffusion at large time scales can be expressed in
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Figure 5-12: The phase noise spectral densities Sae(w), Sso(w), and Sse(w) are shown
for 8 = 2.0, Pyy/Anm = 3.0, and o = 3.0. The spectral densities in the Figure have been
normalized w.r.t. the value of Sso(w) at w = |4Xg|. The frequency w has been normalized
to |4Xg|. The a parameter is assumed to be zero.

the time domain as follows,

_ "N12y = _ N2y (P} 0% 2\ T
([86(T) - 26(T) %) = ([s6(T) - 20(1") ") ~ (22 ) B2 /1 2 7 - 7
(5.127)
When w > |4)], a result similar to (5.93) and (5.115) is obtained,

Sae(w > |4Xo|) = Ssp(w) (5.128)

The excess noise is absent at large frequencies. Fig. 5-12 shows the phase noise spectral
densities Sae(w), Ss0(w), and Sso(w), all normalized to Ssg(w = |4Ag]), for § = 2.0,
Pr/Ay = 3.0 and o = 3.0. The phase noise spectral density Sae(w) at small frequen-
cies shows the full excess noise factor /1 + 2. At frequencies larger than |4)g|, Sae(w)

approaches Ssg(w), and the excess noise disappears.
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5.8 Noise in the Pulses Outside the Laser Cavity

The master equation (5.2) describes the temporal evolution of a single pulse inside the laser
cavity as a function of the time variable T'. In this section, the noise in the pulse inside the
cavity is related to the noise in the pulses coming out of the cavity. The pulses coming out
of the laser cavity are more appropriately described by labeling them with a discrete index.
A brief review of the discrete time Fourier transforms and the associated noise spectral
densities is given in Appendix D.5.2. The field operator of the m-th pulse which comes
out of the laser at time T = mTg is assumed to be qg(t,m) and it obeys the commutation

relation,

[6(t,m), @ (¢, m)] = d(¢ - ¥) (5.129)

The reflected vacuum fluctuations must be included to describe the noise in the pulses

coming out of the laser cavity [86]. The photon lifetime 7, can be expressed in the form,
— = 4 — (5.130)

Here, 7, is the lifetime associated with photon loss from the output coupler and 73; is the
lifetime associated with photon loss due to all the other mechanisms. The noise operator

for the vacuum fluctuations Fy (¢,T) in the master equation (5.2) can be written as,

Fy(t,T) = Fyi(t,T) + Fyo(t, T) (5.131)

Assuming ny;, = 0, the only non-zero correlations of the noise operators ﬁVi(t,T ) and
ﬁvo(t, T') are as follows,

(Boit, T) B (¢, T')) = % 5(t— 1) 6(T — T') (5.132)

(Byo(t,T) B, (¢, T')) = ;11)— 5(t— ) 8(T — T') (5.133)

The relation between @(t, m) and qg(t, T) is,

_ Ty ~ —
b(t,m) = | =Zp(t, T = mTr) — +/TrTpo Fyo(t, T = mTR) (5.134)
Tpo
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The second term on the right hand side represents the reflected vacuum fluctuations. The
delta function (T — T') in (5.133) implies that the noise added to the pulse in diffcrent
roundtrips is uncorrelated. Therefore, the correlation function in (5.133) for equal times

must be interpreted as,

~ -~ 1
(Fyo(t,T = mTg) F} (¢, T" = mTg)) = S(t—1t) (5.135)
TR Tpo

o~

@(t,m) can also be expanded in terms of the functions Ag(t),
~ w o~
o(t,m) = \/nl Ao(t) + y/nl, > di(m) Ar(t) (5.136)
k=0

where the average photon number in the output pulse n) equals (Tr/7po)n0. (5.129) and

(5.136) give the commutation relations for the operators di(m),

~ AT 1 Jdt A A()
{dk(m)’ dq(m)] = fth;2(tq) AT (5.137)

Equations (5.134) and (5.136) give,

-~ Too  [dt Fyo(t, T = mTg) Ax(t)

dk(m) = Ek(T = mTR) — \/TL_O fdt A%(t) (5138)

It can be shown that the expression above satisfies the commutation relation for Jk(m)
in (5.137). The operators for the noise in the output pulses can be expressed in terms
of di(m) if the substitutions &(T) — di(m) and n, — n/, are made in (5.51)-(5.36). It
should be noted that the operators AJ/V;(m), AO(m), AJ(m), Af(m) and 51/\/'\;,(m), 60(m),
§J(m), 6Q(m) for the noise in the output pulscs arc functions of the discrete index m, and
the corresponding noise spectral densities ®an,(wWTr), Pae(wlr), ®as(wTk), Pa(wlk)
and @5, (WTR), Pso(wTr), Pss(WTR), Psa(wTr) are periodic functions of w with a period

27/Tg as shown in Appendix D.5.2.
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5.8.1 Timing and Frequency Fluctuations in the OQutput Pulses

o~ o~

The spectral densities @5 7(wTr) and Pa j(wTr) of the pulse timing noise 6.J(m) and AJ(m),

respectively, can be determined using the methods described in Section 5.6, and one obtains,

Ps7(wTr) = TL }o.j S (w - 2—;;@)
RS R

ro () 7 5 R (o)

+ ;;2 (1 +52)3/2 (5.139)
PAs(WTR) = %—z mj:,io Snas (w - %)
2 o
P Cht )
+ QT; (5.140)
where the function R(w) is,

R — (2% +235) (w2 + |220]%) 50

2
(02 = 120) " + w2 (=220 — 2%)?

and Ss7(w) and Sa j(w) are given by the exact expressions in (5.85) and (5.91), respectively.
The last two terms on the right hand side in (5.139) and (5.140) are due to the reflected

vacuum fluctuations. The mean square value (§.J%(m)) of the timing noise is,

7F/TR d(7 o~ 7'2 n, . 3/2
5/\2 / 2 < O> 2 .
(6J%(m)) = Tr - Os57(wTg) = (6J°(T)) + S 1— - (1 + 8 ) (5.142)

and similarly,

2 n'
(AT2(m)) = (ATX(T)) + (1 _ —0) (5.143)

2n} No

The reflected vacuum fluctuations make negligible contribution to the mean square tim-
ing noise in the output pulses when |A\g| < 1/7,. The spectral densities ®s0(wTg) and
Paq(wTr) and the mean square values ((5@2(m)) and (AQQ(m)) of the pulsc frequency

fluctuations arc related to the pulse timing fluctuations by a constant factor (1 + 8%)/ 74
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(see (5.50).

5.8.2 Photon Number and Phase Fluctuations in the OQutput Pulses

The spectral density ®sn,(wTr) of the pulse photon number noise §N,(m) can be deter-

mined using the methods described in Section 5.7, and one obtains,

Bl _ L) & Sa, (w = 2F2)
nl Tr \no/ ==, Ng
1482 120 (%) i ’H(w—27Tm> 2} (5.144)
Tr \no/) —. Tr

where Ss, (w) is given in (5.103). A simple expression can be obtained for the mean square

photon number fluctuations (5Ng (m)),

SN2 /T, o T,

ONp(m)) gy, [77" de Doy (Th) (5.145)
n’ 2 !
o ~7/Tg €T n,

i et G B

(¢} o

The second term on the right hand side is due to the reflected vacuum fluctuations and
contains the excess noise factor /14 3%2. The spectral density ®an,(wTr) of the pulse

photon number noise Aﬁp(m) is,

2
dan, (WTR) i(”_é) < SAN, (w— %;n)
n, - Tr \n, e Ne
+ 1—2m<"—3> i ‘H(w—m>2 (5.147)
Tr o/ "o Tr .

where Saw,(w) is given in (5.113). It follows from the expression above that the mean

square value (Aﬁg(m)) of the photon number fluctuations is,

Mo

(ANZ(m) _ (n) (ANZT) ( n) (5.148)

1— o
n! n n
2] (2] Q

The second term on the right hand side, which is due to the reflected vacuum fluctuations,
does not have the excess noise factor.

The spectral densities ®s0(wTr) and Pare(wTr) of the pulse phase noise 66 (m) and
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A(:)(m), respectively, are,

1 & 2rm
(1)56(WTR) = T_R Z Sso (w — -->
00

m=—00

Z 276 (w - 2”—;”” (5.149)

Pro(Wlr) = %— mf:m Sae (w - g—%?)
+ 422 {1 ( ) m;oo 278 (w — 21;2)] (5.150)

where Sso(w) and Sae(w) are given by the exact expressions in (5.117) and (5.125), respec-
tively. The last terms on the right hand side in (5.149) and (5.150) are due to the reflected

vacuum fluctuations.

5.9 Pulse Fluctuation Operators and Noise Measurements

Earlier in this Chapter it was emphasized that when the eigenfunctions of the master equa-
tion (5.2) are not orthogonal, the operators A]/V\p(T), AB(T), AJ(T), and AQT) and not
the operators 6]/\71,(’_1’ ), (5(:)(T ) 5J1 (T"), and 5Q(T), describe the pulse photon number, phase,
timing, and frequency fluctuations, respectively. In this Section, we show how the pulse

noise operators relate to the measurements of the pulse noise.

5.9.1 Photo-Detector Current Noise Measurements

The most widely used technique for characterizing the photon number and timing fluctu-
ations of pulses from mode-locked lasers is measuring the spectral density of the photo-
detector current noise [78, 79, 80, 88]. In this section, it is shown that the photo-detector
current noise spectral density is directly related to the spectral densities ®an,(wTr) and
® A 7(wTR) of the pulse photon number noise A]/V\p(m) and the timing noise AJ(m), respec-
tively, and not to the spectral densities ®sn,(wTr) and ®s;(wTr) of the noise operators

5.//\7\}7(m) and §J(m), respectively. The operator for the photo-detector current is,

Ity=e > ¢'(t—mTr,m)d(t — mTr,m) (5.151)

m—=—0o0
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where e is the electron charge, and ¢?(t, m) is the field operator for the m-th output pulse
from the laser. It is assumed for simplicity that the photo-detector has unit quantum
cfficiency and an infinitely fast response. Both these assumption do not affect the arguments

presented here. (5.151) can be written as,

I(t) = en, > A}(t—mIg)Ao(t — mTr)

m=—0C

+e\/n/g i [Ag(t—mTR)zZ(t—mTR,m)+h.c] (5.152)

m=—oQ

~

The second term in the above equation is the current noise AI(t). The spectral density
Sar{w) of the current noise is defined in terms of the symmetric time averaged correlation
function (see Appendix D.5.1),

Sar(w) :Tlggo%/_i;//Zth/_O:odt'% [(Af(t) AT(t+1)) + (AI(t + 1) Af(t))} exp (—jwt’)

(5.153)
After some algebra, (5.153) yields,
¢? 212
SAI(w) ~ T_R {(I)ANP(CUTR> + wn, ‘I’AJ(WTR)
+ Jjw 'n,,o [(I)AJ AN, (wTR) — (I)AJANP(_WTR):I } (5.154)

The spectral density Pasan, (wTR) is the discrete time Fourier transform of the symmetric
cross correlation function between AJ(m) and AN,(m). At small frequencies, Sar(w) is
proportional to the spectral density ®an, (wTR) of the pulse photon number fluctuations.
Assuming no correlation between the pulse photon number noise and timing noise, the pulse
timing noise spectral density ®as(wTg) can be obtained by measuring the current noise
spectral density near a large harmonic of the pulse repetition frequency where the photon
number noise is negligible. The timing noise spectral density ®aj(wTg) can be obtained
more reliably by mixing the photo-detector current with a signal from the same RF oscillator
that provides the active modulation for the mode-locked laser. In this case, the timing noise
is measured relative to the timing (or phase) noise of the RF oscillator. By appropriately
adjusting the phase of the signal before mixing it with the photo-detector current, the

contribution from the pulse photon number fluctuations can be removed [78, 79, 80].
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Figure 5-13: Balanced homodyne setup for measuring pulse noise.

5.9.2 Balanced Homodyne Measurements

The noise in the pulse can be measured in principle by homodyning as shown in Fig. 5-13.
The scheme shown in Fig. 5-13 can only work in practice if the noise in the local oscillator
pulses is much less than the noise in the measured pulses, and if the phase of the local
oscillator pulses remains fixed relative to the phase of the pulses being measured. Pulses
with large amplitude and envelope B(t) are used as the local oscillator in Fig. 5-13. The
local oscillator pulse shape can be tailored to project the desired pulse noise operator. It
is assumed that the local oscillator pulses are perfect coherent states and can be treated

classically. The operator for the difference current Ip(t) is,

'} . . .
Ip(t)=e Z {B*(t — mTR)®(t — mTr,m) e J0 4 B(t — mTg)®'(t — mTg, m) 635]
m=—co
(5.155)
Below, expressions for the low frequency (jw| <« 27/Tg) spectral density Sy, (w) of the

current Ip (t) are given for different cases:

B(t) = /npAo(t) and 6 =0

2

Srp(w) = ;R (nB>(I)AN (wT) + 2 ”“” Z oS @—%) (5.156)
m=—00
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2. B(t) = /nptAy(t) and 6 = 0

e?npgn!
Sy (w) ~ Ti 2 o p s (wTk) (5.157)
3. B(t) = \/np 0Ag(t)/0t and § = 7/2
e?npn,
Sip(w) =~ 7, 2an(WTk) (5.158)

5.9.3 Pulse Phase Noise Measurements

Outside the laser cavity, the phase diffusion of the pulses on long time scales follows from

(5.127),
([A6(m) — AB(n)]?) = ([66(m) - 60(n)]*) ~ De [m —n| Tr (5.159)

where the phase diffusion constant Dg is,

De = (%) % 1+ 32 (5.160)

The linewidth of the optical cavity modes, as measured by an optical spectrum analyzer, is
directly related to the phase diffusion constant Dg. The spectrum Spg4(£2) measured by

an optical spectrum analyzer is the Fourier transform of the field auto-correlation function,

Sosa()) = i /_O:Ods% [(qgf(t—mTR,m)gg(t-f-s—nTR,n))

+H@(t+ 5 = nTh,n) §'(t = mTr, m)) |

x exp {—J% [s + (m — n)TR]} exp (2 s) (5.161)

where (1, is the center optical frequency of the pulse. After some algebra, the above Equation

yields,

. DeTr
Sosa() = [Ao(Q— Q) (% [QSinh <D:;R;](2 +22 [1)‘0% . (5.162)
4
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n, s Dg
=~ Ao —Q))* | =2 5.163
2 Tr
The linewidth of the optical cavity modes is therefore equal to the diffusion constant Deg.

Note that the full excess noise factor /1 + 32 contributes to the linewidth of the cavity

modes.

5.10 Conclusion

In this Chapter, a theoretical model for the noise in actively mode-locked lasers with am-
plitude/phase modulation and group velocity dispersion was presented for the first time.
While the model presented in this paper has general applicability, it was used to model
the noise in semiconductor mode-locked lasers. It was shown that the RMS timing jitter in
semiconductor mode-locked can be controlled by a combination of group velocity dispersion
and phase modulation. Since phase modulation always accompanies amplitude modulation
in semiconductor mode-locked lasers as a result of the non-zero a-parameter, the minimum
value of the timing jitter can be controlled by adjusting the net cavity dispersion either by
a suitable waveguide design or by an external dispersion compensator. This minimum value
of the timing jitter can be less than the worst case timing jitter by a factor greater than 2.
It was also shown that semiconductor mode-locked lasers can have less than 50 fs timing

jitter at repetition rates of 10 GHz.
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Chapter 6

Noise and Correlations in
Harmonically Mode-Locked

Semiconductor Lasers

6.1 Introduction

In a fundamentally mode-locked laser the active modulation is applied at the cavity round
trip frequency, and only a single optical pulse propagates inside the laser cavity. In a
laser mode-locked at the N-th harmonic, the active modulation is applied at a frequency
N times the cavity round trip frequency, and N different optical pulses propagate inside
the laser cavity. The pulse repetition frequency is therefore N times the cavity round trip
frequency. Harmonically mode-locked lasers are attractive as sources of high repetition
rate optical pulses that can be used in electro-optic sampling, optical analog-to-digital
conversion, optical telecommunication systems, and ultra-fast optical measurements [2, 69,
79, 80, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, 100, 101]. Passive harmonic mode-locking
can also be accomplished with suitable laser cavity designs [98, 99, 100, 101].

The noise characteristics of harmonically mode-locked lasers can be much different from
those of fundamentally mode-locked lasers. The noise in different pulses inside the laser
cavity in a harmonically mode-locked laser can be correlated. The nature and origin of
these noise correlations are explained in the next Section. In Chapter 5, it was shown that

the photon number noise and the timing noise spectral density functions of mode-locked
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lasers can be obtained experimentally from the photo-detector current noise spectral density
using Von Der Linde’s technique [88]. The noise spectral density functions of fundamentally
mode-locked lasers have noise peaks at multiples of the pulse repetition frequency, and
therefore there is only one noise peak in a bandwidth equal to the pulse repetition frequency.
The noise spectral density functions of harmonically mode-locked lasers can have noise
peaks at multiples of the cavity round trip frequency in addition to the noise peaks at
multiples of the pulse repetition frequency [79, 90, 91, 96, 102, 103, 104]. Therefore, there
can be N different noise peaks in a bandwidth equal to the pulse repetition frequency.
The (N — 1) additional noise peaks have been called the supermode noise peaks in the
literature [79, 90, 91, 96, 102, 103, 104]. Each supermode consists of a set of cavity modes
separated from each other by the modulation frequency. Since the cavity mode spacing is N
times smaller than the modulation frequency, there are N different supermodes. In actively
harmonically mode-locked lasers, the phase of all the cavity modes belonging to the same
supermode are locked by the active modulation. It has been suggested in the literature that
the supermode noise peaks observed in the noise spectral density functions are related to
the beating between different supermodes [96, 102, 103, 104].

In this Chapter, a model for the noise in Harmonically mode-locked lasers is presented.
It is shown that the supermode noise peaks in the pulse noise spectral density functions
are directly related to the correlations in the noise in different pulses inside the laser cav-
ity. The nature of the correlations in the noise of different pulses inside the laser cavity
provides insight into the underlying physics. Noise in pulses in a mode-locked laser can
have contributions from several different sources, such as spontaneous emission, vacuum
fluctuations, gain fluctuations, and the RF oscillator noise (see Chapter 5). These indi-
vidual noise contributions can cause different types of noise correlations in the pulses in a
harmonically mode-locked laser. For example, the contribution to the pulse timing noise
from spontaneous emission and vacuum fluctuations is uncorrelated in different pulses, and
the contribution to the pulse timing noise from the phase noise of the RF oscillator is pos-
itively correlated in all the pulses since all the pulses in the cavity are driven by the same
active modulator. Gain competition in harmonically mode-locked semiconductor lasers can
cause negatively correlated photon number fluctuations in different pulses. In addition,
inter-cavity reflections that couple energy from one pulse to another can also cause the

noise in the pulses to become correlated. Studying the correlations in the noise of different
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pulses can therefore provide valuable information about the dynamics inside the laser. It
is also shown that the noise correlations among the pulses can be determined exactly from
the experimentally measured pulse noise spectral density functions. The information re-
garding these correlations resides in the distribution of the spectral weight among the N
different noise peaks (including the (N — 1) supermode noise peaks) which appear in the

noise spectral density functions in a bandwidth equal to the pulse repetition frequency.

6.2 Supermodes and Noise Correlations

In a fundamentally mode-locked laser, the pulse repetition rate equals 1/Tg, where Tg
is the cavity round trip time, and the cavity round trip frequency is wg = 27/Tg. In
a harmonically mode-locked laser, the pulse repetition rate is 1/Ty = N/Tg, and the
cavity round trip frequency is wy = Nwpg. This notation will be used throughout this
Chapter. The dominant sources of photon number and timing noise in mode-locked lasers
are spontaneous emission and vacuum fluctuations [33, 34]. The spontaneous emission noise,
as well as the vacuum fluctuation noise, that goes into different pulses in a harmonically
mode-locked laser are independent, and therefore the noige in different pulses is mostly
uncorrelated. Correlations in the noise in different pulses can arise in various ways, some

of which are described below:

1. Gain Dynamics: The gain recovery times in fiber and semiconductor mode-locked
lasers can be much longer than the pulse repetition times. Since all the pulses interact
with the same gain medium, the noise in different pulses can become correlated. Pulse
photon number fluctuations that are positively correlated in all the pulses are damped
effectively by the gain medium since the slow gain medium responds to the average
energy of the all the pulses. On the other hand, pulse photon number fluctuations
that are negatively correlated in the pulses, and do not affect the average power,
are not damped by the slow response of the gain medium. As a result, negatively
correlated pulse photon number fluctuations can grow causing instabilities and pulse
dropouts. Dynamic non-linearities, such as the Kerr effect in fiber lasers, can stabilize
harmonically mode-locked operation [92, 108, 109, 110]. When these dynamic non-
linearities are small, the pulse photon number fluctuations can become negatively

correlated. Numerical simulations of harmonically mode-locked semiconductor lasers
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in Ref. {111} indicate negatively correlated photon number fluctuations in the pulses

inside the laser cavity.

2. Optical Fabry-Perot Filters: Experimental results for harmonically mode-locked lasers
with optical Fabry-Perot filters placed inside the laser cavities have been reported
in Refs. {103, 112, 113]. If a high-Q Fabry-Perot filter with a free spectral range
equal to the pulse repetition frequency wy (= Nwg) is placed inside a harmonically
mode-locked laser cavity then some fraction of the noise in each optical pulse will be
transferred to the subsequent pulse because of the Fabry-Perot cavity. As a result,
the noisc in all the pulses in the laser cavity will become positively correlated. If
the free spectral range of the Fabry-Perot cavity is mwpg, where m is some non-zero
integer less than N such that N is a multiple of m, then some fraction of the noise
in each pulse is injected into the m-th subsequent pulse. Consequently, the noise in

every m-th pulse inside the laser cavity will become positively correlated.

3. Composite Cavity Harmonically Mode-Locked Lasers: Recently, experimental results
have been reported for the noise spectral densities in composite cavity harmonically
mode-locked fiber lasers in Refs. [104, 107]. In these lasers, an all-fiber Mach-Zehnder
interferometer with unbalanced arms is inserted into the laser cavity. If the difference
in the time taken by the optical pulses to traverse the two arms of the interferometer
equals mT 'y, where m is some non-zero integer less than N such that N is a multiple
of m, then some fraction of the noise in each pulse is injected into the m-th subsequent

pulse, and therefore the noise in every m-th pulse will become positively correlated.

4. RF Oscillator Noise: In actively harmonically mode-locked lasers all the optical pulses
in the laser cavity are driven by the same active modulator. The amplitude and phase
noise in the RF oscillator is typically at low frequencies. Therefore, the noise in the
pulses coming from the amplitude and/or phase noise of the external RF oscillator is
expected to be positively correlated in all the pulses in the laser cavity. This case is

considered in greater detail later in the Chapter.

The list above is not meant to be exhaustive, but only intended to provide some concrete

examples.
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6.3 Noise Spectral Density Functions and Noise Correlations

In Chapter 5, it was shown that the noise in the pulse train coming out of a mode-locked
laser is characterized by the noise spectral density functions ®aaap(wT), where {AA, AB}
stand for any one of the pulse noise fluctuations AN,, A©, AJ, and Aw, and T' is the pulse
repetition time. For convenience, it is assumed in this chapter that AN,, A©, AJ, and Aw
are classical noise variables and not quantum mechanical operators. None of the arguments
of this Chapter are affected by this assumption. T equals Tg and T in fundamentally and
harmonically mode-locked lasers, respectively. The noise spectral density functions are the
discrete-time Fourier transforms of the noise correlation functions Raaap(n) (for details

see Appendix D.5.2),
Raanp(n) = (AA(n) AB(0)) (6.1)

00
Pasnp(WT) = Z Raang[n] exp(—jwTn) (6.2)
n=—00

The discrete index n is used as a label for the n-th optical pulse coming out of the mode-
locked laser. From the definition of the noise spectral density functions in (6.2), it is obvious
that the noise spectral density functions are periodic in frequency with a period equal to
the pulse repetition frequency 27 /T, i.e. ®Paaap(wT + 27) = Pagap(WT). If the noise
spectral density functions ®aaap{wT) are known, the noise correlation functions can be

found by the inverse Fourier transform [105],

n/T dw ]
Raanpln] = T/ — Paanp(WT) exp (jwT n) (6.3)
—/T 2™

It follows from the Equation above that the mean square values, (AA?), are given as,

w/T dw
(AA?) = Raana(0) =T o Ppana(wT) (6.4)

Note that the full integration bandwidth in (6.4) equals the pulse repetition frequency
27 /T. Below, the noise correlation functions and the noise spectral density functions of

fundamentally and harmonically mode-locked lasers are discussed in detail.
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Figure 6-1: The timing noise correlation function Ra jaj(n) (normalized to the RMS timing
jitter) is plotted for the output pulses from a fundamentally mode-locked laser. Tg is
assumed to be 1 nsec. ¥Tr is 0.01l7. The RMS timing jitter is assumed to be 100 fs.

6.4 Fundamentally Mode-Locked Lasers

In a fundamentally mode-locked laser, as shown in Chapter 5, the noise spectral density
functions ®asap(wTr) have identical noise peaks at multiples of the pulse repetition fre-
quency wg (for details see Chapter 5). The width of the noise peaks depends on how fast
the noise correlation function Raaap(n) decays with |n|. As an example, the pulse timing
noise in an actively mode-locked semiconductor laser is discussed below in detail. In order
to keep the analysis simple, it is assumed that group velocity dispersion and active phase
modulation are both absent. Th effect of dispersion and phase modulation on the timing
noise in fundamentally mode-locked lasers is discussed in detail in Chapter 5. In the next
Section, the example discussed below will be modified for harmonically mode-locked lasers.
A finite difference equation for the pulse timing noise AJ(n) at any location inside the
cavity can be derived from the model discussed in Chapter 5(also see Appendix E.1 for

details),
AJ(n+1)—AJ(n) = —TrAJ(n) + F(n) (6.5)

The above Equation expresses the fact that the pulse timing noise decreases after every
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Figure 6-2: The timing noise spectral density Tr®a jas{(wTr) (note the multiplication with
Tg to conform to the units used in the literature) is plotted for a fundamentally mode-locked
laser on a linear frequency scale and on a log frequency scale. The timing noise spectral
density shown corresponds to the timing noise correlation function in Fig. 6-1. The cavity
round trip time T is 1.0 nsec. ¥Ir equals 0.017. The RMS timing jitter is assumed to be
100 fs. The spectral density has identical noise peaks at multiples of the pulse repetition
frequency wg.
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pass through the active modulator. It is assumed that v7Tr <« 1 and the pulse timing
noise does not change significantly in one round trip. In (6.5), the pulse timing noise has
been modeled by a discrete-time finite difference equation instead of a continuous-time
differential equation as in Chapter 5. It will become clear in the sections that follow that
finite difference equations are much more appropriate for describing the correlations in the
noise in different pulses inside the laser cavity in harmonically mode-locked lasers. F'(n) in
(6.5) represents the contribution from spontaneous emission and vacuum fluctuations added

to the pulse timing noise in each round trip. F'(n) has the correlation function,

(F(n)F(m)) =Dépm (6.6)

Expressions for D and « are given in Appendix E.1. The timing noise correlation function
Ragag(n) for the output pulses can be obtained directly from (6.5) and (6.6), and after a

little algebra one obtains,

D
Rasas(n) = WTh (1 —yTp)™
D
~ —YTr|n| i T
Tn e since YTr < 1 (6.7)

The mean square timing jitter is,

(AJ?) = Ragas(0) = 25& (6.8)

The correlation function Ra jas(n) is shown in Fig. 6-1 for Tg = 1.0 nsec, vTr = 0.017, and
sqrt{AJ?) = 100 fs. The timing noise spectral density can be obtained from the correlation

function using the Fourier transform relation in (6.2),

2vTr

1+ (1+9Tr)* = 2(1 — ¥Tr) cos (wTr)
(AT & 2y

Tr nzz_:oo (w—nwg)® +

Sasns(wTr) = (AT

(6.9)

5 since vIr < 1 (6.10)
As expected, the timing noise spectral density has identical noise peaks centered at multiples

of the pulse repctition frequency wg. The timing noise spectral density is shown in Fig. 6-2

for the correlation function shown in Fig. 6-1, and the values of the parameters are assumed
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to be the same as those in Fig. 6-1.

6.5 Harmonically Mode-locked Lasers: Uncorrelated Noise

In this section, it is shown that the supermode noise peaks appear in the noise spectral
density functions of harmonically mode-locked lasers when the noise in different pulses
inside the laser cavity is uncorrelated. The correlations in the noise in the pulses coming
out of the laser cavity at time scales shorter than the cavity round trip time are directly
related to the noise correlations in the pulses in the laser cavity. If the noise in the pulses
inside the laser cavity is uncorrelated, the correlation function Rasap(n) for the noise
in the output pulses is zero unless the index n is some multiple of the harmonic number
N. This is because every N-th output pulse is generated by the same pulse inside the laser
cavity after one complete round trip. This observation, without any additional assumptions,
leads directly to the supermode noise peaks in the pulse noise spectral density functions, as

shown below. From (6.2), the noise spectral density is,

o0
Paans(wlr) = Z Raanp(n) exp (—jwTn n)
n=-—oo
o0
= Y Raaas(NE) exp(—jwTrk) (6.11)
k=—oc0

Recall that the noise spectral density functions are by definition periodic in frequency with
a period equal to the pulse repetition frequency (which is wy in the present case). However,
(6.11) shows that when the noise is uncorrelated in the pulses inside the laser cavity, the
noise spectral density functions ®aaap(wTr) are periodic in frequency with a period equal
to the cavity round trip frequency wg. This implies that if the noise spectral density
functions have noise peaks located at integral multiples of the pulse repetition frequency
wn, then between any two such noise peaks there must be (N — 1) identical noise peaks
located at integral multiples of the cavity round trip frequency wg. These additional noise
peaks are the supermode noise peaks. Below, this is demonstrated explicitly for the timing
noise in a harmonically mode-locked laser.

The finite difference equation for the pulse timing noise in a semiconductor laser mode-

locked at the N-th harmonic with uncorrelated timing noise in different pulses inside the
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Figure 6-3: The timing noise correlation function Rajas(n) (normalized to the RMS timing
jitter) is plotted for the output pulses from a laser mode-locked at the tenth harmonic
(N = 10) when the timing noise in different pulses inside the laser cavity is completely
uncorrelated. The timing noise in every tenth pulse in the output is correlated. Tg is
assumed to be 1 nsec. yTg is assumed to be 0.017. The RMS timing jitter is assumed to
be 100 fs.

laser cavity is (see Appendix E.1 for details),
AJ(’II+N) — A](n) = _’YNTR AJ(’H} +FN(’I’Z) (6.12)

Note that AJ(n+N) appears on the left hand side of the above Equation. This is because in
a harmonically mode-locked laser the n-th pulse at any location in the laser cavity becomes
the (n + N)-th pulse at the same location after it goes through one complete round trip.
In essence, (6.12) is a compact way of writing N separate finite difference equations for
the timing noise in N different pulses inside the laser cavity. When N = 1, (6.12) reduces
to (6.5) for fundamentally mode-locked lasers. The noise source Fy(n) has the correlation

function,

(Fn(n) Fn(m)) = DN bnm (6.13)

Expressions for Dy and vy are given in Appendix E.1. It is assumed that yvTr < 1 and

the pulse timing noise does not change significantly in one round trip. The timing noise
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Figure 6-4: The pulse timing noise spectral density Tn®ajas(wTn) (note the multiplication
with T to conform to the units used in the literature) is plotted for a laser mode-locked
at the tenth harmonic (N = 10) on linear and log frequency scales. The timing noise
spectral density shown in the Figure corresponds to the timing noise correlation function
in Fig. 6-3. Tg is 1.0 nsec. Tn is 0.1 nsec. ynTr is assumed to be 0.01l7r. The RMS
timing jitter is assumed to be 100 fs. The timing noise in different pulses inside the laser
cavity is assumed to be completely uncorrelated and, consequently, the periodicity of the
noise spectral density is reduced from the pulse repetition frequency (10 GHz) to the cavity
round trip frequency (1 GHz). Supermode noise peaks appear at multiples of the cavity
round trip frequency. All the noise peaks are identical.
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correlation function Rasaj(n) for the output pulses follows directly from (6.12) and (6.13),

D , D
¥ (1- VNTN)In'l ~ N emINIPL i g s an integral multiple of N
RAJAJ(T),) = 2ynTRr 29nTR
0 otherwise
(6.14)
The mean square timing jitter (AJ?) is,
Dy
AJH =R = 6.15
(AJ?) = Rajas(0) T (6.15)

The timing noise correlation function in (6.14) is shown in Fig. 6-3 for a laser mode-locked at
the tenth harmonic (N = 10). In Fig. 6-3, T = 1.0 nsec, yTgr = 0.017, and /{AJ?) = 100
fs. The timing noise in the output pulses at time scales shorter than the cavity round
trip time Tx is uncorrelated. This is because the timing noise in different pulses in the
laser cavity is uncorrelated. The timing noise spectral density can be obtained from the

correlation function in (6.14) by using the Fourier transform relation in (6.2),

2> 2yNnTR
1+ (1 —ynTr)* = 2(1 - ywTg) cos (wTk)

(A7) & 29N

NTy n;m (w—nwr) + ¥

(I)AJAJ(CUTN) = <AJ (6.16)

Q

since ywIp <1 (6.17)

The above equation shows that the timing noise spectral density has identical noise peaks
at multiples of the cavity round trip frequency wgr. The noise peaks other than the ones
at multiples of the pulse repetition frequency wy are the supermode noise pcaks. The
supermode noise peaks in the timing noise spectral density are a direct consequence of the
timing noise being uncorrelated in different pulses inside the laser cavity. The timing noise
spectral density function in (6.17) is plotted in Fig. 6-4 for a laser mode-locked at the tenth
harmonic (N = 10). The values assumcd for the parameters are the same as the ones used

in generating Fig. 6-3.

Characterization of the Pulse Noise and Integration Bandwidth for the Mean

Square Fluctuations

When the noise in different pulses in the laser cavity is uncorrelated, the pulse noise spectral

density functions are periodic in frequency with a period equal to wp, and the mean square
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values for the fluctuations can be obtained by integrating ®aaa4(wTn) over a bandwidth

equal to wg instead of the full bandwidth wy,

2 wn /2 dw
(AA%) = Tn /w P Paana(wln) (6.18)
—wy
WR/2
= NTy /w p o Paana(wln) (6.19)
—wr

(6.20)

The integration bandwidth can therefore be reduced to the cavity round trip frequency wg
provided the result is multiplied by a factor of V.

As discussed in Chapter 5, the noise in optical pulses from mode-locked lasers can be
characterized by measuring the spectral density of the photo-detector current noise. In
Chapter 5, it is shown that the photo-detector current noise spectral density Sarar{w) is

related to the pulse noise spectral densities ®an,an, (WIn) an @aja J{wTn) as follows,

2

€
Sarar(w) = T {‘I)AN,,AN,, (WTN) + > ®asas(wTn)
+ jwn, [Pasan, (WIN) — @asan, (—wTN)]} (6.21)

The mean square value for the pulse photon number fluctuations can be determined from
the experimentally measured photo-detector current noise spectral density Sarar(w) by
integrating over a bandwidth equal to wy near w = 0 where the contribution from the pulse

timing fluctuations is expected to be small,

(AN]) [measured] /“’N/2 dw Sarar(w) (6.22)
n!?  Jowny2 27 I? ’
wr/2 dw Sarar(w)
= _— " 2

where I is the average photo-detector current and equals en,,/Ty. Assuming that the pulse
photon number fluctuations make small contributions to Sarar(w) near a large harmonic
number m of the pulse repetition frequency, the mean square value for the pulse timing

fluctuations can be determined as follows,

(m+1/2)w
(AJ?) [measured] = / Y odw Sararlw) (6.24)
(

m—1/2)wn 5; (w 1)2
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mwy+wr/2 dw SAIAI(W)

= N
Jmwy-wpr/2 2m (UJ [)2

(6.25)
The supermode noise peaks have been largely ignored in the literature. To the best of
the author’s knowledge, all the experimental results presented in the literature for the
mean square photon number and timing noise of pulses in harmonically mode-locked lasers
have left out the contribution to the mean square fluctuations from the supermode noise
peaks [79, 90, 91, 93, 94, 97]. When the noise is uncorrelated in different pulses inside the
laser cavity, (6.23) and (6.25) show that ignoring the contribution from the supermode noise
peaks gives mecan square fluctuations that are less than the correct values by a factor of N.
The procedure for determining the mean square pulse fluctuations by integrating only over
a bandwidth equal to the cavity round trip frequency wgr and multiplying the result by N
Is justified only if all the noise peaks are identical. The noise peaks are not identical when

the noise in different pulses in the laser cavity is correlated.

6.6 Harmonically Mode-Locked Lasers: Correlated Noise

In the previous section, it was shown that the noise spectral density functions can have N
noise peaks in a bandwidth equal to the pulse repetition frequency wy. When the noise in
different pulses in the cavity is uncorrelated, all the N noise peaks are identical and have
the same spectral weight. Here, it is shown that the spectral weights of the different noise
peaks are modified when the noise in different pulses is correlated. As mentioned earlier,
the noise correlation function Rasag(n) for the output pulses at time scales shorter than
the cavity round trip time (i.e. for |n| < N) is a good measurc of the noise correlation in

pulses inside the laser cavity. For [n| < N, Raaap(n) given by (6.3) can be approximated

as,
wi /2 dw
RAAAB(TL) = TN/ - ‘I)AAAB(LUTN) exp(ijNn) (6.26)
wn/2 2T
N— (p+3)wr
~ Z exp (3277—71) TN/ ’ = SaanB(WIN)
- (p—Hwr 2m
N-1 p
= Raaaglo] Z WX anp €XD (jQwYV-n)
p=0
= Raaag[0] Casan(n) (6.27)
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where WX , A 5 is the spectral weight of the p-th noise peak,

(p+l)“-’R dw
/( ’ o DPaanp(WIn)

p-wr 2
Wiaas = wi,/g dio (6.28)
/ — ®aaaB(wWin)
—wn/2 2T
and,
Conap(n) = Fasas(®) Nf W2 e ('2 P ) for [n] < N (6.20)
n) = = X T™T——"n T | .
AAAB Rasnsl0] = AAaB FXPJET 5

In deriving (6.27), it is assumed that the complex exponential function in (6.26) is slowly
varying with frequency and can be set equal to its value at the center frequency of each noise
peak. This approximation is valid for small values of the index n provided the width of each
noise peak is much smaller than the separation wg of the noise peaks. For most fiber and
semiconductor mode-locked lasers this approximation is well justified [79, 80, 90, 91, 93, 94,
97). The function Ca aap(n) defined above describes the correlations in the noise in different
pulses inside the laser cavity. Caaag(n) satisfies the relations —1 < Casap(n) < 1 and
Caanp[n + N} = Caaap(n). The value of Casap(n) gives the correlation, on a scale
from —1 to 1, in the noise of any two pulses in the cavity that are separated by (n — 1)
other pulses. Since the pulse noise spectral densities can be determined experimentally
by measuring the spectral density of the photo-detector current noise, the correlations in
the noise in different pulses inside the laser cavity can be determined using the result in
(6.29). The result in (6.29) shows that Caaap(n) is equal to the Fourier transform of the
spectral weight of all the N noise peaks in ®aaap(w) in a bandwidth equal to the pulse
repetition frequency wy. The following results can be obtained from this Fourier transform

relationship :

e Noise peaks in the spectral density near multiples of wxn will have larger spectral
weight if the noise in all the pulses in the laser cavity is positively correlated. As
a special case, suppose that the spectral weights of all the supermode noise peaks
in ®aaap(wTy) are negligible, and only the noise peaks at multiples of the pulse
repetition frequency wy have all the spectral weight. It follows from (6.29) that
Caanp(n) = 1 for all values of the index n, and the noise is completely positively

correlated in all the pulses in the laser cavity.
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e Noise peaks in the spectral density near odd multiples of wy /2 will have larger spec-
tral weight if the noise in the neighboring pulses inside the laser cavity is negatively
correlated. For example, suppose that N is even and the supermode noise peaks at
odd multiples of wy /2 have all the spectral weight. In this case, Caaap(n) = (=1)?

and the noise is completely negatively correlated in the neighboring pulses.

e If all the noise peaks in the spectral density have the same spectral weight, then
Caaap(n) = 1 for n = 0, and Caaap(n) = 0 for 1 < |n] < N, and the noise is
uncorrelated in different pulses inside the laser cavity. This case was also discussed in

the last section.

In Ref. [104], experimental results were reported recently for the pulse noise spectral den-
sities of composite cavity harmonically mode-locked fiber lasers. In these lasers, a fraction
of each pulse can be injected into the m-th subsequent pulse by an all-fiber Mach-Zehnder
interferometer with unbalanced arms placed inside the laser cavity. This is expected to
positively correlate the noise in every m-th pulse in the cavity. The noise in any two pulses
that are not separated by (m — 1) other pulses is expected to remain uncorrelated. When
the spectral weights of the noise peaks given in Fig.7 in Ref. [104] for different values of
m are used in {6.29), the resulting correlation functions Caaap(n) confirm these expected
noise correlations.

In the last Section, a model for the timing noise in harmonically mode-locked semi-
conductor laser was presented for the case when the timing noise in the pulses inside the
laser cavity was uncorrelated. In this Section, the contribution to the pulse timing noise
from the phase noise in the RF oscillator is included. It is shown that since the noise
contribution from the RF oscillator is completely positively correlated in all the pulses in-
side the laser cavity, this noise contribution shows up in the timing noise spectral density
only in the noise peaks located at multiples of the pulse repetition frequency Qx and not
in the supermode noise peaks. On the other hand, the contribution to the timing noise
from spontaneous emission and vacuum fluctuations is uncorrelated in different pulses in-
side the laser cavity and shows up equally in all the noise peaks (including the supermode
noise peaks). The electrical signal from the RF oscillator is assumed to be proportional to

cos [wy (t — AT(t))], where AT(t) is the timing noise in the RF oscillator. AT(t) is assumed

209



to have the correlation function,
(AT(t) AT () = o pe It (6.30)

which implies that the mean square timing noise of the RF oscillator cquals a% r, and the
bandwidth of the RF oscillator noise equals x/27 Hz. Typically, the phase noise in RF
oscillators is mostly at low frequencies [80], and therefore k < Qg and the contribution to
the pulse timing noise from the phase noise of the RF oscillator is expected to be positively
correlated in all the pulses inside the laser cavity. The discrete-time noise variable AT'(n)
is defined as equal to AT(t = nTy).

In order to study the correlations in the noise in different pulses, the noise in all the
pulses must be included in the model. The finite difference equations for the timing noise
introduced earlier are most suitable for this purpose, and allow the noise in all the pulses
to be taken into account in a relatively straightforward way. In the presence of phase noise

in the oscillator, the finite difference equation for the pulse timing noise become,
AJ(n+ N)—AJ(n) = —ywTr AJ(n) + yWTr AT (n) + Fn|n] (6.31)

The above equation is identical to (6.12) except for the term with AT'(n). The form of
this new term follows from the fact that the pulse cannot be affected by the modulator if
AT(n) equals AJ(n). It is difficult to solve (6.31) directly but it can easily be solved in
the frequency domain using the discrete-time Fourier transform [105], and one obtains the

following expression for the pulse timing noise spectral density,

Pasns(Wln) = : {DN
[1 + (1 — ’)/NTR)2 -2 (1 - 'YNTR) cos (UJTR)}

2 2 _ ,—2kTyN

+ ok ViR (1 —e) (6.32)

[1+ e=2°IN — 2e=#IN cos (wTy)]
C LS hw [l Dy)

TN n=——0o0 (w - nwlf)2 + 712\/ N 27NTR

2 o0
YN ORp 2k
+— (6.33)
2 p=—00 (w_pr)2+’i2:|
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The first term in the square brackets in (6.33) represents the timing noise contribution
from spontaneous emission and vacuum fluctuations, and it is identical to the expression
given earlier in (6.17). Since the timing noise from spontaneous emission and vacuum
fluctuations is uncorrelated in different pulses inside the cavity, its contribution to the timing
noise spectral density results in identical noise peaks at multiples of the cavity round trip
frequency wg. The second term in the square brackets in (6.33) is the noise contribution
from the phase noise of the RF oscillator. The noise contribution from the oscillator results
in noise peaks at multiples of the pulse repetition frequency wpy. Since it has been assumed
that £ < wg, the phase noise from the RF oscillator does not contribute to the supermode
noise peaks. From the discussion above, it follows that the noise contribution from the
RF oscillator is completely positively correlated in the pulses inside the laser cavity. This
conclusion can be easily tested experimentally by comparing the supermode noise peaks
in the timing noise spectral density to the noise peaks at multiples of the pulse repetition
frequency. If x < vy, (6.33) gives the expected result for the mean square timing jitter
upon integration,
Dy 9

2\ _

The first term on the right hand side of the above equation is the mean square timing
noise contribution from spontaneous emission and vacuum fluctuations. Fig. 6-5 shows the
timing noise spectral density for a laser mode-locked at the tenth harmonic (N = 10). The
parameter values used in generating these Figures are as follows: Tr = 1.0 nsec, Ty = 0.1
nsec, YNTr = 0.017, kKTr = 271075, and opp = 50 fs. The RMS contribution to the timing
noise from spontaneous emission and vacuum fluctuations is assumed to be 100 fs. Fig. 6-5
shows that the contribution to the timing noise from the phase noise of the RF oscillator
does not appear in the supermode noise peaks.

The spectral weights WX | ;, defined in (6.28), of the noise peaks can be determined for
all the N noise peaks in a bandwidth wy for the spectral density given in (6.33). Assuming

as before that £ < vy, one obtains,

if p =0 i.e. for the noise peaks at multiples of wy
(6.35)

)
‘]v—%nglw if 1 <p< (N —1)i.c. for all the supermode noise peaks
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Figure 6-5: The pulse timing noise spectral density Tv®asas(wTn) (solid line) is plotted
for a laser mode-locked at the tenth harmonic (N = 10) in the presence of timing (or phase)
noise in the RF oscillator (dashed line) on linear and log frequency scales. Tg is 1.0 nsec.
Tw is 0.1 nsec. ywTr and xTr are assumed to be 0.017 and 2m107°, respectively. The RMS
timing jitter in the RF oscillator is assumed to be 50 fs. The RMS timing jitter contribution
from spontanecous emission and vacuum fluctuations is assumed to be 100 fs. The increased
noise in the noise peak at w = 0 is due to the phase noise of the RF oscillator. The Figure
shows that the noise contribution form the RF oscillator does not appear in any of the
supermode noise peaks. All the supermode noise peaks are identical.
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Figure 6-6: The timing noise correlation function R sa j(n) (normalized to the RMS timing jitter)
for the output pulses is shown for a laser mode-locked at the tenth harmonic (N = 10) in the
presence of phase noise from the RF oscillator. The correlation function corresponds to the timing
noise spectral density shown in Fig. 6-5. The timing noise in all the pulses inside the laser cavity is
positively correlated, and therefore the timing noise in the output pulses is correlated at time scales
shorter than the cavity round trip time.

The correlation function Cajas(n), defined in (6.29), for the timing noise in different pulses
inside the laser cavity can be obtained from the spectral weights of the noise peaks given

above, and one gets,

1 ifn=20
02 .
aﬁj% if1<|n]<(N=-1)

Casas(n) = (6.36)

This implies that the correlation in the timing noise in different pulses inside the laser cavity
is 0%/ (AJ?). The timing noise correlation function R ya7(n) for the output pulses can be
obtained from the spectral density in (6.33) by using the inverse Fourier transform relation
in (6.3). Fig. 6-6 shows the correlation function Rajas(n), calculated numecrically, that
corresponds to the noise spectral density shown in Fig. 6-5. The correlation function shows
that the timing noise is positively correlated in the output pulses at time scales shorter
than the cavity round trip time Tg. The degree of positive correlation is given by the ratio

0% r/(AJ?), which for the values used in Fig. 6-6 equals 502//1002 + 502 = 0.2.
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Characterization of the Pulse Noise and Integration Bandwidth for the Mean

Square Fluctuations

Since the pulse noise spectral density functions ®asap(wIn) are not periodic in frequency
with a period equal to 1g when the noise in the pulses inside the laser cavity is correlated,
the mean square value of the fluctuations can only be determined if the noise spectral density
functions ®aana(wTy) are integrated over the full bandwidth equal to wy. It follows that
the mean square values of the pulse energy and the timing fluctuations can be determined
from the experimentally measured photo-detector current noise spectral density Sarar(w)
using (6.22) and (6.24). It should be noted that (6.23) and (6.25) do not hold when the

noise in different pulses in the laser cavity is correlated.

6.7 Conclusion

The noise in different pulses inside the laser cavity in harmonically mode-locked lasers is in
general correlated, and these noise correlations were shown to be related to the distribution
of the spectral weight among the supermode noise peaks in the pulse noise spectral density
functions. Models for the timing noise in harmonically mode-locked semiconductor lasers
were presented that demonstrated the relationship between the supermode noise peaks and
the correlations in the noise of different pulses. Methods to determine the noise correlations
from the photo-detector current noise spectral density were also presented. Most experi-
mental results on the noise in harmonically mode-locked lasers that have appeared in the
literature have ignored the rich information content in the supermode noise peaks. The
analysis presented in this Chapter clearly shows the importance of the supermode noise

peaks in understanding the noise dynamics in harmonically mode-locked lasers.
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Chapter 7

Conclusions

Theoretical models for the noise and dynamics in different types of semiconductor lasers
were presented in this thesis. The main focus was on semiconductor cascade lasers and
semiconductor mode-locked lasers. Although noise processes and dynamics in continuous
wave and mode-locked semiconductor lasers are of entirely different character, Langevin
rate equations were used to model the noise in both types of lasers. In Chapter 4 and
Appendix C.1, it was shown that the current noise in electron transport by sequential
tunneling in multiple quantum well structures can also be described by Langevin equations.
The Langevin equation formalism is the simplest way to analyze fluctuations in systems
whose dynamical equations can be linearized around a stable operating point and this was
true for all the systems considered in this thesis. The wide range of applicability of the
Langevin equation formalism makes it a powerful tool to analyze fluctuations in physical
systems.

In this thesis, theoretical models for the current noise and the photon noise in semi-
conductor cascade lasers were developed and experimentally verified. The modeling of the
photon noise in semiconductor cascade lasers required detailed modeling of the current noise
in semiconductor lasers. A theory for the current noise in conventional interband semicon-
ductor lasers was developed in Chapter 2. It was shown that the modulation bandwidth
of semiconductor lasers can be determined in a non-optical way by measuring their current
noise spectral density. The theory for the current noise and photon noise in semiconductor
interband cascade lasers was developed in Chapter 3. In cascade lasers, photon emission

events in different gain sections were found to be positively correlated. A theory was devel-
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oped for the photon noise correlations in multiple cavity cascade lasers and parallel laser
arrays, and the experimental results were found to agree well with the theoretical models.
The positive correlations in photon emission in cascade lasers result in increased noise in the
laser output power. It was shown that in all different types of semiconductor cascade lasers
the increased photon noise can be expressed in terms of a scaled external circuit impedance.
In Chapter 4, a model for the current noise and the photon noise in intersubband quantum
cascade lasers was presented. As in interband cascade lasers, the scaling of the photon noise
with the number of cascade sections in quantum cascade lasers can be expressed in terms of
a scaled external circuit impedance. Small electron non-radiative lifetime compared to the
differential stimulated emission lifetime, and the fact that the contribution to the photon
noise from the non-radiative electronic transitions keeps increasing beyond laser threshold,
make photon number squeezing difficult, if not impossible, to achieve in quantum cascade
lasers.

The results of the work on the photon noise in cascade lasers presented in this thesis show
that in both interband and intersubband cascade lasers the increase in the photon noise due
to the positive correlations in photon emission in different gain sections is not large enough
to overwhelm the improvement in the noise figure of an RF optical link obtained as a result
of the increase in the laser differential quantum efficiency. Recall from Chapter 1 that the

noise figure NF of an RF optical link is given by the expression,

Ng
NI =101 1 7.1
ng( + GN@‘) (7.1)

where the link gain G is proportional to the square of the laser differential quantum effi-
ciency. In a link employing a cascade laser, the link gain is proportional to the square of
the number N of cascade sections. The noise N, added by the link contains contribution
from the laser noise and the link loss. In Chapter 3 and Chapter 4, it was shown that the
increase in the laser noise with the number of cascade sections is negligibly small when the
circuit impedance Z, is much larger than the impedance of the cascade laser, i.e. when
Zs >» NZ, where Z is the impedance of a single cascade section. In this case, the added
noise N, is expected to be dominated by the link loss, and the link noise figure is expected
to increase with the number of cascade sections.

The current noise and the photon noise in semiconductor cascade lasers has so far not
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been measured experimentally. An important addition to the work presented in this thesis
would be the measurement of the noise in different types of cascade lasers and the verification
of the scaling relations for the current noise and the photon noise described in Chapter 3
and Chapter 4.

The theory for the noise in semiconductor mode-locked lasers was presented in Chap-
ter 5. In contrast to the previous work in this field, the theoretical model presented in
this thesis was fully quantum mechanical and took into account group velocity dispersion,
active phase/amplitude modulation, and pulse chirp in a self-consistent way for the first
time. It was shown that in the presence of group velocity dispersion and/or active phase
modulation the pulse is chirped and has excess noise. The excess noise is related to the
degree of non-normality of the pulse roundtrip operator that describes the time evolution
of the pulse fluctuations. The contribution of the work presented in this thesis to the field
is significant since in most semiconductor mode-locked lasers the roundtrip operator is not
normal, and the pulse is highly chirped, because of group velocity dispersion and active
phase modulation that accompanies active amplitude modulation as result of the carrier
density dependent refractive index (i.e. non-zero a-parameter) in semiconductors. The
pulse amplitude, phase, timing, and frequency fluctuations were described by constructing
quantum mechanical operators. It was shown that when the roundtrip operator is not nor-
mal the pulse fluctuation operators contain noise contributions from all the higher order
eigenfunctions of the roundtrip operator. The results obtained from the theoretical model
developed showed that the pulse noise is significantly affected by the magnitude of the pulse
chirp. Design schemes to achieve less than 50 fs RMS timing jitter in semiconductor mode-
locked lasers were also presented. It was shown that in the presence of phase modulation
the minimum timing jitter is obtained for a non-zero value of the group velocity dispersion
and the pulse chirp.

The theoretical model developed in this work ignored dynamic non-linearities, such as
dynamic gain/loss saturation and dynamic self-phase modulation. The main problem in
modeling noise in the presence of non-linearities is that the higher order eigenfunctions for
the linearized roundtrip operator are not readily available and are also difficult to compute
numerically. Approximate results for the pulse timing noise in the presence of dynamic
gain/loss saturation but ignoring group velocity dispersion, active phase modulation, and

dynamic self-phase modulation were presented in Appendix E. More theoretical work is
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required to take into account the non-normal character of the linearized roundtrip operator
in the presence of dynamic non-linearities. Although the calculated values of the pulse tim-
ing noise in semiconductor mode-locked lasers agree well with the experimental results that
have been reported in the literature, the exact relationship which follows from the theoret-
ical model between the pulse timing noise and the cavity dispersion, the phase modulation
strength, and the pulse chirp remains to be verified experimentally. Experimental work
geared in this direction can also form the basis for future work.

In Chapter 6, the noise in harmonically mode-locked semiconductor lasers was discussed.
The supermode noise peaks experimentally observed in the photo-detector current noise
spectral density were related to the correlations in the noise in different pulses inside the
laser cavity. It was shown that the correlations in the noise of different pulses inside the laser
cavity can provide valuable information about the dynamics and the inter-pulse interactions
inside the laser cavity. Although many results presented in Chapter 6 agree well with
the experimental results obtained in the literature, a full understanding of the inter-pulse
interactions and noise correlations in harmonically mode-locked lasers is still lacking and

the field remains wide open for future explorations, both theoretical and experimental.
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Appendix A

Appendix: Chapter 2

A.1 Noise Spectral Densities and Fano Factors

The noise spectral densities Ky(w) and Kp(w) for the current noise and the photon noise,

respectively, can be computed as follows,

Ki(w) = [ G5 1) Sl — ) (A1)
K@) = [ 2 (5P () Pl o)) (A.2)

Since all the Langevin noise sources are delta correlated in time domain, they will also be
delta correlated in frequency domain, and therefore the fluctuations 81.,; and § P,y in the
current and the output power, respectively, will be also be delta correlated in time and
frequency domains.

The Fano Factors Fr{w) and Fp(w) for the current noise and the intensity noise, respec-
tively, are defined as the ratios of the actual noise spectral densities to the noise spectral

densities of shot noise, and are given by the relations,

Kr(w) Kp(w)
F = d F = — A
) = 4 an P) = o (A3)
The Relative Intensity Noise (RIN) is defined as,
K
RIN = 10 log,, [—52(—“’2} (A.4)
out
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A.2 Elements of the Matrix D

Above the laser threshold, the non-zero elements of the matrix D in (2.26) are given below,

1 1
Di=jw+—+4+— (A5)
Te Tl
1
Dijg=—— (A6)
Te
Di3=0 (A7)
1
Do = —— (A.8)
. 1 1 1
D22:]w+7_—+'7j—+T—t‘ (A9)
e nr s
1
Doy = — (A.10)
Tp
Dsi =0 (A.11)
1
Dy = — (A.12)
Tst
D33 = jw (A.13)

A.3 Elements of the Matrix D!

Above the laser threshold, and for frequencies less than the inverse of the carrier capture

time 7., the elements of the matrix D! are given below,

N
Dy = . [(fg) iy (14 2+ 2 - 1] m H(w) (A14)
D= - (2) Znso (A5

R e
D13 = 74t (%) i H(w) (A.16)
Dy = - (%) i H(w) (A.17)
R

Dy = — (i‘%) H(w) (A.18)



Dos = 75t H(w) (A.19)

Dj3; = Tp 17i H(UJ) (AQO)
D32 =Tp H(w) (A21)
. 1 1 1-n1H
Dys = — |juw+ 4 4+ 4 L] H) (A.22)

Tnr Tst Te Wg
where the current injection efficiency 7;, the modulation response function H(w), and the

relaxation oscillation frequency wg are given in (2.5), (2.35), and (2.36), respectively.

A.4 Fabrication of Polyimide Planarized InGaAsP /InP Ridge-

Waveguide Lasers
A.4.1 Etch Mask Deposition
1. Coat HMDS (either in an HMDS oven or by spin coating).
2. Spin coat AZ5214 image reversal photoresist at 6000 rpm for 40 seconds.
3. Softbake for 30 minutes at 90 °C in a convection oven.
4. Expose using KS2 MA4 aligner for 25 seconds.

. Bake on a hot plate at 120 °C for 60 seconds.

(&2

6. Flood expose using KS2 MA4 aligner for 180 seconds.
7. Develop for 60 seconds using AZ 422 MIF developer; rinsc in DI water for 20 seconds.

8. Descum using Oy RIE at flow rate of 15 scem and 10 mTorr chamber pressure for 30

seconds.
9. Etch with BOE (or HF) for 10 seconds; rinse in DI water for 30 seconds.
10. E-beam evaporate 2000 A of Titanium.

11. Liftoff using Acetone; rinse in DI water.

221



A.4.2 Dry Etching InP/InGaAs/InGaAsP

1.

RIE etch InP (or InGaAs or InGaAsP) using a mixture of Hy:CH4:02 with flow rates
in the ratio of 20:20:2.5 sccm, 400 DC bias (90-120 Watts RF power), and 5 mTorr
chamber pressure. Etch rate is approximately 500 A/min. Additional details can be

found in Ref. [55].

A.4.3 Polyimide Coating and Planarization

1.

Deposit 800 A to 1200 A thick layer of SiOs.

Spin coat Dupont polyimide adhesion promoter VM652 at 4000 rpm for 40 seconds.

. Bake on a hot plate at 120 °C for 2 minutes.

. Spin coat Dupont polyimide PI2560 at 6000 rpm for 60 seconds. Multiple coatings

may be required to achieve planarization. After each coating bake for 30 minutes at

170 °C in a convection oven.

. If a coating gets contaminated, or deformed, strip coating using hot NMP, bake on

hot plate 120 °C for 2 minutes, and then coat again.

Cure the polyimide by heating in a Nitrogen oven at 380 °C for 20 to 30 minutes.
The temperature in the oven must be increased at a rate below 5 °C/min to avoid

building stresses in the polyimide film.

RIE etch the polyimide using a mixture of O:CF4 with flow rates in the ratio of
15:2 scem, and 10 mTorr chamber pressure. Determine when planarization has been
achieved by examining the sample under a microscope periodically while etching.

When nearing completion turn off CF'4 which etches SiOs.

. Remove the SiO2 layer by ctching with BOE (or HF) for 15 seconds; rinse in DI water

for 30 seconds.

A.4.4 Making Ohmic Contacts

1.

Do photolithography on top of the polyimide film using AZ5214 image reversal pho-
toresist as explained in Section A.4.1 above. Do not use HMDS when doing pho-

tolithography on a polyimide film.
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. Descum using O, RIE at flow rate of 15 sccm and 10 mTorr chamber pressure for 20

seconds.

. Etch with BOE (or HF) for 10 seconds; rinse in DI water for 30 seconds.

E-beam evaporate 50:150:2000 A of Ti:Pt:Au to make the top p-side ohmic contact.

. Lap the back side of the sample to reduce the sample thickness to 100 pm.

. Etch the back side with BOE (or HF) for 10 seconds; rinse in DI water for 30 seconds.

E-beam evaporate 50:100:500:900:300:2000 A of Ni:Au:Ge:Au:Ni:Au to make the back

side ohmic contact.

RTA (Rapid Thermal Anneal) the sample in Nitrogen at 380 ° for 30 seconds.
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Appendix B

Appendix: Chapter 3

B.1 Elements of the Matrix D for a Split Waveguide Laser

Above the laser threshold, the non-zero elements of the matrix D in (3.40) are given below,

. 1 1
Dy=jw+—+—
Te T

1
Da3 = —
Tp
1
D3 = —
Tst
D33 = jw
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Appendix C

Appendix: Chapter 4

C.1 Langevin Equations and Current Noise in Electron Trans-
port by Sequential Tunneling in Resonant Tunneling
Diodes

In this Section, it is shown that classical Langevin rate equations can be used to describe
the noise in electron transport by sequential tunneling in double barrier resonant tunneling
diodes (RTDs). In Refs. [26, 27, 28] it is shown via fully quantum mechanical and clasical

master equation approaches that the current noise spectral density in RT'Ds is given by the

formulas,
2 +1?
Ki(w <« Ty, TR) = el —&——£_ C1
I( L R) ext (FL I FR)2 ( )
and
C% + C%
Ki(w>Tp,Tg)=elpy —L——F_ C.2
1( . Tr) t(CL+CR)2 (C.2)

where I'j, and ' are the electron escape rates from the well into the left and right leads,
respectively (see Fig. C-1), and Cf and Cp arc the capacitances of the left and the right
barriers, respectively. (C.1) and (C.2) can be derived using Langevin rate equations. The

Langevin equation for the fluctuation dV in the carrier number in the quantum well is,

dSN  8I,  6lp
& e e (©3)
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— 5y —m >

P
51 ext

e v, biasing voltage
source RTD l

Figure C-1: Current noise model for a double barrier resonant tunneling diode.

where the currents §I7, and 61k through the left and the right barriers, respectively, are as

follows,
I
%=GR6%+5NFR+FR (0.5)

Here, F;, and Fg are the Langevin noise sources that describes the noise in electron tunneling
in the left and the right barriers, respectively, and have the following correlations at small

temperatures,

(FL(t) Folt')) ~ { Fr(t) Fa(t)) ~ *6(t — ¢) (C.6)

[

The potential drops 6V, and §Vg across the left and the right barriers, respectively, are,

Cr edN

oV = —"""— OV — ——— C7
L= 1CL+Cr) (CL + Cr) (€.1)
Cr, edN
Vp=———4V4+ ———— C.8
R=(CL+Cp) (CL + Cr) (C8)
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The current 0/, in the cxternal circuit is,

dévy

Iyt =1 C.9
t=1L+CL 7 (C.9)
The constraint imposed by the external circuit is,
0V, — 6V
8
The above set of equations can be solved to give
Vs Z(w)
0leqr = or C.11
T L@+ ) "z + 2w ) ey
where §I{(w) is given as,
. Cgr . CL
SI(w) Fy (Jw—é— + F’R> + I (ij + F'L) o)
e jw+ T + T -
and Z(w) is the impedance of the RTD and is given by the expression,
_ cLC _ CrCr C% C? Cr Cy,
1 (jw)? LCR-Hw (I, +TR) G +GL~C—§+GRC—§ +F,LGL?+F}2GR?
Z~ =
@) jo+ T, +17
(C.13)
The following definitions have been introduced above,
G
r, = I'p+ % (C.14)
G
Iy = Ta+—3 (C.15)
C = Cp+Cpg (C.16)

(C.11) shows that a circuit model for the current noise in a RTD can be constructed as
shown in Fig.C-1 where a current noise source §/(w) is attached in parallel with the RTD.

The spectral density of the current noise §I(w) follows from (C.12),

2 2

w? i*—_gfe_z + FILQ —+ FIR2
(CL + Cr)

w? + (T, + Ig)*

Ki(w)=el.p

(C.17)
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It can be seen that (C.17) reduces to (C.1) and (C.2) when w < I'},I'; and when w >

', ', respectively. The only difference is that in the low frequency limit (C.1) contains I'g,
and I'g and not I}, and [';. This is because the method used here accounts for the potential
fluctuations accompanying the charge density fluctuations inside the RTD whereas (C.1)

ignores them.

C.2 Correlations Among the Langevin Noise Sources in QCLs

WL (fly(t) fHE)) = (Ra—a+ Ra3)0jq6(t — 1)

~  Rip(nf,nd) 8;q8(t —1') (C.18)

WL{(f}(t) f1()) = (Ra1+ Rios) 6jg8(t —t')
~ Ryi(nd,n))d;q0(t —1) (C.19)

WL{f3(6) fH(t)) = (R2o1+ Ri2) g0t —1)

~  Roi(nd,n})8;48(t —t) (C.20)

WL (P (® S () = T g0 ) [ 0nep = 05, + 22| 83300 - ) (C21)
WL (fhs(t) fhs®) = Dy ol ) [2ng = )8, + 2] a0t =¢)  (022)
WL {fhs®) iy () = Ty o, ) [ (2n ~ 1S, + B ] 800 —¢)  (C.23)
WL{FL(t) F () = % 5(t—1t) (C.24)

(Fult) Pl ) = o Cho? 22 60— ) (©25)

(Fo(6) Pult) = mohw 2 8(t = 1) (C.26)
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C.3 Differential Resistance of a QCL

The expression in Equations (4.65) and (4.63) for the differential resistance Ry of a QCL

can be put in the form,

N 7
WE oy (LT T640) (T <1
Rd — Tl.nj (0.27)
WL oy LT3 O206) (> 1)

The dimensionless parameters 03, 05, 05, 65, and 6; that have been used in the above
3 2

Equation are as follows,

1 Ciny 1 T31721 1 Gy 1 T32731
pm (LG 1) o (10w 1) oo,
5 Tin C3 73/ (721 + 731) 3 Tin C3 73/ (732 + 731) ( )
1 C 1 1 731721 1 Cin' 1 731721
e:<___w+_).—, ef:(__f+_>__ C.29
2 Tin Co T2/ (T21+731) 2 Tin Co T2/ (7132 +T31) ( )
1 Cini 1
6, = —22 4 — C.30
! <TiTL Cl + Tl) Tout ( )
C.4 Elements of Matrix D
The non-zero elements of the matrix D are,
) 1 1 1
Dy = jw+ , Dig=—-—, Dig=—— (C.31)
Tout T21 731
Dy = jw + kS +Tvga (S + e ) (C.32)
To1 g P wL
1 Ng
Doy = —— =T P .
23 o Vg @ (Sp + WL> (C 33)
D24 = ~D34 = —N I‘vg g(ng,nQ) (C34)
1 JW Tin
Dyjy=———— C.35
T W e ia) (€39
1 JW Tin Nsp >
Dyy=——>""" __T S C.36
27 L+ jwrm) U9a<p+WL (C.36)
. 1 JW Tin 1 1 Ngp
Dy = _— 4+ — + —+7T S C.37
33 Jw+73(1+jw7m)+732+731+ vga( p+WL> ( )
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n
Dy = =Dy = I'vya (Sp + v;;) (C.38)

1
Duy = jw + — - NTwg g(ns, ng) (C.39)
P

C.5 Important Elements of Matrix D!

Above threshold, elements of the matrix D~! in the limit {73, 71} — oo are given below.
In addition, it is also assumed that w7y, < 1. If the later condition does not hold then the

expressions given below can be corrected by replacing 73 by 73 (1 + jw 7in).

Dl=_ Tout C.40
11 (jw Tout + 1) ( )

n) 1 . 1 1 1 1 1
D1_21 = ToutTpTst {(jw)2 (1 + L) — +jw [— (— + —~> + + ]

Tst \T21 T31 T21 731 721 T32

1 (_1_ N i)} : T21 T31 H(w) (C.41)

TpTst \T21 T3l To1 + 731) (Jw Tout + 1)

1 1 /1 1 1 1
D3 = TouTpTit {(J'w)2 <—~> + juw [— (— + —) + + ]

731 Tst \T21 731 721 731 T21 732
1 1 1 Tol1 T H(w
N <_+_>} 21 731 (w) (C.42)

TpTst \T21 731/ | (7214 731) (Jw Tom +1)
D = {aw [ (14 2) - S o Gom (O
D2_11 ~ 0 (C.44)
D) = 77y {(jw)Q (1 + :—;’) + jw (é + % + %) + T:TSJ (T;szl) H(w) (C.45)
Dyl =7, ljw (% + 1> + ;r];} (Tz%il—gl) H(w) (C.46)
D} =7y {jw (1 + %) + 71_1] (77122:?—131) H(w) (C.47)
D3 ! = 0; (C.48)
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1
D;) =7, (jw + —) B () (C.49)

™} (121 + 731)
_ . . 1 1 1 Tol T31
Dl =77 w)? + w<—+—>+ C.50
3 prst {(] )4 Tol  Tet TpTst | (To1 + T31) ( )
_ . 1 T21 T31
D;} =—1 (w+——>—Hu C.51
3 st \/ T21/ (721 + T31) ) ( )
D' =0 (C.52)
Dy = -7, [jw (1 + Ziﬁ) + <i + —1—)] AL () (C.53)
42 P 3 31 T2/ (721 + 731)
_ . 1 1 T21 T31
Dl = [w-}-(———w—)]——Hw C.54
4 p |t o1 7132/ (Te1 + T31) ) ( )

Dy = 7pTa {(jw)2 <1+%>+(]’w) {_l_ <1+I£E> +___+_+_(2+’le>}

721 731 732 Tst

+[—1-<i+—1—>+ L 1t ]}(mm H(w) (C.55)

Tst \T21 731 T21 731 T21 732 Ta1 + T31)

where H(w) is,

o = () o (03)

. 1 1 1 1 1 1 Tin
t+jw | —(—+— ]+ + + 2+ —
721 731 T21 731 T21 732 Tp Tst

-1
1 1 1
N <_ + _>} (C.56)
Tp Tst \T21 731

For small values of w for which the cubic term in w in the denominator may be neglected,

H(w) becomes,

2

W
H(w) = LA C.57
) R —w? 4 jwy) (0:57)
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The above approximation will be valid if w is much less than 1/7,, 1/79;, and 1/74. In

1
(+2)
Tp Tst 731

this approximation wg and ~y are,

w%e - T21  T21 | T T21 T (C.58)
[1+——+~—~+ﬂ+— <2+ﬂ)]
731 T32 73 Tst T3
1 T 1 1 T T;
——<1+—21)+—+——+ 2 <2+’—")
Tst 731 731 732 Tp Tst 73 (C 59)

= , ,
[Hz+z+ﬂ_n+z (24_1@_)}
731 732 73 Tst
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Appendix D

Appendix: Chapter 5

D.1 Excess Noise in Linear Systems with Non-orthogonal

Eigenvectors

The origin of the excess noise in systems with non-orthogonal eigenvectors can be explained
with the help of a simple example. Consider a stable linear system defined in R? in which the
state vector V(T'), in the presence of a noise source F(T'), obeys the differential equation,

dV(T)
dT

=M.V(T) + F(T) (D.1)

The matrix M is not Hermitian, and has two non-orthogonal eigenvectors e; and e, with
corresponding real eigenvalues —A; and —Ao, respectively. The eigenvectors are shown in
Fig. D-1a. The angle between the eigenvectors is #12. The noise source F(7T') is assumed to

have the correlation function,
10
(F(T)F(T)) =7 T -T) (D.2)
01

The eigenvectors are not orthogonal but they form a biorthogonal set with the cigenvectors
d; and d- of the adjoint linear system. In the present case, d; and ds equal g.e5 and o.eq,

respectively, where the matrix o is,



The vectors d; and dg have the property that d;.ex = ds.e; = 0. In the presence of noise,

V(T) can be expanded in terms of the eigenvectors as follows,
V(T) = i (T)ey + ca(T)e (D.4)

The differential equation for the coefficients ¢x(T'), where k = 1,2, can be obtained by using

the eigenvectors of the adjoint system,

de(T) dk.F(T)

= — T .
T Apex(T) + dron (D.5)
The above equation can be directly integrated to yield,
T
/ dT" exp [~ M (T — T')] dy.F(T')
ck(T) = —= (D.6)

dk.ek

The ensemble averages ( cx(1") ¢4(T) ), where k = ¢ = 1, 2, follow from the noise correlation

given in (D.2) above,

_ n di.d _ —q n cos(Orq)
tee@eq(T)) = </\k + Aq) (dg-ex) (((;q-eq) =1 ()\k + /\q) sin®(612) 1)

where 60y, is the angle between e, and e;. The excess noise is described by the multiplicative
factor (1/d;.e;)® = (1/ds.e5)® = 1/sin%(65) and it is a measure of the degree of non-
orthogonality of the eigenvectors. If the eigenvectors were orthogonal, 632 would equal 7/2,
and there would be no excess noise. Also, (D.7) shows that the noise in different eigenvectors
is correlated. If the eigenvectors were orthogonal, such correlations would not exist. The
smaller the angle 812 between the eigenvectors, the larger the excess noise and the larger
the correlations in the noise in different eigenvectors. Looking at the noise dynamics at
different time scales provides a clearer picture of the excess noise. Suppose the system (not
driven by F(T') anymore) is kicked by a noise source N at time 7' = 0. For T' > 0, the state
V(T') of the system is ¢;(T")e1 + co(T")eq, where,

o) = I exp(-n) (D)
d1.e1
d,.N

eo(T) = d;ez exp (—AoT) (D.9)
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(a)

Time =T=0+

c,exp(-A,T) e,
(c)

Figure D-1: (a) The two non-orthogonal eigenvectors e; and es are depicted. (b) At time
T =0, the state V(T') of the system is N and there is no excess noise, but the noise in the
two eigenvectors is correlated. (c) As time progresses, the noise in eigenvector e, decays
faster than the noise in eigenvector e1, and excess noise appears.

At time T = 0™, the noise in the system is just N and there is no excess noise (see Fig. D-
1)b. As time progresses, the noise in the eigenvector eq, which has the larger (in magnitude)
eigenvalue, decays faster than the noise in e;. For times longer than 1/, the state of the
system may be approximated as c;(T)e; (see Fig. D-1¢). The coefficient ¢1(T), as shown
in (D.8), has the excess noise factor. Therefore, the excess noise, which was absent at short
times, appears at time scales longer than the smallest (in magnitude) eigenvalue of the
system. At short times, even though the noise in the individual eigenvectors is amplified
by the excess noise factor, the noise in different cigenvectors is correlated and as a result

of these correlations there is no net excess noise. The excess noise, therefore, results from
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the non-Hermitian time evolution of the system. The simple example presented here can be
generalized to linear systems defined in higher dimensional complex Hilbert spaces without

affecting the essential results.

D.2 Properties of Complex Hermite-Gaussians

The complex Hermite-Gaussians Ay(t) are defined as,

2

Ax(e) = By Hy [+ VI+30) exp{ g (14 76) (D.10)

where By, is a normalization constant and Hy(.) is the k-th Hermite polynomial [87]. If

Ag(t) is normalized such that [dt|Ag(t)|? = 1, then By is,

Bigzzkk!ﬁmk (,/1+,82> (D.11)

where Py(.) is the k-th Legendre polynomial [87]. The following integrals have been used

in this paper,

/thQ (148" (D.12)
\F‘FﬁZPk(\/ﬁl—ﬂZ)

m 2 (ViTR)
qk = qu /th* Ak \/7 (D13)
VB m) P (VI+P)

?r

Here, P . (.) is the associated Legendre function with the following properties,
2

P ke gl 55t
Pl ()= (=17 1Py () (D.14)

PY() = Pi() (D.15)
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D.3 Expansion in an Orthogonal Basis

The perturbation theory for the pulse noise in an actively mode-locked lasers can also be

done in an orthogonal basis. One such basis is given by the following set of functions,

Sk(t) = Dy Hy <t> exp [—t—Q* (L+48) (D.16)

T 272

where Dy is a normalization constant and Hy(.) is the k-th Hermite polynomial [87]. If

Si(t) is normalized such that [d#|Sy(¢)|? = 1, then Dy is,

1

— =2kl (D.17)
‘Dk

The functions S (T") form an orthonormal set, i.e. [dtS;(t)Sk(t)dt = d4. The operator

(t, T ) can be expanded in this orthonormal basis set,
oo —~
BT = Vs S G(T) Sil®) (D.18)
k=0

where dj, (T) is a quantum mechanical annihilation operator. The operators dj, (T') obey the
commutation relation,

= J,

|d(T), di(1)] = =2 (D-19)

No
The problem with expanding J(t, T') in the orthonormal basis Si(¢) is that the functions
Sk(t) are not eigenfunctions of the operator O(t) in the master equation (5.2). Consequently,
the dynamical equations for the operators c?k (T') obtained by subsituting the orthonormal
expansion in the master equation (5.2) results in off-diagonal terms (compare to the simple
diagonal dynamical equations for the operators ¢, (T) in (5.57) obtained via the eigenfunc-
tion expansion). Nevertheless, convergent results can be obtained numerically for the pulse
noise without a minimume-error type of expansion (see Appendix D.4 for the minimum-error
expansion). Here, the orthonormal expansion is used to prove the result stated in (5.55).
Using the orthonormal expansion, the operators for the pulse photon number, phase, timing,

and frequency fluctuations become,

AN (T) = nodo(T) + h.c (D.20)
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AB(T) = 5 do(T) + h.c (D.21)
AJ(T) = —=d(T) + hee (D.22)
ATy = L3I0 Gy e (D.23)

e
Note that only the first two functions, So(t) and Si(¢), contribute to the pulse photon
number, phase, timing, and frequency fluctuations. Also, Sy(¢) and Si(t) are proportional
to the first two eigenfunctions, Ag(t)) and A;(¢), respectively. The expansion in (D.18) can

be written in a more suggestive form,

T = Jag K%%(T—) + jA@)(T)) Ay(t) — AT(T) 9457('5—) i AD(T) A ()

i S (D) i) (D.24)
k=2

which is the same as (5.55). The terms in the summation in (D.24) consist of perturba-
tions orthogonal to AN,(T), AB(T), AJ(T), and AQ(T) since these terms contain noise

contributions from only the functions S, (T) with k > 2.

D.4 Divergence of the Conventional Perturbative Expansion

and the Minimum Error Expansion

The divergence of the perturbative expansion given in (5.70) is best illustrated by studying
the noise in a coherent state optical pulse. The pulse in a mode-locked laser is not expected
to be a coherent state pulse, but in case of a coherent state pulse exact answers for the
mean square pulse fluctuations can be obtained without doing an eigenfunction expansion.
Later in this Appendix, a technique to obtain a convergent series expansion for the mean
square pulse fluctuations in a mode-locked laser will be presented, and the coherent state
case will serve as a check to demonstrate that our technique gives correct answers.

A coherent state pulse is given by the action of the displacement operator on the vacuum

state [85],
exp {\/n_ / dt Ao(t)d! (¢) — h.c| |0) (D.25)

The expectation values of the various operators for a coherent state pulse are given be-
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low. The time variable T" has been suppressed since the operators are assumed to be time

independent.

(@) = Vg Aot)  ((1)) =0 (D.26)
WD) =0 (H)d' (X)) =6t —1) (D.27)

The mean square photon number, phase, timing, and frequency fluctuations can be calcu-

lated directly using the operator expectation values given above with the relations given in

(5.41), (5.42), (5.46), and (5.47), respectively,

(AN2y =n, (AO% = 42 (D.28)
(AP = 7 (a8 - 271 (1+4) (D.29)

If @(t) for a coherent state pulse is expanded in terms of the complex Hermite-Gaussians,

as in (5.29), then the following expectation values are obtained,

(@) = (e}) = (2].¢;) = (@) = (eh ) = (D.30)

Gy = 1 Jdt Ay () Ar(t)
kel =, Tdt A (D) [t A1)

(D.31)

The mean square pulse fluctuations can also be calculated using the expectation values given
in (D.30) and (D.31) with the relations given in (5.51)-(5.54). The resulting series can be
summed exactly using the completeness relation for the eigenfunctions given in (5.25). For

example, for the mean square timing noise of a coherent state pulse one obtains,

2 oo 1
AT = L My My, M, D.32
(A% znoiéo T Tar A () [t AR(n) (B-32)
2 dt A*(£) AL(t
_ 27' /th* Ak: /th* Al() f . q() k( *)2 (D33)
no o, [dt AZ(t) fdt AZ% (1)
2
.
= 5 (D.34)

The series in (D.32) is similar to the one in (5.70) and does not converge. Fig. D-2 shows
the results obtained for the mean square timing fluctuations (AJ?) (normalized to the exact

value 72/2n,) when only Npee cigenfunctions are included in the perturbative expansion

239



(i.e. only terms with k,q < Npgy are included in the summation in (D.32)). When the
pulse chirp | 3] is small, the series in (D.32) converges. When || is large, the series does not
converge, and diverges exponentially as more eigenfunctions are included in the perturbative
expansion. The largest terms in the series are the diagonal (k = ¢) terms. From the
properties of the eigenfunctions Ag(t) given in Appendix D.2, the ratio of two successive

diagonal terms can be calculated,

At AL Ak (D [fdt A ) 5\
lim ~ 1 D.35
koo |fth§+2(t)f |[dt AT(O)Ax()* o <Iﬁl+ +ﬂ> (D:35)

The perturbative expansion diverges when |3| > (., where the critical value . is determined
by setting 3 (|ﬂ| + m> equal to unity. This yields 8, = 1/v/3 =~ 0.577. This critical
value was found in reference [84] in the general context of series expansions using complex
Hermite-Gaussians. Numerical calculations confirm the value of 1/v/3 for .. Since (AJT?)
for a coherent state pulse is not infinite, it follows that when Ny, becomes infinitely large,
the off-diagonal (k # q) terms in the series in (D.32) suppress the divergence coming from
the diagonal (k = q) terms. The physical significance of this result is that when || > 3., the
noise in different eigenfunctions is highly correlated, and these noise correlations suppress
the divergence provided an infinite number of eigenfunctions are included in the perturbative
expansion. Similar conclusions can be drawn for the mean square frequency fluctuations
in a coherent state pulse. (AJAQ(T)) for a pulse in an actively mode-locked laser is given
by the series in (5.70). In contrast to the series in (D.32), completeness relation for the

eigenfunctions cannot be used to sum the series in (5.70). In general, a series of the type,

i My My Moy (D.36)

Fk
ko U At AR Jdt A(D)

where Iy (= F,:‘q) decays only algebraically as k, ¢ become large, will diverge exponentially
when |3| > (.. Below, a technique to obtain convergent expansions for series of the type
(D.36) is presented.

D.4.1 Minimum-Error Series Expansion

In reference [84], it was shown that an arbitrary complex function f(#) can be expressed in

a convergent series of the form Zﬁ;’b‘“—l apAr(t) by choosing the values of the coefficients
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Figure D-2: Mean square timing noise (Afz) for a coherent state optical pulse calculated
using (D.32), normalized to the exact result 72 /2n,, is plotted as a function of the number
of eigenfunctions Ny, used in the perturbative expansion. The perturbative expansion
diverges when the pulse chirp |3| becomes larger than (3. = 1/v/3. The steps appear
because only the odd numbered eigenfunctions contribute to the timing noise.

a such that the mean square error,

/dt

is minimized. The expansion obtained this way was shown to have much better convergence

Nmz 1 o
axA(t) (D.37)

kO

properties than the one in which aj is obtained by projecting the function f(t) onto the

basis vectors A (t),
JdtAL() (D)

= Tt A () i)

Here, the minimum error expansion is used to obtain a convergent series from the divergent

series in (D.36). A new operator /_\@p(T) is defined as follows,

AD,(T) = /dt SR T) +he=S MycG(T) + hue (D.39)
k=0
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A series of the form (D.36) is generated when the mean square value of the operator AQP(T)

is evaluated and if one assumes that (compare with (5.60), (5.61) and (D.31)),

My

(@(T) E(T)) + EUT) &(T)) = For 50 [di A

(D.40)

The field operator J(LT ) can also be expanded using the eigenfunctions of the adjoint
operator Of(t),
W(t,T) = Vg y_ b(T) A1) (D.41)
k=0

In terms of the operators Bk(T), the expression for A@,,(T) is simply,
AQ,(T) = b,(T / dt A%() + hec (D.42)

We assume that the field ¢(¢,T) is known exactly in terms of the operators ¢x(T). The
operators b (T) need to be expressed in terms of the field (¢, T) when the summation in
(D.41) is restricted to only Npe. eigenfunctions. If the value of Np,q, is finite, the resulting
golution can only be approximate, and this approximation will be considered good if the
solution converges as Np,q, becomes large. For a given Ny,,., the optimal Ek(T) is chosen

to minimize the mean square error,

/ dt [w t,T) — /g NZ b Ak(t)} { (t,T) N"f: 1 B(T) Ak(t)} (D.43)
which gives,
Nmaz 1
Z (T / dt AL (t) _ / dt Ag()d(t,T) (D.44)
Ninaz—1
Z Mg b(T) = ,(T) /thg(t) (D.45)

Inverting the matrix relation in the above Equation gives the desired result,

N?TLQI_I
S MG (1) / dt A2(1) (D.46)
q=0
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Therefore, the expectation value (by(T') 8;(T)> becomes,

NWMLL
(Br(T)B}(T)) =  lim /thz (& (T) (T /th*2 (D.47)

Nmaz—00 P O

Using (D.39), (D.40), (D.42), and (D.47), one obtains,

o0
(AGHT)) = > My My [ (E(T)EY(T)) + (EH(T) &(T)) | (D.48)
k,qg=0
s My, My, M,
= 2 Fa th*I;t Tat AL (D-49)
vamo [ (t) [dt A=(t)
= | faeazo| [GomyBmy + BDE)] (D.50)
2 Nmaz ]-
- -1
= lim l / dt A2(t) Z Fgr M| Mg, My, (D.51)
’q_
Thus, one obtains the important relation,
o0 2 Nmam‘l
My Mo My : l/ 2 -1 -1
k = lim dt A (t) Foo M, " My M~ (D.52)
k%;() At A (t) [dt A*(t)  Nmas—oo P g::() 95y TR TR

Below, it is shown that the series on the right hand side of the above equation converges.

Using (D.32) and (D.52), the mean square timing noise for a coherent state pulse is,

9 o0
. 1
AT = L My My, My, D.53)
(AT5) 21, ,g;o T Jdt A(t) [dt ARt (
2Nma:z:_1
= Nlnrioo 5 /th2 O D Mg My My} (D.54)
max O k,q:O
2 M—l
= lim - L (D.55)

Nmaz—00 2n0 (1 _'__52)3/2

Fig. D-3 shows the mean square timing fluctuations of a coherent state pulse calculated using

(D.55), normalized to the exact value 72 /2n,, as a function of Npa.. As Nya» becomes

3/2

large, M7 rapidly converges to (1+B%)7", and (AJ?) converges to 72 /2n,.
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Figure D-3: Mean square timing noise (Aﬁ) of a coherent state optical pulse calculated
using (D.55), normalized to the exact result 72 /2n,, is plotted as a function of the number
of eigenfunctions Ny, used in the expansion. The result converges for all values of the
pulse chirp. The steps appear because only the odd numbered eigenfunctions contribute to
the timing noise.
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D.5 Fourier Transforms and Noise Spectral Densities

The propertics of the continuous time and discrete time Fourier transforms and the corre-

sponding noise spectral densities are briefly reviewed here.

D.5.1 Continuous Time Fourier Transform and Noise Spectral Densities

The Fourier transform of a zero mean noise operator T//I\/(T) is defined as,
/W(w) = /dﬂ//l\/(T) exp (—jwT) (D.56)

The inverse Fourier transform is,

o0

d 7 W( ) exp (jwT) (D.57)

W(T):/oﬂ

The spectral density Sy (w) of W(T) is defined as the Fourier transforms of the symmetric

correlation function,
Sy (w) = /_ o:ods% (W (@) W(T + 8)) + (W(T + 5) W(T)) | exp(—jws) (D.58)

It is assumed in the definition above that the correlation function is stationary and, there-
fore, independent of the time variable T. It follows from the definition of Sy (w) that the

mean square value (W2(T)) of the fluctuations is,

1) = [~ 2 Swiw) (D.59)

D.5.2 Discrete Time Fourier Transforms and Noise Spectral Densities

The discrete time Fourier transform W(wTR) of a zero mean noise operator W(m), which

is a function of the discrete index m, is defined as,

W(wTg) = Z W(m) exp (—jw Trm) (D.60)

m=—0Q
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W(wTR) is periodic in w with a period 27/Tg. The inverse Fourier transform is,

o~ /TR dw —

W(m)=1Tg / — W(wTr) exp (jwTrm) (D.61)
—n/Tg 2T

The spectral density ®w (wTr) of I//T\/(m) is defined as the discrete time Fourier transform

of the symmetric correlation function,

Sw(wTh) = 3 % (W) W(n+m) + (W(n+m) W) | exp (—jwTrm) (D62)
It is assumed in the definition above that the correlation function is stationary and, there-
fore, independent of n. The spectral density ®w (wTg) is periodic in w with a period
27 /Tg. It follows from the definition of ®w (wTr) that the mean square value (/I/I\/2 (m)) of
the fluctuations is,

/TR dw

(W?(m)) = T /_ P Py (WTR) (D.63)

If W(m) cquals W(T = mTg) then the following relationships hold,

— 1 -
W (wTr) = 7 S W (w . 2-%?-) (D.64)
| R 2mm

In addition, if W(T) varies significantly only over time scales much larger than Ty than for

lw| < 27 /T,
W (W) = TLRW(w) (D.66)
By (wT) = TLRSW(M) (D.67)
and,
— /TR duw /TR du —
W) =T [ 5 b (wT) = [ e Swie) = (W) (D.68)
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Appendix E

Appendix: Chapter 6

E.1 Finite Difference Equations for Pulse Timing Noise in
Fundamentally and Harmonically Mode-Locked Semi-

conductor Lasers

In Chapter 6, models for the pulse timing noise in the absence of dispersion and active phase
modulation were presented for fundamentally and harmonically mode-locked semiconductor
lasers. In this Appendix, the derivation of the discrete-time finite difference equations for
the pulse timing noise in (6.5) and (6.12) are explained in more detail. The models discussed
below are simple since increasing the complexity of the model does not affect the nature of
the conclusions in Chapter 6. It is assumed that there is no dispersion in the cavity, and
active phase modulation is also assumed to be absent. However, in contrast to the model
presented in Chapter 5, dynamic gain and/or loss saturation is included. The time domain
pulse perturbation theory presented in Chapter 5 for actively mode-locked semiconductor
lasers is used here. The master equation that describes the slow time evolution of the
amplitude ¢(¢,T") of a pulse in an actively mode-locked semiconductor laser in the absence

of dispersion and active phase modulation is,

) 240
WD = L BPUD o ¢ et - L) T (B
+ FS;D(ta T) + Fv(tv T) (EQ)
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where the time variable T describes the pulse evolution over time scales longer than the
cavity round trip time Tx. v is the phase shift acquired by the pulse in one round trip.
G(t) is the gain. Because of dynamic gain saturation in semiconductor lasers [36], G(¢) is
assumed to be a function of the time-dependent pulse intensity. For simplicity, dynamic self-
phase modulation that accompanies dynamic gain saturation in semiconductor lasers is also
ignored [36]. L(t) is the loss and is also assumed to be a function of the time-dependent pulse
intensity because of dynamic loss saturation (i.e. slow saturable absorption). gm(t) describes
the time dependent gain because of the active modulation. g, (¢) equals Az [cos (wnt) — 1],
where wy is the modulation frequency. B describes the effect of the finite gain bandwidth
(or filter bandwidth). Fsp(t,T) and Fy(t,T) represent the noise sources for spontaneous
emission and vacuum fluctuations, respectively, and their correlation functions are given in

Chapter 5.

Fundamentally Mode-locked Lasers

For a fundamentally mode-locked laser (N = 1), the modulation frequency wy equals the
cavity round trip frequency wg. The steady state pulse is obtained by solving the non-linear
master equation in the absence of noise. It is assumed that the steady state pulse amplitude
is \/no/T A(t/T), where n, is the number of photons in the pulse, and 7 is the pulse width.
A(t/7) is real and is normalized such that [* dr A?(z) = 1. In the presence of noise,

¢(t,T) may be expanded as,

= (A B0 0(E) s smoma()

— AJ(T) %A;- — AT (- 1) A (;)] (E.3)

where AN,(T), AO(T), AJ(T), and AQT) are the pulse amplitude, phase, timing, and
frequency fluctuations, respectively. The temporal position ¢, of the steady state pulse
is defined by the Equation, [ _dt(t —t,)A%(t/7) = 0. In the presence of dynamic gain
and/or loss saturation, the pulse position ¢, does not coincide with the peak gain in the
active modulator [36]. The expansion in (E.3) ignores the fluctuations that distort the
pulse shape. The equation for the pulse amplitude (phase) fluctuations can be obtained
by substituting the expansion in (E.3) in the master equation, and projecting out the

pulse amplitude (phase) fluctuations by multiplying both sides of the resulting equation by
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A(t/T), integrating, and keeping the real (imaginary) part. The pulse timing (frequency)
fluctuations can be projected out by multiplying both sides by dA(t/7)/dt, integrating, and
keeping the real (imaginary) part. This yields,

dAJ(T)

o = —yAJ(T) + F(T) (E.4)

where 7y is given by the expression,

/ it dgm At/ )dA(t/'r)

T= dA(t/T) dA(t/T)
/_oodt d dr
Y dr 3 A(n) A'(2)
= Mw%ﬂ'z —/_%% (E.5)
2 /_ e A (@) 4 (2)
Av 5 o 1
= —WwpT 55 (E.6)
27 ), / dz A'(z) A ()

(E.6) follows from (E.5) since the integral [ dz zA(z)A'(z) equals —1/2 for any arbitrary
pulse shape. If the pulse shape is approximately gaussian, the expression in the curly brack-
ets in (E.6) equals unity. The correlation function for the noise source F/(T) is approximately

given by the expression,

2

(F(TYF(T")) = 5— [(2nsp — 1) (G) + (L

T 1
21 o) 2 /OodxA’(x)A’(w)

where (G) is the total average gain in the steady state, (L) is the total average loss, and

ST —T) (BT

ngp is the spontaneous emission factor which takes into account the incomplete inversion of
the gain medium [1]. In the steady state, since the gain (G) equals the loss (L), (E.7) can
be simplified,

(F(T)F(T')) = (—> (L) 7 5 ! (T -1 (E.8)
2 /_OodxA’(x)A’(:c)
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Assuming that vTr < 1, (E.4) can be discretized,

AJ(n+1) = AJ(n) = —Tr AJ(n) + F(n) (E.9)

The discrete-time noise variable AJ(n) is the timing noise in the pulse after the n-th round

trip. The noise source F(n) represents the total timing noise added to the pulse in one

round trip,
F(n) = f 4T F(T) (E.10)
and has the correlation function,
(F(n) F(m)) = D énm (E.11)
where D equals,
1
D= (?i’i) (L) Tr 72 - (E.12)
T 2 / dz A'(z) A' ()
-0

The expression for the mean square timing Jitter in a fundamentally mode-locked laser was

given in (6.8),

(AT?) = (AT*(n)) = (E.13)

D
27T
Using the values of v and D given above, one obtains,

(AJ2) = (@> Ly —1 (E.14)

2
Tip AMUJR

Note that the loss (L) can be related to the photon lifetime 7, in the laser cavity, (L) =
1/7p. The analysis for the timing noise presented here assumed dynamic gain and Jor loss
saturation. The mean square timing jitter is found to be independent of the pulse shape
and the pulse width. This is not true for the timing noise spectral density which depends
on the pulse shape and the pulse width through v (see (6.10) and (E.6)). The model for
the pulse timing noise presented here is not applicable when the pulse is chirped and its
amplitude is described by a complex function. The pulse can acquire a chirp in the presence

of dispersion, active phase modulation, or dynamic self-phase modulation.
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Harmonically Mode-locked Lasers

A laser mode-locked at the N-th harmonic has N pulses propagating inside the laser cavity.
Some additional assumptions are required before the model presented above for fundamen-
tally mode-locked lasers can be used for harmonically mode-locked lasers. In the noiseless
steady state, all the pulses are assumed to be identical. Any departure from this steady
state is considered noise. The steady state is assumed to be stable in the sense that the
pulse energy and timing fluctuations are damped and do not become very large (this im-
plies no pulse dropouts). The pulse fluctuations are assumed to be stationary. In the steady
state, each pulse is assumed to obey the noiseless master equation. The steady state am-
plitude of each pulse is assumed to be \/n, /7y B(t/Tn), where Ty is the pulse width, and
no is the number of photons in each pulse. B(t/7y) is real and is normalized such that
22 dx B*(z) = 1.

If the timing fluctuations in different pulses are assumed to evolve completely inde-
pendently, finite difference equation for the timing noise in each pulse can be obtained in
the same as for fundamentally mode-locked lasers. It should be pointed out here that the
photon number fluctuations in different pulses cannot be assumed to evolve independently
since all the pulses interact with the same gain (and loss) medium whose recovery time
can be much longer than the pulse repetition time. For the timing fluctuations, assuming
independent evolution, the N separate finite difference equations for the timing noise in N

different pulses can be written in the compact form shown below,

AJ(n+ N)—AJ(n)=—ynTr AJ(n) + Fy(n) (E.15)
where vy is,
A . 1
W = SRR = (E.16)
2 / dz B' () B (x)
—0o0

The noise source Fiy(n) represents the total timing noise added to each pulse in one round

trip, and has the correlation function,

(Fn(n) Fy(m)) = DN 6n,m (E.17)
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where Dy is,
1
2/ dx B'(xz)B'(x)
—00

Dy = (%) (L) Tarh

No

(E.18)

The expression for the mean square timing Jitter in a harmonically mode-locked laser was

given in (6.15),
Dy
(AJ?) = (AT (n)) = T Tr (E.19)

Using the values for vy and Dy given above, one obtains,

(AJ?) = (ﬁﬂ) (L) (E.20)

Ny A Mw?\,

The loss (L) is related to the photon lifetime 7, in the laser cavity, (L) = 1/7p. As in the
fundamentally mode-locked case, the mean square timing jitter is found to be independent
of the pulse shape and the pulse width, but the timing noise spectral density depends
on both the pulse width and the pulse shape through vy (see (6.17) and (E.16)). When a
fundamentally mode-locked laser is harmonically mode-locked by increasing the modulation
frequency from wg to wy, (E.14) and (E.20) show that the mean square timing jitter
decreases as long as the pulse energy, the modulation strength, and the cavity round trip
loss do not change. Also, the pulse shape and the pulse width may or may not change
depending upon whether the dominant pulse shaping mechanism is dynamic gain and/or

loss saturation or active modulation.
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