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ABSTRACT

This thesis reports on an extensive investigation into the intrinsic frequency
response of various MQW lasers as determined from parasitic-free relative intensity noise
(RIN) measurements. Eleven structures were designed, grown and fabricated at Nortel
Technology's Advanced Technology Laboratory in Ottawa. Five of the laser structures had
active regions containing 10 QWs. The barrier layer composition for these structures was
varied such that the emission wavelength corresponding to the barrier band-gap increased
from 1.0 pm to 1.2 um in 0.05 pum steps. The remaining six structures had a constant
barrier layer emission wavelength of 1.1 pum but the number of quantum wells was varied
from 5, 7, 8 to 14 in 2 well steps. In all structures the QWs were embedded in a graded-
index-separate-confinement-heterostructure waveguiding region and were strained to 1.0
percent in compression. The devices processed from these structures were Fabry-Perot
type lasers having cavity lengths ranging from 254 um to 1016 pm. Resonance frequency
and damping values as a function of injection current and single facet optical power, as well
as optical spectra just below threshold, were obtained for over one hundred devices. From
this data the response coefficient D, K factor, group velocity (vg), photon energy (hv),
mirror loss (0m), and internal absorption (0tint) were characterized. Using these
characterized parameters dg/oN, dg/ds, and the maximum theoretical intrinsic 3 dB
bandwidth (fyax) were calculated. The effects of varying QW number, barrier height, and
cavity length on all these parameters was investigated. Limitations with using the single
mode rate equation model for these characterizations is discussed. As well, potential
limitations with the basic design of the structures studied in this thesis as revealed by the
results are explored.
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CHAPTER 1: INTRODUCTION

1.0 1.3 pm WAVELENGTH LASERS

Two important things need to be considered when developing a long-haul optical
fiber communication system: the distance after which an optical signal weakened by fiber
loss needs to be regenerated, often referred to as the repeater spacing distance; and the
transmission capacity of the signal, often referred to as the bit rate. Fiber-chromatic
dispersion, which causes the broadening of optical pulses propagating in a fiber, is the
main fiber-related factor limiting bit rate. The objective of any long-haul communication
system is to maximize the bit-rate-distance product by taking advantage of the loss and
dispersion characteristics of optical fiber. The two wavelength regions of choice for
commercially available single-mode silica fibers are 1.3 pm and 1.55 pm. At 1.3 um
transmission commonly used silica fiber has almost negligible fiber-chromatic dispersion;
however, the fiber absorption loss at this wavelength limits the repeater spacing
significantly. At 1.55 um there exists an advantageous minimum in the fiber loss, but the
bit rate is significantly limited by fiber dispersion. Up till now silica fiber with these
material properties has been predominantly deployed in the field. Optical fiber
communication systems operating in these two wavelength regions have been realized with
the development of commercially viable semiconductor lasers with these emission

wavelengths. However, due to the numerous ways that the limitations which exist at these



two wavelength regions could potentially be overcome, intense debate over which system
will ultimately prove to have the greatest commercial potential continues.

When a semiconductor laser is directly modulated a significant variation in the
refractive index occurs with the changing carrier concentration in the active region. This
causes a dynamic shift of the lasing frequency, commonly referred to as frequency
chirping. Even with recent laser designs, frequency chirp continues to be a major limiting
factor of the maximum bit rate achievable in optical fiber communication systems, and it is
proving to be a difficult phenomenon to minimize practically. This is magnified by the
unavoidable dispersion penalty of the 1.55 um window of common silica fibers, making
the negligible fiber dispersion of the 1.3 pm window attractive. This has given purpose to
improving the bandwidth performance of lasers with emission wavelengths of 1.3 wm, as
well as the development of higher power lasers to extend the repeater spacing distance at

this wavelength.

1.1 USE OF QUANTUM-WELL LASERS FOR HIGH-SPEED
APPLICATIONS

Since their introduction two decades ago, quantum-well lasers have received much
attention as the beneficial effects of quantization have been realized. Early theoretical'work
on quantum-well structures predicted enhanced differential gain over bulk lasers [1]-[7].
From the modeling of the high speed dynamics of semiconductor lasers, it has been shown
that higher differential gain is expected to result not only in higher resonance frequency as a
function of power, but in reduced damping. This was in turn shown to predict bandwidth
performance [8]-[10]. As processing techniques improved and viable and reliable QW
lasers were developed, it became apparent that the hopes of devices with much higher

modulation bandwidth were not to be fulfilled.



The material gain of a laser is postulated to depend on photon density and carrier
density in the active region of a semiconductor laser [11]. This dependency on photon
population, characterized by the gain derivative with respect to photon density, is referred
to as gain suppression, or nonlinear gain, and is usually negative. When included in the
rate equation analysis, nonlinear gain also appears to play an important role in the
frequency response of semiconductor lasers. Many studies have shown that this factor is
typically much higher in quantum-well lasers than in bulk lasers, which could account for
why a significant improvement in the modulation bandwidth was not observed [1] [2] [12]-
[18]. It has also been suggested that long carrier transport delays in the undoped regions of
the laser, as in the separate-confinement heterostructure, introduces a low frequency
parasitic-like rolloff which severely limits the maximum possible modulation bandwidth [1]
[19]-[22]. Also, carrier transport effects in the quantum-well active region may in fact be
responsible for a direct reduction of the effective differential gain via a transport factor, ¥,
and not an enhancement of € [22].

Much recent work has focused on using strain to further improve the benefits of
quantization in quantum-well lasers. Early theoretical work predicted that the introduction
of strain to a QW active layer would increase differential gain due to changes in the valence
band structure [7] [23] [24]. Some work did not show any beneficial effect of strain on
differential gain [25] [26], but a large number of studies have shown encouraging results
[1] [12] [13] [27]1-[29]. However, this increase in differential gain has not always resulted
in an increase of the modulation bandwidth, as strain has been shown to increase nonlinear
gain in some cases [30] [31]. Other results have shown that this may be debatable and that
strain has no effect on nonlinear gain [22] [32].

Based on the results achieved to date, improvement in the frequency response of
semiconductor lasers is not going to be realized by simply replacing a bulk active region

with an arbitrarily strained multiple quantum-well structure. Many technologically



important parameters must be simultaneously considered, for example: QW number and
width; barrier and width; separate confinement structure; active region optical confinement;
and strain of the active region. Careful device design is required in order to maximize the
enhancement in differential gain, obtained by the use of quantum wells, and minimize the

increase in nonlinear gain and other effects due to carrier transport mechanisms.

1.2 MEASURING THE INTRINSIC FREQUENCY RESPONSE

Measurements of the intrinsic frequency response of semiconductor lasers permit
the study of the dynamic operation of a device without being limited by the RC parasitics
introduced by electrical contacts and device packaging. They therefore provide a very
powerful characterization of the interplay between the optical field and the carrier
population inversion in the laser active region. Based on commonly accepted theoretical
models and characterization methodologies, access to parameters such as differential gain
and nonlinear gain, and the effect that changing structural parameters such as quantum-well
number, depth, and optical confinement has on these has been demonstrated. The
simplicity with which the intrinsic frequency response can be measured, combined with the
range of device parameters this characterization theoretically offers access to, makes this
type of characterization a potentially powerful tool for offering insight to semiconductor

laser design considerations.



1.3 OBJECTIVE OF THESIS

In this thesis an extensive study of multiple quantum well (MQW) lasers is
reported.

In Chapter 2 of this thesis the theoretical concepts of intensity noise in
semiconductor lasers, the nature of relative intensity noise (RIN) spectra, and the
parametric forms that relaxation oscillation frequency and damping factor take with
reference to RIN spectra are examined. How the parameters that contribute to the
relaxation oscillation frequency and damping factor are related to the intrinsic bandwidth of
semiconductors, which are studied in this thesis, is developed.

In Chapter 3 a description of the laser structures that are studied in this thesis is
presented. Following this, an explaination as to how the design variations are expected to
impact the parameters being characterized, especially the intrinsic bandwidth, is given.

In Chapter 4 a detailed explaination of the experimental apparatus and techniques
used in the characterization of the laser structures studied in this thesis 1s given.

In Chapter 5 the results of the experimental investigations to extract parameter
values from RIN spectrum as a function of injected current are presented. Values for the D
coefficient are calculated from the comparison of RIN and L-I characterizations. As well,
further information is obtained from the RIN data by examining how the damping factor,
K, values varied with the square of the resonance frequency. Utilizing the interrelationship
between the D and K coefficients allows for a calculation the differential gain, gy, and non-
linear gain coefficient, €. Finally, the trends observed in gy and € as a function of barrier
height, QW number, and cavity length are presented.

In Chapter 6 deviations in resonance frequency near threshold and how this may be
related to increased spontaneous emission with increasing temperature is discussed. As

well the physical relevance of the values D and fj,x with respect to the expected bandwidth



performance of a laser are discussed. Explanations for the observed deviations of the
differential gain results from that expected by theory are explored. As well, exploration of
the dependence of € on other performance parameters leads to the suggestion that nonlinear
gain linearly approximated with respect to photon density may not be well founded. Then
the influence of the photon lifetime on fmax is demonstrated followed by an investigation
into the role that differential gain, g,, and nonlinear gain, g, play in fy,«. Finally, with
the understanding of how the relative contributions of each parameter influence bandwidth
performance having been developed, an investigation into how changing key design
parameters can be used to improve on the overall design of the laser is presented.

In Chapter 7 the conclusions of this thesis is presented.



CHAPTER 2: INTRINSIC NOISE OF SEMICONDUCTOR
LASERS

2.0 INTRODUCTION

In this chapter the theoretical concepts of intensity noise in semiconductor lasers,
the nature of relative intensity noise (RIN) spectra, and the parametric forms that relaxation
oscillation frequency and damping factor take with reference to RIN spectra are presented.
As well a derivation for the maximum theoretical intrinsic bandwidth is presented. How
the parameters that contribute to the relaxation oscillation frequency and damping factor are
related to the intrinsic bandwidth of semiconductors, and the relative importance of their

characterization to this study is discussed.

2.1 ORIGINS OF INTENSITY NOISE IN SEMICONDUCTOR LASERS

After a semiconductor laser is turned on, the output of the laser exhibits fluctuations
as the interplay between the photon and carrier populations approach a steady state.
However, a true steady state is never reached, due to the presence of noise resulting from
the quantum nature of the lasing process itself [33] [34]. Photons arising from
spontaneous emission are a source of quantum shot noise as they are emitted in a random
direction and phase. Also, there is quantum shot noise associated with injected carriers,

because their passage across heterojunction interfaces is a random event which depends on



carrier energy. The recombination of carriers in the active layer being a random event is
also a source of quantum shot noise. As well, absorption and scattering mechanisms
within the laser cavity have a noise effect on the lasing process.

These noise sources all combine to create a white-noise effect on the photon and
carrier populations in the laser active region. The interdependence between the photon and
carrier populations are typically modeled by single-mode rate equations. The effect of the

noise sources can be included in these rate equations [15]:

ds _ _ 1), IRy

m I'vgg(n,s) T S+ + Fy(t) (2.1.1)
d._ll::.._I._______ F t
& Qv T, Veg(n,s) s + Fyt) (2.1.2)

where Fg(t) and Fp(t) are Langevin noise terms which mathematically model the white

noise effect on the photon and carrier populations respectively. Other terms shown are the

photon and carrier densities, s, n, the material gain, g(n,s), the spontaneous emission rate,

Rsp, the injected current captured in the active region, I, the active region volume, V, the
confinement factor, I, the electron and photon decay times, T, Tpn, and the group
velocity, vg. The resulting intensity noise in the output of a semiconductor laser comes
from the interdependence between the photon and carrier populations, represented by
(2.1.1) and (2.1.2), and their drive towards a steady-state condition which can never be

reached due to the continuous white noise inherent in the process itself.



2.2 RELATIVE INTENSITY NOISE

Relative intensity noise (RIN) is a frequency dependent value defined by the

following ratio

RIN = Gég—m)jﬁ (2.2.1)

where ( P ) is the mean optical power and (|AP(c0i> is the intensity noise power spectral
density. RIN is a measure of the contribution that the intrinsic noise of a semiconductor
laser makes to the signal-to-noise ratio of a communication system. If the laser intensity
noise were the dominant noise source then the RIN quantity would represent the maximum
signal-to-noise ratio possible in a fiber optic system. If this were the case, the signal-to-

noise level could be calculated from RIN using the following relationship {35]

S _ 2
N~ 2*BIERIN (2:2.2)

where m is the optical modulation and B is the noise bandwidth.
Using standard small-signal analysis, with the Langevin noise terms in (2.1.1) and
(2.1.2) replaced by the diffusion coefficients associated with the corresponding noise

sources, an expression for the RIN is found to be [11] [15] [37]

RIN = — A +Ba? (2.2.3)
(02 - @3 + 02T,

where ®, is the resonant frequency, and I'; is the damping. The RIN spectrum

represented by (2.2.3) describes how the Langevin white noise is selectively enhanced by
the intrinsic resonance of the lasing process. The enhanced response has the transfer
characteristic similar to a second-order low-pass network with a resonance at the frequency
o, which is damped by I';, [11].

One assumption that should be acknowledged immediately is that this analysis is

appropriate for single-mode operation only. The limitations resulting from this assumption
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will be addressed throughout this work. It would be more appropriate to use a multi-mode
rate equation model [36] [37], which unfortunately is beyond the scope of this work, since
there is an intensity noise associated with each lasing longitudinal mode and a photon
population associated with each lasing and nonlasing longitudinal mode. When the photon
population is associated with more than one lasing mode a breakdown of the single-mode
theoretical representation occurs, which is usually the case near threshold where multi-
mode operation is common. In fact, coupling occurs between longitudinal modes which
can renormalize the resonance frequency of the individual modes to very low values,

resulting in a lower resonance for a total photon density [34] [37].

2.3 RELAXATION OSCILLATION FREQUENCY AND DAMPING
FACTOR

The relaxation oscillation frequency, or resonance frequency, is the frequency at
which a resonance peak appears in the modulation response of a semiconductor laser. The
damping characterizes the rise in the response spectrum at the resonance peak. The
intrinsic frequency response of the laser, as derived from the small-signal solutions to

equations (2.1.1) and (2.1.2), minus the Langevin noise terms, is given by [10]

0)4
Ry = ; 23.1)
(@2 - 2 + w23
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Fig 2.1: Calculated small-signal intrinsic modulation response, Rjnt, showing the relaxation-oscillation
peak at f and the effect of damping, I, on the peak height.
The intrinsic modulation bandwidth of a semiconductor laser is the frequency range over
which it will respond to current modulation. Its value is usually defined by the frequency
at which its intrinsic response has dropped by 3 dB from the dc value [11]. The resonance
frequency and damping limit the useful modulation bandwidth of lasers according to their
effect on the response (see Fig 2.1). Therefore, a goal in designing high speed lasers is to
extend this bandwidth to the highest value possible by increasing the resonance frequency
and decreasing the damping.

The resonance frequency and damping parameters appearing in the small-signal

modulation response of the laser are the same as those appearing in RIN spectrum. The

resonant frequency, in equation (2.2.3), is given by [15]

dR
@3 = [Ty +{Vggns + & dtj")(rvgg +Tvygss) (2.3.2)
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and the damping is given by

I'R
Io=Ts+TIy= (-8739 -Tvggs|+ (Vggns + i{ﬂ—}) (2.3.3)

dnlt,

(S

where gn = dg(n,s)/on is the differential gain and gg = dg(n,s)/ds is the nonlinear gain. To

a good approximation the resonant frequency may be written as [15]

W, = (vggns . I“vgg)“2

or

fo = ﬁ (Vg@ns / Ton)!/2 (2.3.4)

From this approximation a relationship between the relaxation oscillation frequency and the
damping can be established by rewriting the second and third terms of equation (2.3.3) in

terms of equation (2.3.4) such that [38]

r(,=Kt%+l+-1:R—SE (2.3.5)

r sV
where 1/1 is the differential carrier lifetime at threshold. Further substitution of (2.3.4)

into the third term of (2.3.5) gives an equation for I'g with its dependence on £,

1 T Vg8aRgp 1

2
I,=Kfg+—++— — 2.3.6
o= TN unte, 12 (230
where K is given by [15]
K= (2n)2~cph( - f—gi) (2.3.7)
n

and the photon lifetime, Tph, is given by [11]

Toh = Vg (Olm + Oliny) (2.3.8)

where Oy, is the mirror losses and Qljnt is the internal absorption. Sometimes the nonlinear

gain is approximated to further simplify the model by expressing the material gain g(n, s)

as [15]
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. g(n,s) = g, (n)(1 —es) (2.3.9)
where g, is the carrier dependency of the material gain, and € is the nonlinear gain
coefficient. Using the threshold gain condition a more simplified expression for the value
K is derived [15]
K = (27 (Tpn - £/ Vyn) (2.3.10)
A linear relationship between f2 and I, was first empirically demonstrated by
Olshansky [10] which was simply stated as ', = K f3. As the ability to experimentaly
determine the resonance frequency and damping improved, the trends observed were found
to conform well with theory validating the inclusion of the differential carrier lifetime term
and the spontaneous emission term, the second and third terms seen in equation (2.3.5)
[15]. The spontaneous emission term only causes a departure from linearity at low bias
levels [36] [38].
The correlation between the resonant frequency and photon density shown in
equation (2.3.4) can be expressed in terms of the current injected above threshold, or (I-Is,)
giving a direct relationship between easily characterisable parameters. The photon density

can be estimated by [11]
— £ TphMNint
V.o q

S

(I-Iy) (2.3.11)

where Njn¢ is the internal quantum efficiency, I is the total injected current, and Iy, is the
threshold current of the laser. The accuracy of the estimation of the photon density in
(2.3.11) relies heavily on the characterization of the photon lifetime, Tph, which includes
the mirror losses, 0i;,, and the internal absorption, Ojn¢, and the internal quantum

efficiency. Substituting (2.3.11) into (2.3.4) results in

itV
L{I_ NintVg&n (2.3.12)

o=V q O )

}Vz



14

Rewriting (2.3.12) as a relationship between resonant frequency and current injected above

threshold allows for the creation of the slope parameter D' as shown here

‘ 1
f,=D (I—Ith)/2 (2.3.13)
where D' is given by

=21t

2.3.14
AL S (2.3.14)

1
D 1 { r T'lintvggn}/2

where the active region cross sectional area is given by A = ny dy, W, nw is the number of
quantum wells, dy is the quantum well width, and w is the width of the stripe contact.

The correlation between the resonant frequency and photon density shown in
equation (2.3.4) can also be expressed in terms of the facet output power, or Py, giving an
another direct relationship between easily characterisable parameters. The photon density

can be estimated by [11]
(2.3.15)

where Pr is the single facet ouput power of the laser, and hv is the photon energy. In this
case the accuracy of the estimation of the photon density in (2.3.15) relies more heavily on

the characterization of the single facet ouput power, Pg, and the mirror losses, Op.

Substituting (2.3.15) into (2.3:4) results in

fo=D YP¢ (2.3.16)
where Pf is the single facet power, and D is given by [15] [26]
1

PRt @31

The values D', D, and K have been used to characterize the frequency response of
semiconductor lasers [15]. The value D' describes the rate at which the resonance
frequency increases with injected current above threshold. The value D describes the rate at

which the resonance frequency increases with output power. The value K is usually used
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to characterize the intrinsic bandwidth, as will be explained in the next section. High speed

performance is expected from devices with a higher value of D' or D, and lower value of K

[15].

2.4 MAXIMUM INTRINSIC BANDWIDTH

The maximum intrinsic bandwidth of a semiconductor laser is the damping limited
modulation rate theoretically achievable ignoring RC parasitics, device heating, and
maximum power of the laser [39]. At a sufficiently high photon densities the damping rate
becomes large enough that the resonance is critically damped. The intrinsic bandwidth can
be determined by setting the intrinsic frequency response function, equation (2.3.1), equal
to 1/2, which 1s equivalent to the 3-dB definition of bandwidth [10]:

@s
(0 - @3 + 02T

The maximum intrinsic bandwidth is then found by taking the derivative of this relationship

=1
=5 (2.4.1)

with respect to optical power, P. Using ', = K {3, an approximation of equation (2.3.5),
to equate the power dependence of the damping and the resonant frequency, and setting

dw/dP = 0, results in the relationship

o} + 0202, = 2T (2.4.2)
where o is the maximum angular intrinsic bandwidth. When equation (2.4.2) is
combined with equation (2.4.1) the relationship @, = ®p, is established. Applying this to
equation (2.4.2) gives

20% =T,

Using the approximation I'y = K f3, the maximum intrinsic bandwidth, fmax, is

foay = 1% (2.4.3)
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Combining equation (2.4.3) with equation (2.3.10) gives an expression for fiax in terms

of physical parameters

£ = 1 ~_ Veén
T NIn(tn- €/ vegn) | Y2me

(2.4.4)

This characteristic parameter should only be used for comparing the intrinsic
behavior of semiconductor lasers, and not as an indication of what the expected bandwidth
of the laser may be, for a number of reasons. Two laser structures may have the same
intrinsic bandwidth and yet very different true maximum bandwidths due to different
thermally limited maximum powers. The maximum intrinsic bandwidth is determined by
the limitations of the damping experienced in the carrier-photon interactions occuring in the
active region of the laser structure. As demonstrated in §2.3 this damping is dependent on
photon density and therefore optical output power. As well, since the damping is
characterized in this study using RIN versus frequency values it only represents the
damping experienced by the carrier-photon interactions based on the quantum fluctuations
occuring in the two populations under dc conditions. Under ac conditions the carriers will
be effected by carrier transport times as they travel from their perspective contacts through
the material to the active region of the laser. Carrier transport times do not affect the
maximum intrinsic modulation determined through the measurement of RIN because it is
measured under dc conditions so the actual maximum bandwidth will fall short of that

predicted by the intrinsic value [20] [21] [39].
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2.5 PARAMETERS TO BE CHARACTERIZED

By fitting the theoretical expression for the RIN spectrum shown in equation
(2.2.3) with experimentally obtained RIN values as a function of frequency, ®o and I'g can
be characterized as a function of injection current levels. Once these values have been
obtained, several other important parameters become available from expressions (2.3.3) -

(2.3.17).

2.5.1 Response coefficients D' and D

The response coefficients D' and D are important to characterize because they allow
for a direct comparison of the speed performance of the lasers. Also, the differential gain,
gn, can eventually be obtained through additional characterization of other parameters.
Plotting resonance frequency values, fo, obtained as a function of drive current from RIN
data versus the root of injected current above threshold should result in a linear trend as
predicted by equation (2.3.13). The slope of this line yields the value D'. Plotting the
same resonance frequency values versus the root of single facet output values as a function
of drive current from light-current (L-I) data should result in a linear trend as predicted by

equation (2.3.16) yielding a slope of the value D.

2.5.2 Response parameter K factor

The response parameter K is also important to characterize because it also serves as
a comparative value for the speed performance of semiconductor lasers. Also the nonlinear
gain coefficient, €, can eventually be obtained through further characterization. Plotting
damping values, I'o, obtained as a function of drive current versus resonance frequency

values, f, obtained as a function of drive current from RIN data should result in a linear
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trend as predicted by equation (2.3.5). However, this will not be the case for values
obtained near threshold as explained in §2.3. The slope of this line will have the value of

K.

2.5.3 Group velocity, vg, and photon energy, hv
The group velocity and the photon energy are not obtainable from the resonance
frequency and damping data. However, their values are required for the characterization of

the differential gain parameter, g,. The group velocity is given by [11]

v = 21{Av) (2.5.1)
where Av is the longitudinal mode spacing which can be determined from the spectral
output data of the lasers. The photon energy will be estimated using the peak wavelength

obtained from the spectral output data of the lasers.

2.5.4 Optical-Confinement-Factor, T

| Optical confinement in a semiconductor structure occurs when a region of dielectric
material is surrounded dielectric of lower index of refraction resulting in the total internal
reflection of photon energy. The optical confinement factor, T, is typically determined with
an optical mode model which is used to spatially determine the photon distribution in the
optical confinement region of the dielectric waveguide. Several different approaches can be
taken to mathematically represent the optical mode and these are usually tailored to find the
easiest solution for a particular dielectric waveguide structure. One such approach was
developed for multilayer index profiles, such as those found in multiple quantum well
lasers, by L.M. Walpita [56]. This partical approach uses the condition that certain

elements in the transfer matrix must be zero. The resulting numerical techique is simpler to
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solve than eigenvalue equations and thus requires the computational effort. An appropriate
algorithm based on Walpita's approach has been programed in the mainframe computer at
Nortel Technologies by Dave Adams and it was this software that was used to calculate the

optical confinement factor for the laser structures studied in this work.

2.5.5 Mirror loss, am, and internal absorption, aint

Both ayp and aljpt are important to know for the characterization of the differential
gain parameter, g, and are best characterized from L-I data of the lasers. The slope of the
L-I curve can be used to characterize the differential quantum efficiency of a device using

the following relationship [11]
=29 dPoy

“itv dl (2.5.2)

Nd

The differential quantum efficiency can also be written in terms of the internal quantum

efficiency and the photon escape and generation rates as [11]

- Om 2.5.3
Nd = Nint O + G ( )

The mirror losses, o, are given by

o, =L1 1n(R‘1) (2.5.4)

where L is the laser cavity length and R is the facet reflectivity, which on substitution in

(2.5.3) yields
Mg = Min’! [1 + ﬁ‘%f—;%} 2.5.5)
Plotting ng-! versus L obtained for devices of the same active region design should
result in a linear trend according to equation (2.5.5). The slope of this plot will characterize
the inverse internal efficiency, Nine'!, and the intercept will be the term Oljn/In(1/R)

containing the internal absorption. The facet reflectivity, R, according to Fresnel's

formulae assuming normal incidence, is given by
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n, —1 2
R=[ g J (2.5.7)
n, +1

where, ng, the group index is given by
n, =— (2.5.8)

Having obtained a value for the facet reflectivity, R, the internal absorption, aijn¢, can be
extracted from the value of the intercept. The photon lifetime, Tph, as described in equation
(2.3.8), can now be determined by calculating the mirror losses using equation (2.5.4).

It should be mentioned that this characterization of Mip and Qint is based on the
assumption that they are independent of threshold carrier density which typically changes
with device length. Unfortunately, the threshold carrier density of quantum well lasers can
increase dramatically for shorter device lengths. It has been shown that oint and nint are
dependent on carrier concentration; therefore, some caution must used when using the

shorter cavity length lasers in fitting the data to equation (2.5.5) [40].

2.5.6 Differential gain, gp

The differential gain, gp, is an extremely useful parameter to characterize since it
plays a vital role in the high speed performance of semiconductor lasers. Knowledge of
how this value changes as a function of device structure could be extremely useful to future
design considerations. The differential gain, g,, can be obtained from the characterizations
of D' and D, as shown in equations (2.3.13) and (2.3.17). Because the values D' and D
are obtained by fitting from the threshold condition over the linear region of the dependency
of resonance frequency on the injected current, or single facet power, the resulting
diffential gain value is a characterization of the rate of change of the material gain

dependency on carrier concentration, dg(n,s)/on, near threshold. An explanation of how
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gn 1s expected to vary with varying QW barrier height and QW number will be discussed in
§3.2. Additional parameters required for this purpose are the active region cross section A,
and the device L, which can be estimated from the design parameters of the laser to within
reasonable accuracy. Using these values, along with v g hv, T', Nint, ®int, and oy

characterized earlier, the value of g, can be determined from D.

2.5.7 Nonlinear gain coefficient, ¢

Nonlinear gain also plays a vital role in the high-speed performance of
semiconductor lasers. Very little conclusive evidence of how this parameter is expected to
change with device structure has been presented to date. This study will hopefully reveal
some trends that will be useful to future design considerations by revealing structual
modifications that would result in a minimizing the magnitude of €. The nonlinear gain
coefficient, €, can be obtained from the characterization of K, as shown in equation
(2.3.10). Using the values obtained for vg from (2.5.1), and gn as described above, while

the photon lifetime can be calculated using equation (2.3.8).

2.5.8 Maximum intrinsic bandwidth, fiax

The maximum intrinsic bandwidth, fmax, of a semiconductor laser provides a
general overview of the resulting contribution of all of the parameters important for high
speed laser performance. The same information is provided by the K factor; however,
fmax has immediate physical meaning as a bandwidth value. How this parameter varies
with quantum well barrier height, QW number, and cavity length could provide useful
information for future design considerations. The value fmax can be obtained from the

characterization of K as shown in equation (2.4.3).
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2.6 SUMMARY

In this chapter the theoretical concepts of intensity noise in semiconductor lasers,
the nature of relative intensity noise (RIN) spectra, and the parametric forms that relaxation
oscillation frequency and damping factor take with reference to RIN spectra were
presented. How the parameters that contribute to the relaxation oscillation frequency and
damping factor are related to the intrinsic bandwidth of semiconductors, and the relative

importance of their characterization to this study was also discussed.



CHAPTER 3: LASER STRUCTURES

3.0 INTRODUCTION

In this chapter details of the design parameters of the eleven laser structures
examined in this study are presented. As well the materials growth and processing
procedures followed in their construction are briefly covered. In this study information on
how the intrinsic modulation response of 1.3 um InGaAsP/InP compressively strained
MQW lasers are affected by changes in the structural parameters of the QW active region
was sought, with the objective of optimizing the structural parameters for incorporation into
future semiconductor laser designs. The three most important physical parameters to be
considered when optimizing the intrinsic frequency response of semiconductor lasers are
the differential gain, gy, the nonlinear gain coefficient, €, and the photon lifetime, Tph (see
equation 2.4.4). In the final sections of this chapter the expected effect of varying the QW

barrier height, number of QWs, and cavity length on these parameters will be considered.

3.1 DEVICE STRUCTURES

Eleven laser structures, which were designed, grown, and fabricated at the
Advanced Technology Laboratory of Bell Northern Research (BNR) in Ottawa, were
considered for the purposes of this study. All of the structures were single-step index-

guided compressively strained MQW ridge waveguide lasers, designed to have an emission
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wavelength of approximately 1.3 pm. One group of five structures focused on the effect of
varying QW barrier height, and the other six of varying the QW number (see Table 3.1).
There were slight differences in the thicknesses and doping levels of the GRINCH regions,
and the doping levels used in the barrier layers of the structures in the two groups.
However, the same well and barrier layer widths were targeted in the growth of all the
structures. The device comparison in this study is unique to that of other previous studies
in that it simultaneously considers the effect of varying two important QW physical
parameters, the number of wells and the barrier height, in the same basic laser structure.
The basic layer structure, common to both sets of devices is shown in Fig. 3.1.
The values corresponding to the layer composition and structural variables appearing in

Fig. 3.1 are given in Table 3.1.

cap layer GalnAs 0.2 pm [pzn] = 1 x 1019
buffer layer InP 1.6 pm [pzn] = 1 x 1018
buffer layer InP 0.2 pym [pzn] =4 x 1017
etch stop Inl-xGaxAsyPl-y 13Q 30A [pzn] = 4 x 1017
grinsch layer InP 0.1 pm [pzn] =4 x 1017
grinsch layer Inl-xGaxAsyPl-y 1.0Q GA [pzn] =4 x 1017
grinsch layer Inl-xGaxAsyPl-y XQ GA [pzn] = dG1
N
geilsy well layer Inl-xGaxAsyPl-y 1.3um 35A 1% Strained undoped
barrier] barrier layer Inl-xGaxAsyPl-y X Q 100A Unstrained [pzn] =dB
layers
grinsch layer Inl-xGaxAsyPl-y XQ GA [nsi] = dG2
grinsch layer Inl-xGaxAsyPl-y 1.0Q GA [nsi] =dG2

buffer layer InP 1.5 pm [nsi} =2 x 1018

Figure 3.1: Layer composition and arrangement common to device structures in both sets of MQW
ridge waveguide laser structures.
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3.1.1 Materials Growth and Processing

The structures from both sets described above were grown by low-pressure
metalorganic vapor phase epitaxy (LP-MOVPE) on (100) Si-doped n-type InP substrates.
The lasers were processed to have a 2 um wide ridge structure. The lasers were then
fabricated with patterned metal on the p-side of the device. Devices were cleaved from all
the wafer samples with cavity lengths of 10 mil, 15 mil, 20 mil, 30 mil, and 40 mil. These
were then bonded p-side up onto SiC heat sinks mounted on copper blocks which, in turn,

were mounted onto ceramic sub-carriers to facilitate device testing.

Sample Number Barrier Q Barrier grinsch grinsch  grinsch

Number of QWs ‘X! doping thickness doping doping
_ 'dp' 'G’ ‘dg1’ 'dg2’
Varying Number of Wells
S1-349 5 - 1.10 8x 1017  400A 4x 1017  4x1017
S1-341 7 1.10 8x1017  300A  4x107  4x1017
S1-340 8 1.10 8x1017  200A  4x1017  4x1017
S1-429 10 1.10 8x1017  200A  4x1017 4x1017
S1-418 12 1.10 8x1017  200A 4x 1017 4x1017
S1-422 14 1.10 8x 1017  200A 4x 1017  4x107
Varying Barrier Height
S1-591 10 1.00 1x1018 2004 1x 1018  8x 1017
$1-593 10 1.05 1x1018  200A 1x1018  §x 1017
S1-588 10 1.10 1x1018 2004 1x1018  8x1017
$1-590 10 1.15 1x1018 2004 1x 1018  8x1017
S1-592 10 1.20 1x1018 20047 1x 1018  8x 1017

Table 3.1: Description of the laser structures from which processed devices were selected for study.
The values shown correspond to the layer composition and structural variables appearing in Fig. 3.1.
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3.1.2 Description of varying barrier height structures

The group of structures in which the quantum well barrier height was varied were
numbered S1-588, 590 to 593. As outlined in Table 3.1 the number of quantum wells for
these structures was fixed at 10. The barrier layers and upper GRINSCH layer were p-
doped using zinc at a concentration of 1 x 1018 cm3. The thickness of the GRINSCH
layers was 200 A with the lower layers n-doped with silicon to a concentration of 8 x 1017
cm-3. The barrier layer composition of the five structures was varied such that the emission
wavelength corresponding to the barrier band-gap increased from 1.0 um to 1.2 um in

0.05 pum step.

3.1.3 Description of varying quantum well number structures

The group of structures in which the quantum well number was varied were
numbered S1-340, 341, 349, 418, 422, and 429. As outlined in Table 3.1 the barrier layer
composition of the six structures was kept constant such that the emission wavelength
corresponding to the barrier band-gap number of quantum wells for these structures was
fixed at 1.3 pm. The barrier lziyers and upper GRINSCH layer were p-doped using zinc at
a concentration of 1 x 1018 cm3 and 4 x 1017 ¢m3 respectively. The thickness of the
GRINSCH layers was 200 A, with the exception of S1-341 with thickness 300 A, and S1-
349 with thickness 400 A. As well the lower GRINSCH layers were n-doped with silicon
to a concentration of 4 x 1017 cm3. The quantum well number was varied for the six

structures with the following sequence; 5, 7, 8, 10, 12, and 14.
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3.2 EFFECT OF VARYING THE QUANTUM-WELL PARAMETERS

3.2.1 Expected Effect Of Varying QW Barrier Height On Physical

Parameters

A deeper quantum well is expected to result in a higher differential gain. This is
because a larger valence band barrier height and, hence, greater quantum confinement
increases the heavy hole energy level - light hole energy level (hh-1h) separation which in
turn augments the parabolicity of the hh band [41]. The more parabolic the hh band the
greater the energy range over which the Fermi-level moves for a given carrier injection rate
which is indicative of high differential gain. This effect is more pronounced in
compressively strained wells, like those found in the structures in this work, than in lattice-
matched or tensile strained wells because the hh-lh separation is greater in compressively
strained wells than in lattice-matched wells [41].

As mentioned in §1.2, it has been found that quantum well lasers generally exhibit
higher nonlinear gain than bulk lasers. It has been suggested that this is a result of the
enhancement of the non-linear gain by the quantum confinement of carriers [18].
However, the wide range of differences between published values of € for QW and bulk
lasers suggests that € has a dependence on QW structure that is not well understood.
Several theories have been published that indicate that nonlinear gain may depend strongly
on QW structure parameters such as barrier height, well width, and well number [17].
Some studies have reported observing € increasing with g, suggesting that similar
mechanisms may be involved with both physical parameters [13] [15] [17] [18].

From equation (2.4.4) it can be seen that a change in Tph with varying the quantum
well barrier height would have an impact on fipax. According to equation (2.3.8), the only

physical parameter that could effect Tpp with any active region design variation would be
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the internal absorption, 0, However the band edge of the range of barrier heights being
studied here are energetically far from the emission wavelength of the quantum well regions
so little change in internal absorption is expected to be observed. Therefore, it is expected
that ojp; will remain relatively constant with increasing barrier height resulting in little
change in Tpp,.

According to equation (2.4.4), an increase in the QW barrier height that is expected
to result in an increase in gy should benefit the intrinsic modulation bandwidth, fiax.
However, the potential increase in €, would act to decrease fj,,x according to equation
(2.4.4). Hence, the optimum barrier height will depend on the relative dependence of fiax

on these physical parameters.

3.2.2 Expected Effect Of Varying QW Number On Physical Parameters

It has been theoretically demonstrated that the differential gain, g,, of a QW laser is
expected to increase with the number of QWs [42] [43]. This makes sense
phenomenologically, since the carrier concentration required to achieve threshold should
decrease with increasing quantum well number. The internal absorption of a multiple
quantum well laser is expected to increase with increasing quantum well number because of
the increased photon/carrier interaction resulting from the greater optical mode overlap with
the quantum well region. This will result in an increase in the modal threshold gain
condition. However the increase in the active area volume with QW number will result in
an increase in the modal gain for a given carrier concentration. This increase in modal gain
will more than compensate for the increase in the modal threshold gain condition and result

in the expected decrease in the threshold carrier concentration [40]. This increase in gy
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with QW number has been experimentally demonstrated by several authors [15] [26] [42]
[44].

Conclusive evidence has not been reported on how € changes with number of QWs,
although, as was mentioned in §3.3.1, a strong dependence may exist. On the one hand,
two studies on how the damping coefficient K varies with g, as a result of varying QW
number in 1.5 pm InGaAs/InGaAsP MQW lasers report values of € that are relatively
constant with QW number [15] [26]. This is supported by the findings of a investigation
of InGaAs/InGaAsP MQW lasers showing € to be almost independent of QW number
varying from 4 to 20 [45]. On the other hand, an investigation of € involving
InGaAs/InGaAsP MQW lasers reports a regular decrease of € as the number of wells is
increased from 3 to 7, suggesting a dependence of € on carrier density since a lower carrier
density is required to reach threshold as QW number 1s increased [44].

The effect of the number of QWs on Tp, is expressed implicitly by equation (2.3.8)
through ajnt. Since Ojpe is expected to increase with increasing QW number as a
consequence of the increase in the optical mode overlap with the quantum well region a
corresponding decrease in Tph Will be observed.

An inspection of equation (2.4.4) indicates the intrinsic modulation bandwidth,
fmax 1s augmented by an increase in gp and decrease in Tph With number of QWs. Although
the trends in the literature of the dependence of € on QW number are inconclusive, if € does
indeed decrease with increasing QW number, as the most direct study suggests [44], then a

substantial increase in the intrinsic modulation bandwidth should be observed.
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3.3 VARYING THE DEVICE CAVITY LENGTH

For a given QW active region structure the threshold gain condition is expected to

decrease with increasing cavity length, due to the decrease of the mirror loss distribution

om=L-1In(R-1), as shown by the relationship [11]:

= e + Lin(L
Tgen = tin + 11n( 1] (3.3.1)

The carrier concentration at threshold decreases as the modal gain, gm=I"g¢h, required to
reach threshold decreases with increasing cavity length. Since the modal gain is
logarithmically dependent on carrier concentration, g, is higher at the lower carrier
concentrations required of a lower threshold gain [40]. Therefore g, is expected to increase
with increasing cavity length.

No studies were found in the literature dealing with how the gain saturation, €, is
expected to change with cavity length. Some studies have assumed that € remains constant
with cavity length [15] [26] [41]; however, there is no solid reason for assuming this to be
true. This conclusion seems to be based on the results of other works suggesting € has no
dependence on semiconductor structural parameters [22] [32] [41] [45]; however, cavity

length was not one of the parameters investigated.

Based on equation (2.3.8), the photon lifetime, Tph, contains two length-dependent
parameters: the mirror losses, 0, and the group velocity, vg (see equations (2.5.4) and
(2.5.1) respectively). Since the mirror losses are theoretically distributed over the length of
the cavity their contribution to the photon lifetime will decrease with increasing cavity
length. This will tend to increase the photon lifetime with increasing cavity length. The
group velocity dependence on cavity length, based on changes in group index with carrier

concentration, will be much weaker than the expected change in the mirror losses.
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Increasing the cavity length will benefit the intrinsic modulation bandwidth by
increasing gn; however according to equation (2.4.4), the increase in Tph due to decreasing
mirror losses will have a competing effect. As discussed above, the effects of cavity length
on € are unknown, but based on the changes in g, and Tph some optimum cavity length

may exist, depending on the relative dependence of fmax on these physical parameters [15]

[41].

3.4 SUMMARY

In summary, this chapter outlined the design parameters of the eleven laser
structures examined in this study. As well the materials growth and processing procedures
flowed in their construction were briefly covered. Finally the expected effect of varying the
QW barrier height, number of QWs, and cavity length on the differential gain, g;, the

nonlinear gain coefficient, €, and the photon lifetime, Tph, were discussed.



CHAPTER 4: EXPERIMENTAL SETUP

4.0 INTRODUCTION

This chapter describes the experimental apparatus and configurations used to
measure the relative intensity noise (RIN), continuous wave (CW), and spectral
characteristics of devices from the laser structures outlined in Table 3.1. RIN
measurements provide a parasitic-free means of observing the dynamic operation of a laser,
as mentioned in §1.2. The parameters that define the useful modulation bandwidth of a
semiconductor laser also determine the shape of its RIN spectrum, as shown in §2.2.

Using a simple experimental technique, the RIN spectrum for a given level of
current injection was obtained, and by fitting the measured spectrum to equation (2.2.3) the
resonant frequency and damping values were obtained. Because the laser output had to be
coupled into a fiber for the measurement of the RIN spectra, due to the uncertainty of the
fiber coupling efficiency the absolute power for each measurement was unknown.
Therefore, the CW characteristics of the laser were measured in order to obtain calibrated
power values for the laser output as a function of injection current. Then, in order to
compare the resonant frequency and damping values obtained from the RIN spectra with
output power, the results as a function of injection current for the RIN and CW
measurements were simply matched.

The spectral characteristics of the devices were measured to determine the peak

wavelength and longitudinal modal spacing of the output of the lasers. The peak
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wavelength was required to determine the responsivity of the detector used in the CW
measurements to allow for a calibration of the results. The peak wavelength, as well as the
longitudinal modal spacing, were necessary to calculate the differential gain, g, and the
nonlinear gain coefficient, €, from the characterized values of D and K using equations

(2.3.17) and (2.3.10) as described in §2.5.7 and §2.5.6.

4.1 RELATIVE INTENSITY NOISE MEASUREMENTS
4.1.1 Theory Of Relative Intensity Noise Measurements

Relative intensity noise as a function of frequency is defined as the ratio of the noise
power spectral density to the mean optical power (see §2.1). The noise power spectral
density of a semiconductor laser can be measured by focusing its output when dc biased
above threshold onto a high-speed p-i-n photodiode, typically one with a 20 GHz
bandwidth. The resulting photocurrent is then amplified using a low-noise detector circuit.
The spectral density of the RF noise component of the amplified photocurrent can then be
measured using a spectrum analyzer. The resulting electrical noise power spectrum consist
of noise from three sources; thermal noise in the photodiode amplifier, ( i2, ), photodiode
shot noise, (i%hot ) and the laser intensity noise, <i2 ) Therefore the detected electrical

noise power can be represented by [15]

315

()= 2L { () + (o) + (B ) - AF | (4.1.1)

where Zt is the amplifier trans-impedance and Af is the noise bandwidth. The trans-

impedance of the detector circuit is included in this relationship to relate the voltage

generated by the photocurrent terminated with a 50 £ load to the actual voltage measured at
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the spectrum analyzer. Defining the dc photocurrent generated by the photodiode as I, the

last two terms of equation (4.2.1) are then given by [15]

(Zyoc) = 2q1 4.1.2)
and
() = RIN-I2 (4.1.3)

where the relative intensity noise of the laser, RIN, is given by equation (2.2.1).

4.1.2 RIN Experimental Apparatus

The equipment used perform the RIN characterizations of the laser structures in this
study was made available at the Advanced Technology Laboratory of Bell Northern
Research (BNR) in Ottawa. The main component of the RIN measurement facility was an
HP 71400 Lightwave Signal Analyzer. This was used to measure the noise power spectral
density of the system {PN} as described by equation (4.1.1). The dc current source used
to drive the laser was an ILX LDX-3207B precision current source. The temperature of the
semiconductor laser was controlled using a thermoelectric (TE) cooler mount, which used a
TE cooler with surface dimensions of 11 mm x 11 mm and a heat pump capability of 6.67
Watts, and was monitored using a thermistor, both of which were controlled by an ILX
LDT-5910B temperature controller. An IBM 386 was interfaced with these three devices
using a National Instruments AT-GPIB IEEE computer interface card, controlled by
customized NI-488 software in a QBASIC environment. The optical output of the laser
was coupled into a tapered fiber. This tapered fiber was held in position by an XYZ
piezoelectric positioner. The optical signal in the fiber was then passed through a 1310 nm
Isowave Optical Isolator before being coupled into the lightwave signal analyzer (see Fig.

4.1). The optical isolator is an important component of the experimental setup since optical
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feedback can greatly affect the intrinsic noise of the laser. The optical isolator used had an
extinction ratio of 65 dB which should minimize any effect back reflection could have on
the RIN results. Reflection-induced noise shows up in the noise power spectrum as a
ripple having a period of f=c/2nL [33]. These ripples where not observed in the electrical
spectrum taken with the experimental apparatus once the optical isolator was put into place.
Also near-field reflections within the laser's coherence length, such as from the tapered
fiber interface, tend to enhance the low-frequency intensity noise of the laser. However,
the frequency range effected extends only up to several kilohertz, which is far below the

frequencies of interest to this study [34].
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Figure 4.1: Schematic diagram of the experimental set-up used to measure the relative intensity noise
(RIN) characteristics of the ridge waveguide MQW lasers.

For the automation of this experimental setup, the controlling software required
several special features. A program module was included for controlling the temperature of
the laser sample, ensuring that the temperature of the stage was stable to within +/- 0.05 °C
before the measurements were made. According to the specifications of the lightwave
signal analyzer, the photodetector of the analyzer could have been damaged if the average
optical power coupled into the detector exceeded 3 dBm. Therefore a program module was

included that continually monitored the average optical power and adjusted the attenuation
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of the analyzer accordingly, thus ensuring that the maximum dynamic range of the analyzer
was always utilized.

The quality of the RIN spectrum data was very sensitive to the average power
coupled into the fiber. It was found that the position of the fiber tip into which the output
of the semiconductor lasers was coupled drifted as a function of time, necessitating
continuous optimization of this coupling. This problem was overcome by automating the
alignment of the fiber coupling apparatus which was controlled by a Physik Instrumente
XYZ piezoelectric positioner. The Physik Instrumente high-voltage power supply
controlling the XYZ piezoelectric positioner had analog voltage inputs for remotely
controlling the positioner in all three directions. It was decided that the X and Y directions
in the plane perpendicular to the fiber would be controlled by the automation software, by
correlating fiber position with the maximum optical power monitored by the lightwave
signal analyzer, so that the coupling of laser light into the fiber could be optimized before
each RIN measurement. A National Instruments Lab-PC+ I/O board was added to the IBM
386. Two of the analog outputs from the I/O board were connected to the power supply
controlling the XYZ piezoelectric positioner. The Z direction was left to be controlled
manually since the lateral position of the fiber from the laser did not seem to be suffering
from any drift problem, and the possibility of butting the fiber into the laser facet was also a
concern. The additional software developed for the control of the fiber position had several
special features. Using the average optical power detected at the initial position of the fiber
as a lower limit, the XY plane of the fiber position was scanned within this power limit,
and a fitting routine was used to optimize the fiber position. If an unusual drop in power
was detected between RIN measurements, which occasionally occurred due to a sudden
shift in the piezoelectric positioner, an emergency alignment sub program was initiated
which scanned the laser facet to recover the laser signal. With the fiber position controlled

by the automation software, consistent RIN spectral data were obtained.
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With the setup successfully automated, attention was then focused on directly
determining the RIN spectrum of the laser. As mentioned earlier, the lightwave signal
analyzer was only capable of acquiring the noise power spectral density of the system,
which included the laser intensity noise, thermal noise, and photonic shot noise. A
downloadable program (RIN DLP) was available with the lightwave signal analyzer which
measured the noise power spectral density of the system, attenuated the laser signal and
measured the noise floor, and then calculated the RIN of the laser using equation (4.2.1) at
a frequency preset by the user. However, the RIN DLP could not be activated remotely,
and it was not possible to obtain the RIN of the laser over the entire frequency span.
Hewlett-Packard was contacted to ascertain whether the RIN DLP could be modified to
produce the entire RIN spectrum of the laser. A reply was received indicating that this was
not possible using the RIN DLP. However information was sent which detailed the
existence of an undocumented command, <IRINI>, which could be activated remotely, that
initiated a single measurement of the noise power spectral density of the system, and the
noise floor, on two separate traces, similar in action to the RIN DLP. By accessing the
data of these two traces the RIN spectrum of the laser was calculated by subtracting the
analyzed noise floor and photonic shot noise contributions from the noise power spectral

density of the system, to give the spectral distribution of the laser RIN.

4.1.3 Calibration Of RIN Spectrum Results

A regular perturbation of a non-periodic nature was observed in the noise floor
response of the lightwave analyzer. This perturbation also appeared in the RIN spectra
obtained using the experimental apparatus. Based on these observations it was decided that
the response of the lightwave analyzer needed to be calibrated. One method of correcting

the detection system response is to use a ‘'white’ shot noise spectrum [15]. A
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semiconductor laser can be considered a good approximation of a 'white’ shot noise source
if the laser RIN contribution to the noise power spectrum is much lower than its shot noise
contribution. For example, a high power semiconductor laser operated at high power
would be such a source, since the peak of the RIN spectrum has an approximate 1/P3
dependence giving a relatively flat contribution over a wide frequency range easily
dominated by shot noise [15]. However, such a laser was not available, so a viable
alternative was to use an Erbium doped fiber pumped with a 980 nm source. The noise
power spectral response of a fiber amplifier is flat since its dominant noise terms have a
weak frequency dependence which are also easily dominated by shot noise at higher power
operation. Measurements of the noise power spectra corresponding to ten differently
coupled power values, ranging from -11.0 dBm to -1.0 dBm, were obtained using the fiber
amplifier for the measurement frequency range of 0.13 GHz to 20 GHz. All ten spectra
were normalized to a reference value at the same frequency. The resulting normalized
curves all agreed in relative amplitude with frequency to within experimental error. Their
agreement also confirmed that the optical output of the fiber amplifier was acting as a
'white' shot noise source since only the relative positions of the spectra changed with
power and not the spectral shape. An average of the ten normalized 'white' noise spectra
was the used to correct the response of the lightwave analyzer. The resulting correction
curve varied non-periodically over the frequency range 0.13 GHz to 20 GHz by +/-2dBm.
Applying the correction curve to the noise floor of the lightwave analyzer resulted in a very
flat response to within +/-0.2 dBm consistently. As well, the resulting RIN spectra
consistently corresponded to the theoretical shape predicted by equation (2.2.3), which

dramatically improved the correlation with the experimentally obtained spectra.
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4.2 LIGHT-CURRENT MEASUREMENTS

A schematic diagram of the experimental setup for the L-I measurements is shown
in Fig. 4.2 [40]. The purpose of the vacuum chamber is to prevent condensation from
forming on the devices at the lower temperatures. The vacuum chamber is capable of
maintaining a pressure of about 15 millitorr which is monitored with a vacuum gauge. A
two-stage thermoelectric cooling/heating stage inside the vacuum chamber controlled the
temperature of the lasers. The primary stage consists of two thermoelectric coolers
mounted in series. One side of this TE stack is contacted to the vacuum chamber base and
the other side is contacted to a copper plate. The function of the primary cooling/heating
stage is to assist in obtaining low temperature measurements without having the delay times
associated with changing the temperature of a large thermal mass. The current to the
primary stage is supplied by a Xantrex HPD 15-20 power supply which was remotely
controlled. The secondary cooling/heating stage, which is mounted on top of the copper
plate in contact with the primary cooling stage, consists of a smaller (11 mm x 11 mm)
thermoelectric cooler on top of which was mounted a copper block and the laser diode.
The power to this device is controlled by an ILX 3722 laser driver temperature controller.
The temperature of the laser diode heat sink is monitored using thermistors situated beneath
the position of the laser diode. The controller is connected to the data acquisition computer

using an IEEE 488 interface.
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Figure 4.2: Schematic diagram of the experimental set-up used to measure the CW light-current
characteristics of the ridge waveguide MQW lasers {40].

The light output from the laser diode is collected by a large area (1 cm?2), calibrated,
germanium detector (Germanium Power Devices Corp. GM10HS08) which is situated
within 3 mm of the laser diode facet. The detector has a responsivity of 0.55 A/W at a
wavelength of 1300 nm. The photocurrent of the detector is amplified using a detector
circuit consisting of an LF357 OP amp configured to have a gain which is variable from
1x102 to 2x106 V/A. The output voltage from the detector circuit is digitized using the
analog-to-digital (ADC) converter of an SR510 lock-in amplifier with a resolution of 2.5

mV, which is then read by the IEEE 488 computer interface.

4.3 EXPERIMENTAL SET-UP FOR SPECTRAL MEASUREMENTS

The experimental setup for measuring the spectral characteristics of the lasers is
used to study the temperature trends of two important spectral properties; the dominant

emission wavelength of the laser, and the optical spectra as a function of sub-threshold



4]

injection current [40]. A schematic diagram of the experimental setup that was used is
shown in Fig. 4.3 and is fundamentally similar to that shown in Fig. 4.2 save for the
following differences. The light output from the laser diode, instead of being directly
detected by a Ge detector, was collimated using a laser diode collimating lens and focused
onto the entrance slit of an Jarrell-Ash Monospec 50 scanning monochromator. The
monochromator had a 0.5 meter path length, with an {/8.6 aperture, and a linear dispersion
of 3.2 mm/nm. The light at the output slit of the monochromator was then detected using
an InGaAs photodiode. The InGaAs detector had a responsivity of 0.84 A/W at 1310 nm,
and the gain in the detector circuit could be adjusted from 1x102 to 2x107 V/A. In order to
obtain a good signal-to-noise ratio, the light output from the laser diode was chopped for
phase sensitive detection by a SR510 lock-in amplifier. The setup is also fully automated
with monochromator control carried out using an RS-232 interface connected to an SX
Series Compumotor stepping-motor. This stepping motor had a resolution of 25000

steps/revolution, or 2500 steps/nm, which allowed for fine wavelength control.
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Figure 4.3: Schematic diagram of experimental set-up used to perform spectral measurements [40].
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4.4 SUMMARY

In summary, this chapter described the experimental apparatus and configurations
used to test the relative intensity noise (RIN), continuous wave (CW), and spectral
characteristics of devices for the laser structures studied. Some explanation of how RIN
measurements provide a parasitic-free means of observing the dynamic operation of a laser

is given.



CHAPTER 5: DEVICE CHARACTERIZATION

5.0 INTRODUCTION

The experimental work of this thesis focused on characterizing the intrinsic
modulation performance of the structures studied by extracting parameter values from RIN
spectra taken as a function of injected current. The fitting routine that was developed using
equation (2.2.3) to extract the resonance frequency and damping factor values from the
RIN data will be discussed and the quality of the fits to the RIN data obtained will be
presented. Also, the validity of the resonance frequency and damping factor values
extracted will also be considered based on a comparison of these results to those obtained
on an identical device using small-signal analysis.

The light output of the laser structures as a function of injected current was
measured to characterize the single facet output power, as well as the threshold current.
The calibration of this L-I data will be discussed in this chapter. Comparing the results of
the RIN and L-I characterizations allowed for an examination of how the resonance
frequency behaved as a function of injected current above threshold as well as the optical
power. The fitting routine used to extract D' and D coefficient values using equations
(2.3.13) and (2.3.16) from the comparison of the RIN and L-I characterizations will also
be discussed in this chapter. The problems encountered fitting to the resonance frequency
versus injected current above threshold and optical power data due to the inadequacy of the

single mode rate equation model, and internal device heating will also be examined. As
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well, results on how D' and D were found to change as a function of device structure and
device length will be presented.

Further information was obtained from the RIN data by examining how the
damping factor values varied with the square of the resonance frequency as predicted by
equation (2.3.5). The fitting routine used to characterize the K factor based on equation
(2.3.5) will be presented, as well, the observation of non linearity in the damping factor-
resonance frequency behavior will be discussed.

In order to calculate the differential gain, g, from the D' and D coefficient values
for the group velocity, vg, average photon energy, hv, internal quantum efficiency, Nint,
and the internal loss, Olint, had to be determined. Using equation (2.5.1) the group velocity
can be calculated given values for the longitudinal mode spacing as well as the cavity length
of the laser. The method used to characterize the average longitudinal mode spacing, as
well as the average optical wavelength, from optical spectra obtained for each of the laser
structures will be presented. Values for Mt and Oljp; were determined from the length
dependence of the external differential efficiency, Next, using equation (2.5.4). The fitting
routine used to extract Next using equation (2.5.2) from the calibrated -1 data mentioned
above will be discussed. Using the vg values the modal reflectivity for each structure was
determined with Fresnel's foﬁnulae which was used to calculate the mirror losses, Oy.
The photon lifetimes could then be calculated using equation (2.3.8) and how the resulting
values varied as a function of device structure and length will be discussed as a follow up
to §3.2 and §3.3.

Finally based on the resulting calculations, the trends observed in g, and € as a

function of barrier height, QW number, and cavity length will be presented.
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5.1 RESONANCE FREQUENCY AND DAMPING FACTOR
CHARACTERIZATION

5.1.1 Characterization of RIN spectrum

The fitting routine developed to fit equation (2.2.3) to the RIN spectra obtained as a
function of current for each of the diode lasers as described in §4.1.2 used the Marquardt-
Levenberg nonlinear least-squares method [46]. This method is well-suited to fitting to
complex function like (2.2.3) since it involves the combination of two fitting strategies, the
gradient search, and linearizing the fitting function. The gradient search does well to
approach a minimum from far away but is slow to converge when in the immediate area.
Conversely, the method of linearizing the fitting function converges on the minimum quite
rapidly where the Chi Square surface is approximately parabolic but outside of this area it
cannot be relied upon to approach the minimum. It can be analytically shown that the hyper
surface directions the gradient and analytical searches take are perpendicular to each other,
and that the optimum direction lies vectorally between these two. The changes in the fitting
parameters suggested by the two approaches are combined vectorally by the fitting
algorithm to give the best iteration towards the solution. A C program using this routine
was modified from a Borland Turbo C program found in Numerical Recipes in C. The
best fits maximizing number of points used and quality of fit were obtained when a 6 GHz
range chosen relative to the peak of the RIN spectrum was used. A typical fit used 240
data points as shown in Fig 5.1. The fitting routine supplied values, and corresponding
relative errors, for the resonance frequency, f,, the damping constant, I'y, and coefficients

A and B as a function of current.
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Fig. 5.1: Fit to RIN data obtained for device #32, with 10 mil (254 pum) cavity length, from sample
S1-588. At 20 °C the device had a threshold current of 20.0 mA and when biased at 30 mA produced this
RIN spectrum. The fit gave a resonance frequency (fg) of 5.071 +/- 0.001 GHz and a damping constant

(o) of 9.77 +/- 0.02 Grad/s. The values of the constants from equation (2.2.3) where A=9.4 +/- 0.5 x10"
10 Grad4/s4 and B=4.23 +/- 0.01 x10-11 Grad?/s2.
5.1.2 Confirmation of validity of fo and I'¢ results obtained from RIN

spectrum through comparison with small-signal analysis

To confirm the validity of the resonance frequency and damping constant values
obtained from the RIN characterization, the results from this approach were compared to
those obtained from a small signal technique on identical devices. The small-signal
technique employed a frequency subtraction approach to extract the intrinsic device
response [47]. Using this approach all parasitic elements from the response are eliminated
by taking the ratio, through subtraction on a log scale, in the extrinsic device response

measured under two different bias conditions. The resulting ®, and I', values obtained

from fitting this difference to a modified form of equation (2.3.1) represent their intrinsic
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values, in theory, for that particular bias condition. The parameters ®, and I', in equation
(2.3.1) represent the same physical quantity as those found in the RIN spectrum described
by equation (2.2.3). A study compared results obtained using the RIN measurement setup
used in this study with results obtained by the small signal frequency subtraction technique

and found the values to be in good agreement [48].
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Fig. 5.2: Comparison of the resonance frequency data from fits to data obtained using the small signal
frequency subtraction technique and the RIN measurements for device #32, with 30 mil (762 um) cavity
length, from structure S1-588 and device #22, with 10 mil (254 pum) cavity length, from structure S1-591
at an operating temperature of 20 °C.

In all cases, the values found for resonance frequency agreed well within experimental
error, under all bias and temperature conditions (see Fig 5.2). For lower values of
damping factor, there was good agreement. However, for larger values, the values were
consistently lower than the RIN determined values. This trend was independent of device
structure or chip carrier (see Fig 5.3). An acceptable explanation for this observed

difference was not found, however, given its magnitude (~5%) the agreement is still
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excellent given the experimental conditions. As well the damping levels for which this

discrepancy exists were not in the range of values examined in this study.
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Fig. 5.3: Comparison of the damping data from fits to data obtained using the small signal frequency
subtraction technique and the RIN measurements for device #32, with 30 mil (762 m) cavity length, from
structure S1-588 and device #22, with 10 mil (254 um) cavity length, from structure S1-591 at an
operating temperature of 20 °C.

5.2 D' and D COEFFICIENT CHARACTERIZATION
5.2.1 Characterization of power versus current

The power versus current characteristics for each diode laser were calculated using
the L-I data acquired with the experimental setup described in §4.2 and the optical spectral
data obtained using the experimental setup described in §4.3. The detector circuit voltage
measured with the L-I experimental setup for a given diode laser bias current was converted

to laser output optical power using the relationship

M Vet
P ,6=—"dct (5.2.1)
out R(A«) Gamp
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where 7 is the collection efficiency, R(A) is the responsivity of the germanium detector as a
function of wavelength, Gamp is the amplification of the detector circuit, and Vet is the
detector circuit voltage. The typical optical divergence of InGaAsP/InP MQW RWG diode
lasers studied in this work, is <90° full angle [49]. With the laser facet situated

approximately 3 mm from the germanium detector the spot diameter would be < 6 mm.

Since the detector active area is 1 cm? a collection efficiency, 1, of near 100% is assumed.
The responsivity, R(A), of the germanium detector as a function of wavelength was
supplied by the detector manufacturer. The wavelength used corresponded to the dominant
emission wavelength of the laser diode as measured using the spectral setup with the laser

biased just above threshold.
5.2.2 Characterization of D' and D coefficients

Having determined the threshold current and the optical emission power as a
function of current for each of the diode lasers, the resonance frequency as a function of
current injected above threshold and optical emission power could be determined using the
resonance frequency data as a function of current as described in §5.1.1. By fitting to this
data using equations (2.3.13) and (2.3.16) the response coefficients D' and D introduced in
§2.5.1 were extracted for each laser diode at an operating temperature of 20 °C. An
example of the quality of fits obtained is shown in Figs 5.4 and 5.5.

Resonance frequency as a function of current injected above threshold, and optical
emission power, were explored for operating temperatures above 20 °C but the trends
observed revealed some potential limitations with the single-mode rate equation model used
in this study. As shown in Fig 5.6 the resonance frequencies at lower levels of current
injected above threshold for higher operating temperatures were lower than would be

expected by theory according to the linear nature of equation (2.3.13).
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Fig. 5.4: Fit to equation (2.3.13) of resonance frequency versus square root of current injected above
threshold for device #31, with 10 mil (254 pm) cavity length, from structure S1-588 at an operating
temperature of 20 °C.
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Fig. 5.5: Fit to equation (2.3.16) of resonance frequency versus square root of single facet optical
emission power for device #31, with 10 mil (254 pm) cavity length, from structure S1-588 at an operating
temperature of 20 °C.
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This would naturally lead one to question whether the wrong value for the threshold current
had been used. However, when the same resonance frequencies were plotted as a function
of optical emission power the same phenomenon was observed at low levels of optical
emission power. This trend in resonance frequency versus optical power with increasing
operating temperature also runs counter to the linear trend predicted by equation (2.3.16).
These phenomena were observed with all of the laser structures in this study.

Lower than expected resonance frequency values near threshold above room
temperature may be a result of the predominately multimode operation observed in
semiconductor lasers just above threshold resulting from spontaneous emission.[36] [50]
It is possible that multimode operation near threshold persists to higher levels of optical
power before the gain in one mode dominates over all of the initial lasing modes as the
operating temperature of the laser increases. A characterization of the spontaneous
emission rate as a function of temperature will be presented and discussed in §6.1. Proper
modeling of this phenomena to allow for an accurate characterization of D at higher
operating temperatures would have been beyond the scope of this thesis, so the
characterization of these lasers was restricted to room temperature.

A deviation from the linear trend predicted by equations (2.3.13) and (2.3.16) was
also observed at highér levels of current injection as shown in Fig 5.6. This is best
explained by internal heating of the semiconductor laser resulting from contact resistance
with increased current flow, and non-radiative recombination processes. This internal
heating results in an increase of the operating temperature of the laser since the laser
structure is incapable of dissipating the heat from the active region faster than it is being
generated. As the operating temperature of the laser increases, the resonance frequency for
a given output power drops causing a deviation from the linear trend of equations (2.3.13)
and (2.3.16). Therefore, the data used for fitting to equations (2.3.13) and (2.3.16) was

restricted to a current level below the point at which the trend observed began deviating
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from the linear one described by theory. This was typically associated with a power level

of between 15 - 20 mW of single facet output power.
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Fig. 5.6: Plot of resonance frequency versus square root of current injected above threshold at 20 °C, 40
°C, and 60 °C operating temperatures of for device #25, with 10 mil (254 um) cavity length, from structure
S1-590.

Since the values D' and D describe the rate at which the resonance frequency
increases with current injected above threshold and output power, respectively, they are
parameters that are of potential design interest. The parameters D' and D versus quantum
well barrier height are shown in Fig 5.7. From the observed trend a barrier height between
1.1 and 1.15 Q gives the most efficient frequency response with current injected above
threshold, or with output power, for the 10 quantum well design.

The change in D' and D parameters with quantum well number for the 1.1 Q barrier
height design is shown in Fig 5.8. Here a slight improvement in the efficiency of the
frequency response with current injected above threshold, or output power, for increasing

quantum well number for 250 pim cavity length lasers is observed.
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Fig. 5.7: D' and D parameter versus quantum well barrier height for 10 mil (254 pm) cavity length,

and D' for 40 mil (1016 pm) cavity length, for a 10 quantum well design, at an operating temperature of 20
°C.
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However the trend appears to reverse itself for 1016 pum cavity lengths lasers. An optimum
frequency response with current injected above threshold, or output power for a given
quantum well number with the 1.1 Q barrier height design would appear to correspond to
10 to 14 quantum wells or greater for 254 Lm cavity lengths, where as for 1016 pm cavity
lengths the optimum quantum well number would appear to be 5 or less. Given the trends
shown the frequency response at these optimum quantum well numbers would not be
significantly greater than the values shown in Fig 5.8.

The change in D' and D parameters with cavity length for the 1.1 Q barrier height,
10 quantum well design is shown on Fig 5.9. An improvement in the efficiency of the
frequency response with current injected above threshold, or output power, for decreasing
cavity length is observed. An optimum frequency response with output power for a given
cavity length with the 1.1 Q barrier height, 10 quantum well design is not shown in the

range of cavity lengths studied here.
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5.3 K FACTOR CHARACTERIZATION

The resonance frequency and damping data as a function of current obtained in
§5.1.1 was plotted according to equation (2.3.5), in order to characterize the K factor for
each of the diode lasers at an operating temperature of 20 °C. In Fig. 5.10 the linear
relationship described by equation (2.3.5) is demonstrated. As discussed in §2.3 this

linear relationship does not hold for values obtained near threshold, shown here by the first

data point.
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Fig. 5.10: Fit to equation (2.3.5) of damping versus resonance frequency squared for device #32, with
10 mil (254 pm) cavity length, from structure S1-588 at an operating temperature of 20 °C showing
deviation of data from the linear terms of (2.3.5) due to spontaneous emission term.

Any of the initial data points for the diode lasers that did not follow the linear relationship
described by equation (2.3.5) were assumed to be influenced by the spontaneous emission
term and thus excluded from the fit. The resulting fits were in very good agreement with

the experimental data as seen in Fig. 5.10 with a slope corresponding to the K factor and an

intercept corresponding to the differential carrier lifetime at threshold, 1/1.
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5.4 GROUP VELOCITY AND PEAK WAVELENGTH
CHARACTERIZATION

The group velocity was determined for each of the laser structures using equation
(2.5.1) as discussed in §2.5.3. Data of the optical emission spectra for a given laser
structure was measured just below threshold using the experimental setup discussed in
§4.3 as shown in Fig. 5.11. The optical emission spectra of the lasers was characterized at
a bias just below their lasing threshold since at this point there is still spontaneous emission
occurring such that there are multiple modes experiencing gain in the laser cavity which
allows for a statistical determination of the mode spacing. At the same time there is enough
stimulated emission beginning to occur such that the signal to noise ratio for each mode is

good, and yet not so much that any one mode is monopolizing the cavity gain.
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Fig. 5.11: Measured optical emission spectra for device #3, with 10 mil (254 pm) cavity length, from
structure S1-418 at an operating temperature of 20 °C.
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The longitudinal mode structure for each laser structure is visible when this spectral data, in
the form of optical power is plotted versus wavelength as shown in Fig. 5.11. This data
was converted to the frequency domain so that the frequency spacing between each mode
could be determined to calculate the average longitudinal mode spacing. The accuracy of
the longitudinal mode spacing was limited by the 0.02 nm resolution used to measure the
optical power versus wavelength to a frequency resolution of approximately 3.5 GHz in the
wavelength range of the structures characterized in this study. The average longitudinal
mode spacing was taken to be the median of approximately 40 mode spacing with the
standard deviation as the uncertainty. The group velocity was then calculated using
equation (2.5.1). The lasers used in the study were cleaved into 10 mil, 15 mil, 20 mil, 30
mil, and 40 mil cavity lengths which is equivalent in metric units to 254 pm, 381 pm, 508
pm, 762 pm, and 1016 um lengths. The maximum expected variation in the cleaving was
about 1 mil so the uncertainty associated with the cavity lengths was assumed to be 10 pm.
The peak wavelength for each laser structure was determined from the same below
threshold optical emission spectra used to determine the longitudinal mode spacing as
demonstrated by Fig. 5.11. A gaussian distribution was fitted to the peak optical power
values associated with each longitudinal mode in the higher power range of wavelengths of
the optical spectra. Thé peak wavelength was taken to be the mean of the distribution with

an estimated error of 1 nm.
5.5 OPTICAL CONFINEMENT CALCULATION

As was mentioned in §2.5.4, an algorithm based on an approach to calculating the
optical confinement factor of a multilayer structure developed by L.M. Walpita [56] was
used to calculate values representative of the structures studied in this work. This
algorithm was programed by Dave Adams in the mainframe computer at Nortel

Technologies.
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Fig. 5.12: Optical confinement factor versus quantum well barrier height for 10 quantum well design.
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Values for the optical confinement factor for the structures where quantum well
barrier height was varied are shown in Fig 5.12. A clear decrease in the optical
confinement factor is observed in Fig 5.12 with increasing barrier height. Values for the
optical confinement factor for the structures where quantum well number was varied are
shown in Fig 5.13. A clear increase in the optical confinement factor is observed in Fig

5.13 with increasing quantum well number.

5.6 INTERNAL ABSORPTION, MIRROR LOSS, AND PHOTON
LIFETIME CHARACTERIZATION

In §5.2.1 optical power versus current (P-I) characterization was described to
correlate the resonance frequency measured at a given current level to output power. This
P-I data was also used to determine the differential quantum efficiency for each laser
structure. Using equation (2.5.2) the differential quantum efficiency was obtained from an
optimized linear fit to the P-I data starting above the threshold current as shown in Fig
5.14. The resulting differential quantum efficiencies for devices with the same active
region design were then plotted for varying cavity lengths as shown in Fig. 5.15. A fitting
routine was used to extract the internal quantum efficiency, and internal absorption values
from the external efficiency data according to its dependence on device cavity length in
equation (2.5.5).

The calculated internal quantum efficiency versus quantum well barrier height is
shown in Fig 5.16. From the observed trend internal quantum efficiency increases with
decreasing barrier height for the 10 quantum well design. The calculated internal quantum
efficiency versus quantum well number is shown in Fig 5.17. There is not much change in
the internal quantum efficiency with increasing quantum well number for the 1.1 Q
quantum well barrier design, the exception to this being the 5 well structure which showed

a dramatically lower value.



60

25——¥

| | ——S1-418 #3 O

N
o
T

T

-
(52}

-
o
T

n,=2q/h(AP/AI)

Single Facet Optical Power [mW]

wm
T

i L n L 1 ‘ n 1 " 1 1 1 n n
0 50 100 150 20(
Current [mA]
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length, from structure S1-418 at an operating temperature of 20 °C, demonstrating the calculation of the
external quantum efficiency from the slope of the plot above threshold.
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with 10 mil (254 pm) cavity length, at an operating temperature of 20 °C.
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Of greater importance to frequency response design is how the internal absorption changes
with active region parameter since this directly influences photon lifetime. The calculated
internal absorption versus quantum well barrier height is shown in Fig 5.18. An
unexpected trend is observed where the internal absorption decreases with increasing
barrier height. As was mentioned in §3.2.1, the band edge of the barriers are energetically
far enough from the emission wavelength of the quantum wells that you would not expect
to see any change in the internal efficiency with barrier height. The calculated internal
absorption versus quantum well number is shown in Fig 5.19. As predicted in §3.2.2 a
trend is observed were the internal absorption increases with increasing quantum well
number.

Having determined values for the group velocity and internal absorption, calculating
the mirror losses will allow for a determination of the photon lifetimes. The mirror loss is
determined from the facet reflectivity and cavity length using equation (2.5.4). The facet
reflectivity is calculated from the group velocity values determined earlier using equation
(2.5.7) and (2.5.8). The resulting photon lifetimes versus quantum well barrier height are
shown in Fig 5.20.

As predicted in §3.2.1 a trend is observed where the photon lifetime increases with
increasing barrier height. Thé calculated photon lifetime versus quantum well number is
shown in Fig 5.21. As predicted in §3.2.2 a trend is observed where the photon lifetime
decreases with increasing quantum well number. The calculated photon lifetime versus
laser cavity léngth is shown in Fig 5.22.

As was predicted in §3.3 a trend is observed where the photon lifetime increases
with increasing cavity length. The change in the mirror losses, 0y, with cavity length
clearly overpowered any change that could have been occurring in the group velocity with
cavity length due to changes in the refractive index with carrier concentration and optical

wavelength dependencies on cavity length.
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Fig. 5.20: Photon lifetime versus quantum well barrier height for 10 quantum well design, with 10
mil (254 pm) cavity length, at an operating temperature of 20 °C.
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Fig. 5.21: Photon lifetime versus quantum well number for 1.1 Q quantum well barrier design, with
10 mil (254 pm) cavity length, at an operating temperature of 20 °C.
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Fig. 5.22: Photon lifetime versus cavity length for structure S1-588 at an operating temperature of 20
°C.

5.7 DIFFERENTIAL GAIN CHARACTERIZATION

The characterization of differential gain using equations (2.3.14) and (2.3.17) relies
on the accuracy of many of the previously determined parameters in this work. Some of
these parameters have large degrees of uncertainty associated with them simply because
assumptions had to be made as to the physical meaning of the parameters value. For
example the active region cross sectional area, A, had a resulting average relative error of
33%. This is because the cross sectional area is given by A = ny dy W, where ny, is the
number of quantum wells, dy is the quantum well width, and w is the width of the stripe
contact. One potential source of uncertainty exists in the width of the stripe contact, since

as an active area width, it should represent the width of the active area where carriers are
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involved in carrier-photon interactions. This cannot simply be the width of the stripe
contact since carriers will begin to diffuse laterally once they have entered the structure.
The degree of this lateral diffusion will also have some dependence on the carrier density at
the stripe contact. The stripe contact has a width of 2 jim so a reasonable estimation of the
active area width would seem to be 34+0.5 pm to account for lateral current spreading which
is an error of 17%. The width of the quantum wells is also a value requiring some
assumptions. Since the well barriers are of an energetically finite height the carriers are not
completely confined to the width of the quantum wells. As well the thicknesses used for
the wells are based upon the requested grown thicknesses which are not always the final
product. For these structures the requested well widths were 35 [tm and so the value used
for dy, was 3515 pm which is an error of 14%. These two major contributions of 17% and
14% helped to give a 33% relative error in just one of the parameters involved in the
determination of the differential gain.

Another heavy contributor to the uncertainty in the differential gain was the group
velocity. This is because the group velocity, as described in equation (2.5.1), is given by
Vg=2L(Av), where L is the cavity length of the laser, and Av the longitudinal mode
spacing. As was mentioned in §5.4, the longitudinal mode spacing was determined from
the below threshold spectral ;)utput data of the lasers. The errors determined from the
statistical analysis of approximately 40 measured mode spacing were in the range of 2-7
GHz, or 3-7%. Given that the frequency domain resolution of the optical emission spectra
of the lasers was 3.5 Ghz the errors for this parameter were optimized to within the
limitations of this method of characterization. The cavity length of the laser had an error of
10 um which is simply the accuracy to which the laser cavities are cleaved from the wafer
bars. This amounted to an error contribution of 1-4% depending on the cavity length.
These two contributions of 2-6% and 1-4% combined to give an additional 3-7% relative

error in the determination of the differential gain.
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The two contributions described above were the main factors resulting a the total
relative error of 33-34% in the calculated differential gain values. Despite these large errors
the results obtained still convey comprehensible parametric trends. This is because the
largest of these error contributions were most likely systematic across all of the lasers
examined.

Having determined values for all of the parameters appearing in the expressions for
D' and D, equations (2.3.14) and (2.3.17) respectively, values for the differential gain
could be isolated. The differential gain was determined using the D' and D values as a
bcheck of the effect of the relative errors and assumptions associated with both methods.
The resulting trend seen in the differential gain versus quantum well barrier height for 254

1m cavity length lasers determined from both D' and D values is shown in Fig 5.23.
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Fig. 5.23: Differential gain determined from both D' and D values versus quantum well barrier height
for 10 quantum well design, with 10 mil (254 pm) cavity length, at an operating temperature of 20 °C.
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Fig. 5.24: Differential gain determined from D' values versus quantum well barrier height for 10
quantum well design, with 10 mil (254 [im), 20 mil (508 pum), and 40 mil (1016 pm) cavity lengths, at an
operating temperature of 20 °C.

As can be seen in Fig 5.23 the two methods of determining the differential gain, from D'
and D values, yield results that are in general very close to each other and well within
experimental error. The plots in Fig 5.23 are also meant to demonstrate the magnitude of
the error associated with these values. But rather than rely on the results from one laser
cavity length the trend seen in the differential gain versus quantum well barrier height for
254 pm, 508 pm, and 1016 pm cavity length lasers determined from D' values is shown in
Fig 5.24. As was predicted in §3.2.1 a trend is observed where the differential gain
increases with increasing barrier height from 1.2 Q to 1.0 Q heights for the 1016 pm cavity
lengths. However there is an increased deviation from this trend for the higher barrier

heights for with decreasing cavity lengths as demonstrated by the 508 pim, and 254 pm

cavity length results.



69

The resulting differential gain versus quantum well number for 254 um cavity
length lasers determined from both D' and D values is shown in Fig 5.25. Again, as can
be seen in Fig 5.25 the two methods of determining the differential gain, from D' and D
values, yield results that are in general very close to each other, well within experimental
error. The plots in Fig 5.25 are also meant to demonstrate the magnitude of the error
associated with these values. The trend seen in the differential gain versus quantum well
barrier height for 254 pim, 508 pim, and 1016 {m cavity length lasers determined from D'
values is shown in Fig 5.26. It was predicted in §3.2.2 that the differential gain should be
observed to increase with increasing quantum well number. In Fig 5.26 the differential
gain is observed to decrease with increasing quantum well number, except for 5-7 well 254
im cavity length lasers, which runs contrary to that which has been demonstrated in other
studies [15] [26] [42] [44]. This trend opposing that which is predicted by theory also

appears to become stronger with increasing cavity length.
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Fig. 5.25: Differential gain determined both from D' and D versus quantum well number for 1.1 Q
quantum well barrier design, with 10 mil (254 pum) cavity length, at an operating temperature of 20 °C.
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Fig. 5.26: Differential gain determined from D' versus quantum well number for 1.1 Q quantum well

barrier design, with 10 mil (254 pm), 20 mil (508 {tm), and 40 mil (1016 pm) cavity lengths, at an
operating temperature of 20 °C.

Again, as can be seen in Fig 5.27 the two methods of determining the differential
gain, from D' and D values, yield results that are in general very close to each other well
within experimental error. The plots in Fig 5.27 of differential gain are also meant to
demonstrate the magnitude of the error associated with these values. It was predicted in
§3.3 that the differential gain should be observed to increase with increasing cavity length.
This was based on the assumption that the modal threshold gain condition, I'g,
representing the sum of the mirror losses, Oy, and the internal absorption, Qint, should be
observed to decrease with increasing cavity length because of the expected decrease in the

distributed mirror losses. However the differential gain was seen to decrease as shown in

Fig 5.27.
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Fig. 5.27: Differential gain and modal threshold gain versus cavity length for structure S1-588, 1.10 Q
barrier height, 10 quantum wells, at an operating temperature of 20 °C.

T
s |--e--1.2 Q, 10 well
14 10" °° ' -
7T --+--1.0 Q, 10 well
—e-1.1Q, 5 wells
L=+~ -1.1 Q, 14 well e
1.2 10" =TT -
- /9/ B
)/
~ _15’ /
§1 10 / :
/
U,C i . . . 4
8 10" B 2 .
T
* . ~ <
H - Tt - e
6 107" : . ST -
° -3
4 10"6- PR B S R D S S U R U S S S
0 200 400 600 800 1000 1200
L [um]

Fig. 5.28: Differential gain versus cavity length for structure S1-592 with 1.2 Q barriers and 10
quantum wells, S1-591 with 1.0 Q barriers and 10 quantum wells, S1-349 with 1.1 Q barriers and 5
quantum wells, and S1-422 with 1.1 Q barriers and 14 quantum wells, at an operating temperature of 20 °C.
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This trend in the differential gain which contradicts theoretical predictions was not observed
for all of the structures studied. In Fig 5.28 structure S1-591 with 1.0 Q barriers and 10
quantum wells follows the trend predicted by theory. As well structure S1-349 with 1.1 Q
barriers and 7 quantum wells follows the trend predicted by theory. However structures
S1-592 with 1.2 Q barriers and 10 quantum wells, and S1-422 with 1.1 Q barriers and 14
quantum wells show the same trend as each other contradicting theoretical predictions as
with S1-588 in Fig 5.27.

The contradiction between this differential gain data and that which would be
expected theoretically raises some concern about the validity of the data. The modal
threshold gain as a function of cavity length was plotted in Fig 5.29 to check if any other
gain parameters were in similar contradiction. As expected according to theory the modal
threshold gain decreased with increasing cavity length in all cases. This result helps to
restore some confidence in the data until suitable explainations for these observed

contradictions can be found.
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Fig. 5.29: Modal threshold gain condition versus cavity length for structure S1-592, S1-591, S1-341,
and S1-422, at an operating temperature of 20 °C.
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Fig. 5.30: Threshold carrier concentration divided by carrier lifetime versus cavity length for structure
S1-592 with 1.2 Q barriers and 10 quantum wells, S1-591 with 1.0 Q barriers and 10 quantum wells, S1-
341 with 1.1 Q barriers and 7 quantum wells, and S1-422 with 1.1 Q barriers and 14 quantum wells, at an
operating temperature of 20 °C.

As a check of the validity of the results presented so far the threshold carrier
concentration divided by the carrier lifetime was plotted versus cavity length in Fig 5.30.

As expected it was found to decrease with increasing cavity length.

5.8 NONLINEAR GAIN COEFFICIENT CHARACTERIZATION

The characterization of the nonlinear gain coefficient, €, using equation (2.3.10)
relies on the accuracy of four previously determined parameters. As was explained in
§5.7, the characterization of the differential gain relied on parameters which have large
degrees of uncertainty associated with them. These uncertainties were a result of
assumptions which had to be made as to the physical meaning of the parameter values. For
this vary reason the main contribution of error to the nonlinear gain was from the

differential gain with a total relative error of 33-34% as described above.
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Fig. 5.31: Non-linear gain coefficient versus quantum well barrier height for 10 quantum well design,
with 10 mil (254 pm) cavity length, 20 mil (508 pm) cavity length, and 40 mil (1016 pm) cavity length,
at an operating temperature of 20 °C.
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Fig. 5.32: Non-linear gain coefficient versus quantum well number for 1.1 Q quantum well barrier
design, with 10 mil (254 pm) cavity length, 20 mil (508 pm) cavity length, and 40 mil (1016 pm) cavity
length, at an operating temperature of 20 °C.
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Further contributions to the error came from the value K with a relative error of 2-4%, the
photon lifetime with a relative error of 5-9%, and the group velocity with a relative error of
3-7%. All of these errors combined to give a resulting total relative error of 34-37% in the
non-linear gain coefficient values. Despite these large errors the results obtained still
convey comprehensible parametric trends. This is because the largest of these error
contributions were most likely systematic across all of the lasers examined as with the
differential gain.

Once all of the parameters appearing in equation (2.3.10) had been characterized the
non-linear gain coefficient was then isolated. The resulting trend seen in the non-linear
gain coefficient versus quantum well barrier height is shown in Fig 5.31. It was mentioned
in §3.2.1 that the non-linear gain coefficient has been seen to vary with the differential gain
in other studies suggesting that similar mechanisms may be involved with both physical
parameters. Comparing the trends observed in Fig 5.24 and 5.31 € is observed to follow a
similar trend to gy for all of the cavity lengths shown. The resulting change in non-linear
gain coefficient values with quantum well number is shown in Fig 5.32.

As was mentioned earlier, the non-linear gain coefficient is often seen to vary with
the differential gain suggesting that similar mechanisms may be involved with both physical
parameters. Compariﬁg the trends observed in Fig 5.26 and 5.32 the non-linear gain
coefficient is observed to follow a similar trend to the differential gain by decreasing with
increasing quantum well number with a similar change in slope with each cavity length
shown.

There have been no reports in the literature indicating how the non-linear gain
coefficient is expected to change with increasing cavity length. The non-linear gain
coefficient calculated in this study for four laser structures as a function of increasing cavity

length 1s shown in Fig 5.33.
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Fig. 5.33: Non-linear gain coefficient versus cavity length for structure S1-592 with 1.2 Q barriers and
10 quantum wells, S1-591 with 1.0 Q barriers and 10 quantum wells, S1-349 with 1.1 Q barriers and 5
quantum wells, and S1-422 with 1.1 Q barriers and 14 quantum wells, at an operating temperature of 20 °C.
In all cases the non-linear gain coefficient is shown to increase with increasing cavity
length. However the rate of increase appears to be very structure dependent. Structure S1-
592 with 1.2 Q barriers and 10 quantum wells, and S1-422 with 1.1 Q barriers and 14
quantum wells, which had differential gain values decreasing with increasing cavity length
running counter to that expected by theory, showed a gradual increase in the non-linear
gain coefficient values with increasing cavity length. Structure S1-349 with 1.1 Q barriers
and 5 quantum wells, which showed differential gain values strongly increasing with
increasing cavity length in agreement with that expected by theory, showed a rapid increase

in non-linear gain coefficient values with increasing cavity length. Finally structure S1-591

with 1.0 Q barriers and 10 quantum wells showed a moderate increase in non-linear gain
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coefficient with increasing cavity length in comparison to a moderate increase in differential

gain values with increasing cavity length in full agreement with that expect by theory.

5.9 MAXIMUM INTRINSIC BANDWIDTH CHARACTERIZATION

The K values characterized in §5.3 can be expressed as the maximum intrinsic
bandwidth, fyax, using equation (2.4.3). As described in §2.4 the maximum intrinsic
bandwidth is the damping limited modulation rate theoretically achievable ignoring RC
parasitics, device heating, and maximum power of laser. It is also mentioned that the
potential effects of carrier transport are not reflected in the intrinsic bandwidth as it is
determined under dc conditions. The maximum intrinsic bandwidth demonstrates how
changes in the differential gain, non-linear gain, and photon lifetimes resulting from
variations in the design parameters of the semiconductor laser structures all combine
together to give a resulting intrinsic bandwidth potential.

The resulting maximum intrinsic bandwidth versus quantum well barrier height is
shown in Fig 5.34. In §3.2.1 it was suggested that with the expected increase in
differential gain with barrier height, the maximum intrinsic bandwidth (fax) should also
increase. For the 254 le cavity length lasers an increase in fi,,x with increasing barrier
height is seen up to 1.05 Q which loosely follows the trend in differential gain for the same
cavity length. The 508 wm cavity length lasers show the same trend as the 254 um cavity
length lasers, but there is a much closer correlation with the 508 um cavity length
differential gain trend. The most interesting result is with the 1016 lm cavity length results
which show an almost constant trend in fiax With increasing barrier height. This was the
only laser structure which had differential gain values exhibiting a clear increase with

increasing barrier height.
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Fig. 5.34: Maximum intrinsic bandwidth versus quantum well barrier height for 10 quantum welil
design, with 10 mil (254 pm) cavity length, 20 mil (508 pum) cavity length, and 40 mil (1016 pm) cavity
length, at an operating temperature of 20 °C.
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Fig. 5.35: Maximum intrinsic bandwidth versus quantum well number for 1.1 Q quantum well barrier
design, with 10 mil (254 um) cavity length, 20 mil (508 pm) cavity length, and 40 mil (1016 pum) cavity
length, at an operating temperature of 20 °C.
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The resulting fiax versus quantum well number is shown in Fig 5.35. In §3.2.2
an expected increase in the differential gain and decrease in the photon lifetime with
quantum well number was predicted to result in an increase in the maximum intrinsic
bandwidth. As well a further augmentation of the maximum intrinsic bandwidth was to
result from a potential decrease in the non-linear gain coefficient with quantum well
number. In fact, fiax is shown in Fig 5.35 to be fairly constant with increasing quantum
well number for all cavity lengths, not including the results for the 5 quantum well structure

S1-349. The trend of decreasing differential gain with increasing quantum well number
observed in Fig 5.26, along with the trend towards an increase in the rate of this decrease
with increasing cavity length, does not appear to be at all reflected in these maximum

intrinsic bandwidth results.
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Fig. 5.36: Maximum intrinsic bandwidth versus cavity length for structure S1-592 with 1.2 Q barriers

and 10 quantum wells, and S1-591 with 1.0 Q barriers and 10 quantum wells, at an operating temperature of
20 °C.
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The resulting {2 versus semiconductor diode cavity length is shown in Fig 5.36.
In §3.3 an expected increase in the differential gain and increase in the photon lifetime with
laser cavity length were expected to have a competing influence on the maximum intrinsic
bandwidth resulting in a potential optimum cavity length. However with an unexpected
decrease in the differential gain and an increase in the photon lifetime with laser cavity
length fiax Was found to decrease rapidly over the range of cavity lengths studied for all of
the structures. The rate of decrease changed from structure to structure as can be seen in

Fig 5.36.

5.10 SUMMARY

In summary, resonance frequency and damping factor values were extracted from
the RIN spectrum taken as a function of injected current for the structures studied. The
resonance frequency and damping factor values extracted were compared to results
obtained from identical device using small-signal analysis and found to be in good
agreement to within experimental error.

The results of RIN and L-I characterizations were combined to allow for the
examination of resonance frequency behavior as a function of injected current above
threshold as well as versus optical power. From this data D' and D coefficient values were
characterized. The problems encountered performing this analysis for data collected above
room temperature were presented. Finally, results on how D' and D were found to change
as a function of device structure and device length were presented.

The characterization of the K factor from damping factor versus square of the
resonance frequency were presented with some discussion of the observation of non

linearity in the damping factor-resonance frequency behavior. As well, the characterization



81

of the group velocity, vg, average photon energy, hv, internal quantum efficiency, Nint,
and the internal loss, Qijn, was presented.
Finally based on the resulting calculations, the trends observed in g, and € as a

function of barrier height, QW number, and cavity length were presented.



CHAPTER 6: DISCUSSION

6.0 INTRODUCTION

It was found in §5.2.2 that for operating temperatures greater than 20 °C a deviation
in the resonance frequency values measured near threshold from those expected by theory
was observed. It was suggested that this may be an artifact of spontaneous emission above
threshold resulting in a prolonged competition between lasing modes for gain in the laser
cavity. Presented are values for the spontaneous emission rate, Rgp, showing that the
amount of spontaneous emission occuring in the laser is likely to be increasing with
temperature.

The characterized values for D represent the change in bandwidth with optical
power, where as fiax represents the theoretical maximum intrinsic frequency response.
Discussed is which parameter would be of more interest to a designer based on its physical
relevance to the actual bandwidth performance expected frbm a laser.

Discussion of the differential gain values obtained for the structures studied in this
thesis posed an interesting challenge. Not all of the differential gain results for the
structures involving the variation of barrier height were found to agree with that expected
by theory as discussed in §3.1.2. As well, the structures involving the variation of the
number of quantum wells yielded differential gain values which contradicted that which

was expected theoretically as discussed in §3.1.3. Some light is shed on these results

82
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when the dependence of the differential gain on threshold carrier concentration divided by
the carrier lifetime is explored.

The wide range of differences between published values of € for QW and bulk
lasers suggests that € has a dependence on QW design that is not well understood. Some
studies suggest that similar mechanisms may be involved with both the differential gain and
nonlinear gain. Initially this is shown to not be the case, but further exploration of the
dependence of € goes on to suggests that this linear approximation of the nonlinear gain
with respect to photon density may not be well founded.

It is the maximum intrinsic bandwidth that ultimately demonstrates how the
contributions from differential gain, nonlinear gain, and photon lifetime balance with each
other. The influence of the photon lifetime on f,,, is revisted followed by an investigation
into the role that differential gain, g,, and nonlinear gain, g, play in fiax.

Finally, now that some understanding of how the relative contributions of each
parameter influence bandwidth performance has been developed, an investigation into how
changing key design parameters can be used to improve on the overall design of the laser is

presented.

6.1 LOWER THAN EXPECTED RESONANCE FREQUENCY VALUES
NEAR THRESHOLD

It was demonstrated in Fig 5.6 that for operating temperatures greater than 20 °C a
deviation in the resonance frequency values measured near threshold from those expected
by theory with equations (2.3.13) and (2.3.16) was observed. This observed deviation
actually applies to all of the measured resonance frequency values as a function of current
injected above threshold, or optical output power. In §5.2.2 it was mentioned that this may

be an artifact of spontaneous emission above threshold allowing for a prolonged
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competition between lasing modes for gain in the laser cavity. This effect has never been
documented as a function of temperature but it has been correlated with FWHM spectral
linewidth.[50] When this offset in the resonance frequency values is observed it is simply
reflecting the fact that the optical output power just above threshold is resulting from
multiple modes, each of which have a resonance frequency corresponding to the optical
power in that mode. When one mode begins to dominate enough optical power is
associated with that mode for the resonance frequency for that mode to begin to appreciably
increase. This may not begin to occur until well above threshold depending on the
spontaneous emission rate at threshold. -

Using the third term of equation (2.3.6) it is possible to extract a value for the
spontaneous emission rate, Rgp, by fitting to damping values plotted versus the square of
the resonance frequency. Having fit a value for a coefficient to the 1/f,2 factor in the third
term of (2.3.6), Rsp can be calculated using already determined values of optical
confinement factor, active area volume, group velocity, differential gain, and photon
lifetime. The differential gain was calculated using D' values determined from a plot of
resonance frequency versus root of current injected above threshold for operating
temperatures of 20 °C, 50 °C, and 80 °C assuming a pseudo threshold current value
associated with the x-axis intercept for each curve to take into account the resulting offset
for the temperatures greater than 20 °C. This pseudo threshold current value could be
thought of as the actual threshold current of the lasing mode which eventually dominates at
higher current injection levels. Fits to equation (2.3.6) using the third term of the equation
at 20 °C, 50 °C, and 80 °C operating temperatures for device #31 from structure S1-588 are
shown in Fig 6.1. Included in the plots of Fig 6.1 are the values obtained for the m3
coefficient of the nonlinear term. Using these values the spontaneous emission rate was

determined and plotted versus temperature as shown in Fig 6.2.
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Fig. 6.1: Fit to equation (2.3.6) of damping versus resonance frequency squared for device #31, with 10
mil (254 pm) cavity length, from structure S1-588 at 20 °C, 50 °C, and 80 °C operating temperatures
including a fit to the third term of (2.3.6) involving the spontaneous emission rate, Rgp.
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Fig. 6.2: Calculated spontaneous emission rate, Rgp, versus temperature for device #31, with 10 mil
(254 pm) cavity length, from structure S1-588 at 20 °C, 50 °C, and 80 °C operating temperatures

determined from the third term of equation (2.3.6).
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The trend in the spontaneous emission rate, Rsp, plotted in Fig 6.2 would seem to correlate
well with the observed increase in offset of resonance frequency values versus current
injected above threshold, or optical output power, observed in Fig 5.6. The value Rgp
appears to change very little up till around 40 °C and then begins to increase rapidly which
correlates with the rate of increase in offset observed.

These results demonstrate a potential limitation with using the single mode rate
equation model to analyze these results. While the room temperature results of resonance
frequency versus the root of current injected above threshold, or optical power,
demonstrate a zero crossing as predicted by theory, the results above room temperature do
not. This could be due to the increase in spontaneous emission with temperature delaying
the dominance of a single mode above threshold. This throws into question the assumed
relationship between parameters like the internal quantum efficiency, internal absorption,
and the correlation between the resonance frequency values and injected current for results
above room temperature. Without confidence in these interrelationships the possible error
in determined parameters such as differential gain, and the non-linear gain coefficient,
become uncalculatable. Caution with respect to these potential inadequacies in the single

mode rate equation model have been voiced in the past. [57]

6.2 D' AND D PARAMETER TRENDS VERSUS fmax

The characterized values for D' and D, based on equations (2.3.13) and (2.3.16),
represent the most physically relevant parameters with respect to the intrinsic frequency
response of the laser structures. Up to moderate optical output power levels the D' and D
parameters describe the resonance frequency limited bandwidth of the lasers. In most
applications these values would be of more interest to a designer than the values determined

for the maximum intrinsic frequency response, fnax. In fact designers are sometimes not



87

in agreement as to which structure will have the best modulation performance. For
example the D' and D versus barrier height trends showed that the structures with 1.10 Q
or 1.15 Q barrier heights should give the best frequency response out of all of the barrier
height structures examined from Fig 5.7. However the fjax data shows that a higher
barrier structure such as the 1.05 Q structure should achieve a higher maximum intrinsic
modulation bandwidth for the 254 pim cavity lengths from Fig 5.34. As was mentioned in
§2.4, the maximum intrinsic bandwidth does not take into account the device heating, and
maximum achievable power of the laser. As a result the discrepancy between the highest
performing structure according to D' and D versus fi,ax can be explained by the trend in the
internal quantum efficiency for the different barrier height structures. According to the
trend in Fig 5.16 the internal quantum efficiency drops dramatically for barrier heights

greater than 1.15 Q.
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Fig. 6.3: Threshold carrier density versus barrier height with 10 quantum well structures, for 10 mil
(254 nm) cavity lengths at a 20 °C operating temperature.



88

This would mean that the threshold carrier concentration will be much higher for the higher
barrier structures which would cause them to be much more susceptible to internal heating
and as a result have a lower maximum achievable optical power due to earlier onset of
thermal runaway. This trend in the threshold carrier concentration is demonstrated in Fig
6.3 by plotting threshold carrier density versus barrier height. This is reflected in the D'
and D values but not in the fiax values. For the structures where the number of quantum
wells was varied from 5 wells to 14 wells there was no real change in D', D, or fiax
values, excluding results for the 5 quantum well structure which were poorer than the
others. When considering the results for the various cavity lengths the shortest cavity
length, 254 pm, comes out the clear winner. In this case the decrease in the photon lifetime
with decreasing cavity length due to the resulting increase in the distributed mirror losses

dominates any other structural influence on the intrinsic frequency response of the lasers.
6.3 DIFFERENTIAL GAIN AND CARRIER TRANSPORT EFFECTS

Initially the discussion of the differential gain values obtained for the structures
studied in this thesis posed an interesting challenge. When examining the differential gain
results for the structures involving the variation of barrier height it was found that only the
longer cavity length device results agreed with what was predicted by theory as discussed
in §3.1.2. The structures involving the variation of the number of quantum wells yielded
differential gain values which contradicted that which is expected theoretically as discussed
in §3.1.3 despite the fact that the threshold carrier concentration was shown to clearly
decrease with increasing quantum well number. As well this contradiction worsened as the
cavity lengths of the structures were increased. But by far the most difficult results to
understand were those of the differential gain resulting from the variation of cavity length.
Out of the eleven structures studied only two of the structures yielded results where the

differential gain increased with increasing cavity length in agreement with the theory in
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§3.3 despite the fact that for all of the structures the modal threshold gain, and the threshold
carrier density, decreased with increasing cavity length.

However some light is shed on these results when the differential gain is plotted
versus the threshold carrier concentration divided by the carrier lifetime. The threshold
carrier concentration divided by the carrier lifetime is simply the threshold current of the

laser divided by the active area volume.
6.3.1 Differential gain versus cavity length

The results from Fig 5.28 are plotted versus threshold carrier concentration divided
by the carrier lifetime, ny, /Ty, in Fig 6.4. Given that it was confirmed with Fig 5.30 that
the threshold carrier concentration decreases with increasing cavity length, the trends

shown in Fig 6.4 correspond with increasing cavity length to the left.
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Fig. 6.4: Differential gain versus threshold carrier concentration divided by carrier lifetime for structure
S1-592 with 1.2 Q barriers and 10 quantum wells, S1-591 with 1.0 Q barriers and 10 quantum wells, S1-
349 with 1.1 Q barriers and 5 quantum wells, S1-341 with 1.1 Q barriers and 7 quantum wells, and S1-422
with 1.1 Q barriers and 14 quantum wells, at an operating temperature of 20 °C.



90

In Fig 6.4 it can be seen that the differential gain values plotted for the five structures
shown follow a trend of increasing differential gain with decreasing carrier concentration
up to a value of ng/Ten of 3.5 x 1027 cm3/s. It is possible that these results suggest a
certain carrier concentration threshold where the behavior of these laser structures no longer
follows the single rate equation model. One possibility is that the electron and hole
concentrations are not uniformly distributed in the active region of these laser structures and
that this effect becomes more apparent as the carrier concentrations required to satisfy the
conditions for lasing get smaller.

It has been theoretically demonstrated that the transport time of carriers across the
separate confinement heterostructure region and the barriers in a semiconductor laser can
have a significant impact on the modulation response of the laser.[51] [52] The limiting
factor is the transport of holes which have an order of magnitude lower mobility than that
of electrons. It has also been demonstrated theoretically that a nonuniform distribution of
electrons and holes in the wells of an InGaAsP multiple quantum well structure are likely
under certain structural conditions.[52]-[54] In the InGaAsP on InP system, the
discontinuity of the valence band is much larger than that of the conduction band. This
larger valence band discontinuity along with the lower mobility of holes can result in
significantly slower transport of holes across the barrier layers in the multiple quantum well
structure.

With the lower mobility of holes the wells in a multiple quantum well structure far
away from the p-contact can receive less holes and therefore have smaller gain. Conversely
the wells close to the p-contact can receiver more holes and therefore have larger gain.
However, given that the differential gain increases with decreasing carrier concentration,
the wells closer to the p-contact supplying most of the gain to satisfy the lasing condition of
the cavity tend to reduce the differential gain from the value it would have if the carrier were

distributed evenly throughout the wells.[52] [53] If the nonuniform distribution of carriers
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in the wells of the structures examined in this study is having an impact on the applicability
of the single mode rate equation model to the analysis of this data then this should be even

more apparent with the results involving the variation of quantum well number.

6.3.2 Differential gain versus quantum well number

For the structures involved with the variation of quantum well number, in all but
two of the structures this was the only structural parameter changed. The five and seven
well structure had 400 A and 300 A thick GRINCH regions respectively where as the
remaining structures had 200 A thick GRINCH regions. Varying only the quantum well
number should not have any impact on gain performance characteristics of the material
aside from any unforeseen variations in the processing of the material from wafer to wafer.
Since the dimensions and composition of the quantum wells and barriers remain unchanged
the band structure for the well region, and therefore its gain performance as a function of
carrier concentration, should also behave similarly.

In Fig 6.5 all of the differential gain results for the structures where the quantum
well number is varied are plotted versus threshold carrier concentration divided by the
carrier lifetime, nthlttﬁ. Here we see that the carrier concentration at threshold barrier
beyond which the data does not represent that behavior which would be expected by theory
observed in Fig 6.5 appears to apply to all but one of the structures, that being the one with
12 wells. In the 12 well structure the same trend is observed, however the point at which
the data no longer represents theoretical prediction possibly occurs at a lower concentration.
Unfortunately the differential gain results for almost all of the structures correspond to a
carrier concentration in the region where the assumptions of the model used in the analysis

of these results breaks down.
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Fig. 6.5: Differential gain versus threshold carrier concentration divided by carrier lifetime for structures
S1-349, S1-341, S1-340, S1-429, S1-418, and S1-422 with 1.1 Q barriers and 5, 7, 8, 10, 12, 14 quantum
wells respectively, at an operating temperature of 20 °C.
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Fig. 6.6: Differential gain versus threshold carrier concentration divided by carrier lifetime for structures
S1-349, S1-341, S1-340, S1-429, S1-418, and S1-422 with 1.1 Q barriers and 5-14 quantum wells
respectively, at an operating temperature of 20 °C. Also included is the differential gain values for 254 pm
cavity lengths for the 8, 10, 12, and 14 quantum well structures with threshold carrier concentrations
corrected assuming only the first 7 wells are effectively being used.
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However, the fact that the trends in the differential gain values for each structure
represented here closely follow each other with carrier concentration would appear to
support the statement made earlier suggesting that the gain performance of all the structures
should follow a similar dependence with carrier concentration. This tight grouping of
trends also supports the validity of the results in that there also appears to be a trend with
respect to the number of quantum wells in the structure.

It is observed in the general trend shown in Fig 6.5 that the deviation in the trend of
differential gain values from that which is expected by theory became worse with
increasing number. This would seem to strongly support the postulation made earlier that
there is a nonuniform distribution of carriers in the active region of these lasers at
threshold. This results also seem to support that as a result of the nonuniform distribution
of carriers in the active region, beyond a certain number of wells, additional wells are no
longer significantly contributing to the lasing process. Plotted in Fig 6.6 are additional
points representing the differential gain values for 254 um cavity length lasers for the
structures involving the variation of quantum well number shown in Fig 6.5. The
threshold carrier concentrations corresponding to these values have been corrected
assuming only the first seven wells are contributing gain to the lasing process. This simple
demonstration of the potential impact of nonuniform carrier distribution in the active area of
multiple quantum well structures shows that it is possible for the differential gain values
found to be decreasing with increasing quantum well number as a result of higher

concentrations of holes in the wells closer to the p-contact.

6.3.3 Differential gain versus quantum well barrier height

For the structures involved with the variation of quantum well barrier height this

was the only structural parameter changed. Increasing the quantum well barrier height was



94

expected to impact the gain performance characteristics of the material as a result of the
increased parabolicity of the hh band caused by the increased heavy hole - light hole energy
level separation experienced with the increased quantum confinement. With the increase in
parabolicity, an increased change in gain with increasing carrier concentration should be
observed, as explained in §3.2.1.

In Fig 6.7 all of the differential gain results for the structures where the quantum
well barrier height is varied are plotted versus threshold carrier concentration divided by the
carrier lifetime, ng/Tih. It was observed in Fig 5.24 of §5.7 that the differential gain was
found to increase with increasing barrier height as predicted by theory in §3.2.1. Here in
Fig 6.7 it can be seen that the grouping of results for all cavity lengths from each structure

follow the same trend in general except for the devices from the 1.00 Q barrier height

structure.
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Fig. 6.7: Differential gain versus threshold carrier concentration divided by carrier lifetime for structures

S1-591, S1-593, S1-588, S1-590, and S1-592 with 1.00, 1.05, 1.10, 1.15, and 1.20 Q barriers respectively
and 10 quantum wells, at an operating temperature of 20 °C.
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It is interesting to note at this point that the devices from the 1.00 Q barrier height
structure had a substantially lower internal quantum efficiency as observed in Fig 5.16. A
lower quantum efficiency may be symptomatic of a lower carrier capture rate thus resulting
in a more even distribution of carriers throughout the ten wells of the active area. This
would also explain why the results from the 1.00 Q barrier show a trend which rolls over
more slowly near the carrier concentration at which the wells may not be optimally filled.
With the other structures where barrier height is varied the differential gain rolls over at the

carrier concentration where the wells may not be optimally filled more rapidly.

6.4 NONLINEAR GAIN COEFFICIENT, ¢

As was mentioned in §3.2.1, the wide range of differences between published
values of € for QW and bulk lasers suggests that € has a dependence on QW design that is
not well understood. Theories have been put forward that suggest that nonlinear gain may
depend strongly on QW structure parameters such as barrier height, well width, and well
number [17]. The nonlinear gain coefficient was found to increase with increasing barrier
height for 1016 pm cavity lengths in Fig 5.31, however this broke down with decreasing L
in much the same way as the trend of increasing differential gain with increasing barrier
height in Fig 5.24. This observation gave weight to some studies which suggested that
similar mechanisms may be involved with both the differential gain and nonlinear gain [13]
[15] [17] [18]. To test this potential interdependence the nonlinear gain coefficient was
plotted versus the differential gain for the results obtained from structures where the barrier

height is only changed, shown here in Fig 6.8.
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Fig. 6.8: Nonlinear gain coefficient versus differential gain for structures S1-591, $1-593, S1-588, S1-
590, and S1-592 with 1.00, 1.05, 1.10, 1.15, and 1.20 Q barriers respectively and 10 quantum wells, at an
operating temperature of 20 °C.

As can be seen in Fig 6.8 there does not appear to be any strong correlation between the
changes in nonlinear gain coefficient and differential gain with changing barrier height
indicating that very different mechanisms are probably influencing their values.

With quantum well number the nonlinear gain coefficient was found to consistently
decrease with increasing well number in Fig 5.32, much different from the variability
observed with differential gain as a function of well number in Fig 5.26. This supports the
finding of an investigation reporting a regular decrease of € as the number of wells is
increased in InGaAs/InGaAsP MQW lasers [44]. It was concluded that this pointed
towards a dependence of € on carrier density since a lower carrier density is required to

reach threshold as the number of QW's is increased. However the dependence of nonlinear

gain on carrier density must be of a very different nature than that of differential gain based
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on the observations made from Fig 6.8 possibly supporting that very different mechanisms
are probably influencing the values of the two parameters.

Some studies have assumed that € remains constant with cavity length [15] [26]
[41]. However nonlinear gain was observed to always be decreasing with increasing
cavity length as shown previously by Fig 5.33. This could also be pointing towards
nonlinear gain being dependent on carrier density since the carrier density at threshold
decreases with increasing cavity length. Some light is shed on these results when the
dependence of nonlinear gain on the threshold carrier concentration divided by the carrier

lifetime is explored.

6.4.1 Nonlinear gain coefficient versus quantum well number

The nonlinear gain coefficient was first plotted versus the threshold carrier
concentration divided by the carrier lifetime for the structures involving only the variation
of quantum well number, as shown in Fig 6.9. As suggested before, Fig 6.9 demonstrates
a dependence between nonlinear gain and carrier concentration with the nonlinear gain
coefficient clearly decreasing with increasing carrier concentration. However the
dependency of nonlinear gain on carrier density must be of a very different nature than that
of differential gain which is based on the quantum confinement of carriers. Here, the shift
in this trend with increasing quantum well number appeared suspiciously regular. This
prompted the plotting of these nonlinear gain results with respect to threshold current
density which normalizes the contribution of varying quantum well number, as shown in
Fig 6.10. The trend observed in Fig 6.10 clearly demonstrates that the nonlinear gain
coefficient is not dependent on the number of quantum wells directly so that an equivalent
threshold current density in any of these structures regardless of the number of quantum
well's would appear to result in the same nonlinear gain coefficient value to within

experimental error.
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Fig. 6.9: Nonlinear gain versus threshold carrier concentration divided by carrier lifetime for structures
S1-349, S1-341, S1-340, S1-429, S1-418, and S1-422 with 1.1 Q barriers and 5, 7, 8, 10, 12, 14 quantum
wells respectively, at an operating temperature of 20 °C.
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Fig. 6.10: Nonlinear gain coefficient versus threshold current density for structures S1-349, S1-341,
S1-340, S1-429, S1-418, and S1-422 with 1.1 Q barriers and 5, 7, 8, 10, 12, 14 quantum wells
respectively, at an operating temperature of 20 °C.
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This suggests that the nonlinear gain coefficient is not influenced by the density of the
carrier population. It would appear that the nonlinear gain coefficient is more dependent on
a parameter whose value and influence is invariant for a given threshold condition
independent of the active region structure. To explore this possibility further the influence

of quantum well barrier height was examined next.

6.4.2 Nonlinear gain coefficient versus quantum well barrier height

The nonlinear gain coefficient was again plotted versus the threshold current
density, but this time for the structures involving the variation of quantum well barrier

height, as well as quantum well number, shown here in Fig 6.11.
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Fig. 6.11: Nonlinear gain versus threshold current density for structures S1-349, S1-341, $1-340, S1-
429, S1-418, and S1-422 with 1.1 Q barriers and 5-14 quantum wells, and for structures S1-591, S1-593,
S1-588, S$1-590, and S1-592 with 1.00, 1.05, 1.10, 1.15, and 1.20 Q barriers respectively and 10 quantum
wells, at an operating temperature of 20 °C.

In Fig 6.10 it was observed that the nonlinear gain coefficient was not dependent on the

number of quantum wells directly in so that an equivalent threshold current density in any
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of these structures regardless of quantum well number appeared to result in the same
nonlinear gain coefficient value to within experimental error. With the additional data
showing the dependence of the nonlinear gain coefficient on quantum well barrier height in
Fig 6.11 it is observed that varying quantum well barrier height has an impact on this
dependency.

An interesting observation to make at this point is that when the number of quantum
wells in the structure is changed the gain properties of the material itself are not expected to
change because there has been no change in the carrier confinement properties of the wells,
only the carrier densities are effected. However when the quantum well barrier height is
changed the carrier confinement properties are changed thus changing the gain properties of
the material. It was suggested in §6.4.1 that the nonlinear gain coefficient may be
dependent on a parameter whose value and influence is invariant for a given threshold
condition independent of the active region structure. Observations based on Fig 6.11 have
shown this to not be true, however, based on the observation that the gain properties of the
material are varying for the results in Fig 6.11, the nonlinear gain coefficient may be
dependent on the material gain properties of the active region structure, which are the same
for any structure at threshold for the same threshold gain condition. This observation is
supported by the offset observed between the trends in Fig 6.11 for the 10 well structures
with 1.1 Q barrier height from the varying quantum wells group, S1-429, and the varying
barrier height group, S1-588. One might expect that two structures with the same number
of quantum wells and quantum well barrier heights would behave the same. However,
with these two structures there is an additional design difference in the doping
concentration of the barriers which will obviously impact the carrier confinement properties
of the wells and thus the material gain of the structures.

A problem arises as a result of there appearing to be a dependency of the nonlinear

gain coefficient on the material gain properties of the active region structure. Recall that the
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nonlinear gain coefficient, €, appearing in equation (2.3.10) for the damping constant K
came from the approximation of the material gain represented by equation (2.3.9). In this
equation the dependency of the material gain on photon density is represented by the linear
coefficient € which, if correct, should not have any further dependency on the material gain
itself. The observation that the nonlinear gain coefficient has a dependency on the material
gain properties of the active region structure suggests that representing that material gain

dependency on photon density with the linear coefficient € is inadequate.
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Fig. 6.12: Nonlinear gain coefficient versus modal threshold gain condition for structures S1-349, S1-
341, S1-340, S1-429, S1-418, and S1-422 with 1.1 Q barriers and 5-14 quantum wells, and for structures
$1-591, S1-593, S1-588, S1-590, and S1-592 with 1.00, 1.05, 1.10, 1.15, and 1.20 Q barriers respectively
and 10 quantum wells, at an operating temperature of 20 °C.

To explore this possibility further the characterized value € for all structures was
plotted against the modal threshold gain which is directly related to the material gain
properties of the active region structure, shown in Fig 6.12. Before commenting on the
trend seen in Fig 6.12 it is helpful to review the role that the nonlinear gain coefficient,

based on the linear coefficient approximation in (2.3.9), plays in the modal threshold gain.
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Multiplying both sides of equation (2.3.9) by the optical confinement factor results in the

following expression at threshold

T'gth = I'go(neh) (1 - € stn) (6.4.1)
where n¢, and s, are the carrier and photon densities at threshold. From (6.4.1) it is
shown that the multiplication of the nonlinear gain coefficient with the photon density at
threshold should describe the offset observed between the achieved material gain and an
ideal value based on its carrier density dependence at threshold resulting from gain
saturation effects. The photon density at threshold, s, is the photon population present in
the laser cavity when optical gain has overcome the cavity losses, those being the internal
and mirror losses. The state at which the internal losses of the laser are overcome by the
material gain is referred to as the transparency condition where a balance has been achieved
between the rate of photon generation and photon absorption. At the transparency
condition the population of photons in the cavity is theoretically zero. The population of
photons that exists between the transparency condition and threshold is a result of
overcoming the mirror losses such that stimulated emission becomes the dominant process
of photon generation in the active region of the laser. Since all of the laser structures
studied here have similar facet reflectivity's, their photon densities at threshold should be
similar. That would mean that the observed decrease in the nonlinear gain coefficient with
increasing modal threshold gain actually confirms dependency of the nonlinear gain
coefficient on the material gain. This supports the postulation made earlier, that
representing that material gain dependency on photon density with the linear coefficient € is
inadequate.

The conclusion that material gain dependency on photon density with a linear
coefficient is inadequate should not be a surprise. It is well accepted that the physical

mechanisms that result in gain nonlinearity are not well understood [55]. The
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approximation of nonlinear gain, dg(n,s)/ds, using an equivalent gain scaling factor as used
in equation (2.3.9) should be recognized as a phenomenological approach [55].

Rather than relying on the characterization of an approximation of the nonlinear
gain, dg(n,s)/ds, or g, one can extract a value for gg directly, recognizing that its value
represents the value of the nonlinear gain as seen at the threshold condition, as was the case
with the differential gain, g, (see §2.5.6). A value for g5 can be characterized using
equation (2.3.7) much the same way € was characterized using equation (2.3.10). Shown
in Fig 6.13, the value of the nonlinear gain at threshold is plotted versus the threshold gain
condition. The relationship between these two parameter values for all of the laser
structures more clearly demonstrates the dependency of nonlinear gain on the achieved

material gain.
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Fig. 6.13: Nonlinear gain versus threshold gain condition for structures S1-349, S1-341, S1-340, S1-
429, S1-418, S1-422, S1-591, S1-593, S1-588, S1-590, and S1-592 at an operating temperature of 20 °C.

Further analysis of data like this could be used to establish a better understanding of the

nature of nonlinear gain and its dependencies on device design, as opposed to trying to
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understand the dependencies of a poorly established linear approximation. Since the gain
achieved is a reflection of the stimulated emission process of photon generation, the trend
observed in Fig 6.13 shows that a fairly simple relationship between the amount of
stimulated emission occurring in the laser structure and the degree to which the efficiency
of the process is saturated by the increasing population of photons probably exists.

From the stand point of device performance optimization it is more useful as well to
examine the relationship between the differential gain and an actual characterized value for

the gain saturation observed at threshold, plotted in Fig 6.14.
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Fig. 6.14: Nonlinear gain versus differential gain for structures S1-349, S1-341, S1-340, S1-429, S1-
418, and S1-422 with 1.1 Q barriers and 5-14 quantum wells, and for structures S1-591, S1-593, S1-588,
S$1-590, and S1-592 with 1.00, 1.05, 1.10, 1.15, and 1.20 Q barriers respectively and 10 quantum wells, at

an operating temperature of 20 °C.
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In Fig 6.14 a much stronger correlation between nonlinear gain and differential gain as

characterized at threshold is demonstrated than was observed in Fig 6.8 with the linear

approximation €. The trend observed in Fig 6.14 clearly demonstrates why a higher

modulation bandwidth has been difficult to achieve in moving from a bulk active region
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device design to multiple quantum well structures as discussed in §1.2. From the modeling
of the high speed dynamics of semiconductor lasers it was initially felt that an improvement
in the differential gain performance of a structure should result in a higher modulation
bandwidth. However, it is clear from Fig 6.14 that any initial attempt to improve the
differential gain performance of the basic design studied here would result in a more rapidly
increasing nonlinear gain, which has also been shown to play an important role in the
frequency response of semiconductor lasers. This clearly demonstrates the need to
understand the design dependencies of both these performance parameters before any
deliberate improvement in high speed performance of this basis design can be achieved.
Based on the understanding developed so far on the behavior of the differential gain
and nonlinear gain for this basic multiple quantum well design a simple explanation may
exist as to why the nonlinear gain is seen to increase more rapidly with increasing
differential gain. It was postulated in §6.3 that the differential gain parameter for the lower
carrier concentration threshold conditions may be considerably lower than expected from
these designs because of nonuniform filling of the quantum wells. If this were not the case
then we would have consistently observed higher differential gain values for designs that
achieved lower threshold carrier concentrations. In addition these lower threshold carrier
concentrations would éorrespond to lower threshold gain conditions and so, according to
Fig 6.13, lower nonlinear gain. If the effect where by lower differential gain values were
observed for lower carrier concentrations did not exist then clearly the trend between
differential gain and nonlinear gain would be reversed with the nonlinear gain becoming
smaller for increasing differential gain. In the case of this MQW design the difficulty of
improving the bandwidth through design lies in overcoming the irregular behavior of

differential gain with respect to carrier concentration at threshold.
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6.5 MAXIMUM INTRINSIC BANDWIDTH

When considering the maximum intrinsic bandwidth of a semiconductor laser as
defined by equation (2.4.4) an additional physical parameter, photon lifetime, shows an
obviously important role in determining the frequency response of semiconductor lasers. It
is the maximum intrinsic bandwidth that ultimately demonstrates how the contributions
from differential gain, nonlinear gain, and photon lifetime balance with each other. Given
that it was found more effective to examine the role that nonlinear gain, gs, plays in the
laser performance as opposed to €, fmax as defined by equation (2.4.4) should be changed
to reflect this. This can be achieved by substituting equation (2.3.7) for K into equation

(2.4.3) for fax resulting in

1 =x/"2‘mph(1—5g£] (6.5.1)

fmax &n
Before investigating the role that differential gain, g, and nonlinear gain, gg, plays in fyax,
as defined by equation (6.5.1) it is instructive to first look at the overall influence of the
photon lifetime by plotting fhax versus Tph as shown in Fig 6.15.

The dependence of maximum intrinsic bandwidth on photon lifetime demonstrated
in Fig 6.15 is understandable given the strong dependence of the photon lifetime on cavity
length and the first order role photon lifetime plays in equation (6.4.1). Given that the
photon lifetime has such a dominating effect on the maximum intrinsic bandwidth the
additional dependence of the differential gain, g, and nonlinear gain, g, is only resolvable
when cavity length is held constant. Shown in Fig 6.16 is the maximum intrinsic
bandwidth versus differential gain for all of the structures for the same cavity lengths. A
general trend of maximum intrinsic bandwidth increasing with differential gain is observed

for the 254 um and 508 pm cavity length devices.
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Fig. 6.15: Maximum intrinsic bandwidth versus photon lifetime for structures S1-349, S1-341, S1-
340, S1-429, S1-418, S1-422, S1-591, S1-593, S1-588, S1-590, and S1-592 at an operating temperature
of 20 °C.
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Fig. 6.16: Maximum intrinsic bandwidth versus differential gain for structures S1-349, S1-341, S1-
340, S1-429, S1-418, and S1-422 with 1.1 Q barriers and 5-14 quantum wells, and for structures S1-591,
S$1-593, S1-588, S1-590, and S1-592 with 1.00-1.20 Q barriers and 10 quantum wells, with 254 pm, 508
pim, and 1016 pum cavity lengths, at an operating temperature of 20 °C.
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As was mentioned in §1.2, and predicted by equation (6.5.1), an increase in the intrinsic
bandwidth of the laser is expected with increasing differential gain. However, for the 1016
pm cavity length devices this does not appear to apply. As was discussed in §1.2, some
studies have observed this as well as a result of the gain saturation increasing with the
differential gain canceling out the benefits of its influence on intrinsic bandwidth, as is
predictable by equation (6.5.1). Shown in Fig 6.17 is the maximum intrinsic bandwidth

versus gain saturation for all of the structures for the same cavity length.
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Fig. 6.17: Maximum intrinsic bandwidth versus gain saturation for structures S1-349, S1-341, S1-
340, S1-429, S1-418, S1-422, S1-591, S1-593, S1-588, S1-590, and S1-592 with 254 pum, 381 pm, and
1016 pm cavity lengths, at an operating temperature of 20 °C.

A general trend of maximum intrinsic bandwidth decreasing with increasing gain
saturation is observed for all cavity length devices. As was discussed in §1.2, and
predictable by equation (6.5.1), an increase in gain saturation causes a decrease in the

intrinsic bandwidth of the laser. Based on the two above observations, taking into account

the influence that both differential gain and gain saturation have on the intrinsic bandwidth
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should therefore be a better guide for determining the true impact of a design variation on
the modulation performance of a laser. As confirmation of this the maximum intrinsic

bandwidth is plotted versus the differential gain divided by the gain saturation in Fig 6.18.
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Fig. 6.18: Maximum intrinsic bandwidth versus differential gain divided by gain saturation for
structures S1-349, S1-341, S1-340, S1-429, S1-418, and S1-422 with 1.1 Q barriers and 5-14 quantum
wells, and for structures S1-591, S1-593, S1-588, S1-590, and S1-592 with 1.00-1.20 Q barriers and 10
quantum wells, with 254 pm, 508 pm, and 1016 pum cavity lengths, at an operating temperature of 20 °C.

As expected the general trend for all cavity lengths is for the maximum intrinsic
bandwidth to increase with an increasing ratio of differential gain to gain saturation.
However the trends do not appear to be strong enough to be convincing that the differential
gain and gain saturation are all that need to be considered here. As it was not present in the
original expression for the maximum intrinsic bandwidth in equation (2.4.4) the influence
of the optical confinement factor was not initially examined. In equation (6.5.1), the
optical confinement factor would also appear to play an important role in the bandwidth
response of lasers when the linear approximation for gain saturation is removed. As was

demonstrated in §5.5, the optical confinement factor steadily decreases with increasing
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quantum well barrier height, shown in Fig 5.12, and steadily increases with increasing
quantum well number, shown in Fig 5.13. Including the influence of the optical
confinement factor, the maximum intrinsic bandwidth is plotted versus the differential gain
divided by the optical confinement factor and gain saturation, shown in Fig 6.19. As
expected, a trend for all cavity lengths of the maximum intrinsic bandwidth increasing with
an increasing ratio of differential gain to optical confinement and gain saturation is
observed. However in this case the correlation appears to be stronger that those shown in
Fig 6.18 indicating that better agreement is achieved when the optical confinement is

included in consideration of influences on the maximum intrinsic bandwidth.
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Fig. 6.19: Maximum intrinsic bandwidth versus differential gain divided by the optical confinement
factor and gain saturation for structures S1-349, S1-341, S1-340, S1-429, S1-418, and S1-422 with 1.1 Q
barriers and 5-14 quantum wells, and for structures S1-591, S1-593, S1-588, S1-590, and S1-592 with
1.00-1.20 Q barriers and 10 quantum wells, with 254 pm, S08 pm, and 1016 pm cavity lengths, at an
operating temperature of 20 °C.
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6.6 DESIGN OPTIMIZATION

Now that each parameter that contributes to the bandwidth performance of
semiconductor lasers has been characterized, some understanding of how their relative
contributions influence bandwidth performance has been developed. This information
should now be useful in the investigation of how changing key design parameters can be
used to improve on the overall design of the laser. As well, better insight into the
limitations that arise with respect to the influence these design parameters can have on
performance can be developed. Using the maximum intrinsic bandwidth of each laser as
determined from the characterized damping coefficient, K, as an indicator of the overall
bandwidth performance of the laser structures, optimization of the design by varying

quantum well barrier height and quantum well number was explored.

6.6.1 Optimization by varying quantum well barrier height

It was observed in §5.9 with Fig 5.34 that fi,x appeared to achieve a maximum
value some where between a barrier height of 1.1 m and 1.05 wm depending on the cavity
length of the structure examined. Initially it was thought that the differential gain would be
observed to consistently increase with increasing barrier height, and this was predicted to
result in a corresponding increase in fiax. However this increase in differential gain was
not observed in §5.7 with Fig 5.24 for all but the 1016 pm cavity lengths.

As discussed above, with what has been discovered with respect to the influence of
other parameters, the impact of increasing quantum well barrier height and its limitations
can be re-examined. Plotted in Fig 6.20 is the differential gain divided by optical
confinement factor and gain saturation, and the inverse of the optical confinement factor

versus quantum well barrier height.
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Fig. 6.20: Differential gain divided by optical confinement factor and gain saturation, and the inverse
of the optical confinement factor versus quantum well barrier height for structures S1-591, S$1-593, $1-588,
S1-590, and S1-592 with 1.00-1.20 Q barriers and 10 quantum wells, for 254 pm, and 1016 Um cavity
lengths, at an operating temperature of 20 °C.
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Fig. 6.21: Differential gain and gain saturation versus quantum well barrier height for structures S1-
591, S$1-593, S1-588, S1-590, and S1-592 with 1.00-1.20 Q barriers and 10 quantum wells, for 254 pum,
and 1016 pm cavity lengths, at an operating temperature of 20 °C.


http:1.00-1.20
http:J.Lm]1.05
http:1016J.Lm
http:1.00-1.20

113

From the steady increase in the inverse of the optical confinement factor with quantum well
barrier height it can be seen that the decrease in optical confinement with increasing barrier
height will benefit the maximum intrinsic bandwidth of the laser design. However when
examining the ratio of the differential gain to the optical confinement factor and gain
saturation it is clear that the benefit of a decreasing optical confinement is overwhelmed by
the influences of the differential gain and gain saturation.

In Fig 6.21 the differential gain and gain saturation are plotted versus quantum well
barrier height. Looking at the differential gain trend with quantum well barrier height for
the 254 um cavity length lasers an initial increase is observed but a deviation from that
expected by theory occurs above 1.1 im barrier heights, as was noted in §5.7. Reviewing
the analysis of the impact of carrier concentration on differential gain in §6.3, the deviation
from that expected by theory above 1.1 pum barrier heights for 254 pm cavity lengths is
accountable for by the increase in threshold carrier concentration with increasing barrier
height. The increase in threshold carrier concentration with increasing barrier height is
unavoidable because of the decrease in the internal quantum efficiency of the structure
which occurs, as observed in Fig 5.16. With the 1016 pm cavity length devices the impact
of a decreasing internal quantum efficiency on the threshold carrier concentration of the
devices is much weaker because of the lower threshold gain conditions resulting from
lower mirror losses. Therefore in this case an increase in the differential gain with
increasing barrier height is observed. However, it is also observed that the gain saturation
is increasing with barrier height at a faster rate than the differential gain, overtaking its
influence above a 1.1 pm barrier height.

From these observations it would appear that several limitations exist with respect
to taking advantage of increased differential gain with increasing barrier height. When
designing a high modulation rate laser a shorter cavity length is preferred given the

influence that photon lifetime has on achievable bandwidth. However as cavity length is
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reduced and mirror losses increase the threshold gain condition for the structure will
increase resulting in an increase in the carrier concentration at threshold. At higher
threshold gain conditions the impact of a decreasing internal quantum efficiency with
increasing barrier height will result in a noticeable increase in the threshold carrier
concentration. The decrease in differential gain resulting from this increase in threshold
carrier concentration will overwhelm the expected increase in differential gain resulting
from increasing the barrier height. Therefore this design is inherently limited to any benefit
above 1.1 um barrier heights by the internal quantum efficiency currently achievable by this
design. As well, another inherent physical limitation exists as it has also been observed
that the influence of the gain saturation overtakes that of the differential gain above 1.1 um

barrier heights possibly due to the increase in the threshold gain condition as well.
6.6.2 Optimization by varying quantum well number

It was observed in §5.9 with Fig 5.35 that varying the quantum well number had
very little influence on fi,,x, not including the results for the 5 quantum well structure S1-
349, regardless of the cavity length of the structure examined. Initially it was thought that
an expected increase in the differential gain and decrease in the photon lifetime with
quantum well number would 'result In an increase in the maximum intrinsic bandwidth.
With what has been discovered with respect to the influence of other parameters, the impact
of increasing quantum well number and its limitations can be re-examined.

The differential gain divided by optical confinement factor and gain saturation, and
the inverse of the optical confinement factor versus quantum well number is shown in Fig
6.22. From the steady decrease in the inverse of the optical confinement factor with
quantum well number it can be seen that the decrease in optical confinement with
decreasing quantum well number will benefit the maximum intrinsic bandwidth of the laser

design going against the original expected benefit of increasing differential gain with
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increasing quantum well number. When examining the ratio of the differential gain to the
optical confinement factor and gain saturation it is unclear whether the change in the optical
confinement with quantum well number is the dominant factor with respect to the

bandwidth performance.
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Fig. 6.22: Differential gain divided by optical confinement factor and gain saturation, and the inverse
of the optical confinement factor versus quantum well number for structures S1-349, S1-341, S1-340, S1-
429, S1-418, and S1-422 with 1.1 Q barriers and 5-14 quantum wells, for 254 pm, and 1016 pm cavity
lengths, at an operating temperature of 20 °C.

In Fig 6.23 the differential gain and gain saturation are plotted versus quantum well
number. Looking at the differential gain trend with quantum well number for the 254 pm
cavity length lasers an initial increase is observed up to 7 wells. However the trend then
deviates that expected by theory above 7 wells, as was noted in §5.7. Reviewing the
analysis of the impact of carrier concentration on differential gain in §6.3, the deviation
from that expected by theory above 7 wells for 254 pum cavity lengths may be accountable
for by incomplete filling of the quantum wells resulting in higher carrier concentrations in

some wells than others resulting in a lower differential gain.
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Fig. 6.23: Differential gain and gain saturation versus quantum well number for structures S1-349, S1-

341, S1-340, S1-429, S1-418, and S1-422 with 1.1 Q barriers and 5-14 quantum wells, for 254 pm, and
1016 pm cavity lengths, at an operating temperature of 20 °C.
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Fig. 6.24: Ratio of differential gain to gain saturation versus quantum well number for structures S1-
349, S1-341, S1-340, S1-429, S1-418, and S1-422 with 1.1 Q barriers and 5-14 quantum wells, for 254
pm, and 1016 pum cavity lengths, at an operating temperature of 20 °C.
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With increasing well number this effect would just become more pronounced. This
explanation would also hold true for the 1016 pm cavity lengths with incomplete filling of
the quantum wells beginning at lower well numbers because of the lower carrier
concentrations involved with longer cavity length structures as postulated in §6.3. In Fig
6.23 it would appear that gain saturation behaves very similarly to differential gain with
respect to how it is influenced by quantum well number. However it is unclear as to which
is dominant until the ratio of differential gain to gain saturation is plotted versus quantum
well number as in Fig 6.24. From Fig 6.24 it is clear that the rate of decrease of
differential gain with increasing quantum well number is much lower than that of gain
saturation. Therefore the decrease in the inverse of the optical confinement factor would
appear to almost exactly compensate for the increase in the ratio of the differential gain to
gain saturation for increasing quantum well number.

From these observations it would appear that several limitations exist with respect
to taking advantage of increased differential gain with increasing quantum well number.
With these current active region designs it is possible that the quantum wells are not being
adequately filled with carriers thus eliminating the possible benefit of increased differential
gain with increasing well number. Under these possibly non ideal operating conditions the
change in differential gain with respect to gain saturation would appear to be of benefit to
the maximum intrinsic bandwidth of the design. However this benefit is cancelled out by
the increase in optical confinement. If the design were to be modified to allow for proper
filling of the quantum wells it is possible that the increase in differential gain would over
power the increase in optical confinement. However it is unclear at this point how the gain

saturation would behave.
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6.7 SUMMARY

In summary, it was suggested that the observed deviation in the resonance
frequency values measured near threshold from those expected by theory may be an artifact
of increasing spontaneous emission above threshold with temperature. In exploration of
this possibility the spontaneous emission rate, Rgp, was characterized for dependence on
temperature above threshold and was found to be increasing with temperature.

It was also discussed whether the parameter D or f,x would be of more interest to
a designer based on its physical relevance to the actual bandwidth performance expected
from a laser. It was found that the behavior of the D parameter more closely matched the
changes in other key parameters such as the threshold carrier concentration with design
variations and therefore would serve a more immediate purpose for design optimization.
However, the parameter fi,,x ultimately reveals more about how the parameters that
influence the bandwidth capability of each design modification interact.

The trends observed in the calculated differential gain with changing cavity length,
quantum well number, and barrier height suggested that with the structures considered here
non-uniform filling of the quantum wells may have been occurring. Despite the fact that
the behavior of the calculated differential gain values with respect to carrier concentration
did not agree with theory, there was good theoretical agreement with the differential gain
for a given carrier concentration being the same irregardless of quantum well number, as
well as the differential gain for a given carrier concentration increasing with increasing
barrier height somewhat confirming the validity of the calculated differential gain values.

The values calculated for the nonlinear gain coefficient, €, showed a dependency on
the characterized modal threshold gain which was interpreted as having demonstrated a
dependency on the material gain. It was suggested that the nonlinear gain coefficient, €, as

a gain scaling factor, was possibly inadequate. Attention was then turned to the
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characterization of the nonlinear gain at threshold, represented by gs, which demonstrated a
fairly linear trend with threshold gain.

It was found that the maximum intrinsic bandwidth is most influenced by the
photon lifetime. The magnitude of the photon lifetime is most easily changed with
decreasing cavity length indicating that the shorter cavity length designs would appear to
always be preferred. Aside from the photon lifetime the combined influence of the optical
confinement factor, the gain saturation, and the differential gain was found to have the most
consistent influence on the modulation bandwidth performance of the structures.

Finally, examining the relative contributions of each of the parameters to the
bandwidth performance it was found that no real change in the key design parameters
noticeably improved on the overall speed of the laser other that the obvious benefits of

reducing cavity length and marginal improvements from a barrier height of 1.1 pm.



CHAPTER 7: CONCLUSIONS

7.0 INTRINSIC FREQUENCY RESPONSE OF 1.3 ym WAVELENGTH
LASERS

In this thesis an extensive study of multiple quantum well (MQW) lasers was
reported. For the purposes of this thesis the intrinsic frequency response of two sets of
laser structures were characterized. All of the structures were single-step index-guided
compressively strained MQW ridge waveguide lasers, designed to have an emission
wavelength of approximately 1.3 pm. One group of five structures was studied to examine
the effect of varyingQW barrier height from corresponding bandgap wavelengths of 1.2
pm to 1.0 pm while the number of quantum wells was held at ten. The other group of six
structures was studied to examine the effect of varyingQW number from 5 to 14 while
theQW barrier height was held at a 1.1 um bandgap wavelength. There were slight
differences in the thicknesses and doping levels of the GRINCH regions, and the doping
levels used in the barrier layers of the structures in the two groups. However, the width of
the wells and barrier layers in all the structures were identical. The device comparison in
this study is unique to that of other previous studies in that it simultaneously considers the
effect of varying two importantQW physical parameters, the number of wells and the
barrier height, in the same basic laser structure.

To begin, the theoretical concepts of intensity noise in semiconductor lasers, the

nature of relative intensity noise (RIN) spectra, and the parametric forms that relaxation
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oscillation frequency and damping factor take with reference to RIN spectra were
presented. The dependence of the parameters that influence the relaxation oscillation
frequency and damping factor on the intrinsic bandwidth of semiconductors was examined.
Specifically, the parameters examined were: the resonance frequency and damping factor of
the RIN spectra, the response coefficient D which was characterized from the slope of the
resonance frequency versus the root of single facet output power, the response parameter K
which was characterized from the slope of the damping factor versus the square of the
resonance frequency, the group velocity, the peak photon energy, the optical confinement
factor, the mirror loss, and the internal absorption of each device. As well, the differential
gain, nonlinear gain coefficient, and the maximum intrinsic bandwidth were to calculated.
Finally, the rational for characterizing each parameter and its relative importance to the
study was discussed.

Next, details of the laser structures were presented. Accompanying this was some
explanation as to how the design variations were expected to impact the parameters being
characterized, as well as the intrinsic bandwidth of the laser design being studied in this
thesis. This was followed by an explanation of the experimental apparatus and techniques
used in the characterization of the laser structures studied.

Finally, the methodology of each parametric characterization and results of these
characterizations and how the values of these parameters varied with the device design
variations were presented. As well, the results of the calculations of the differential gain,
nonlinear gain coefficient, and maximum intrinsic bandwidth using the characterized
parameters were presented.

Following the parametric characterizations and calculations there was a discussion
of the observed results. Explanations for the lower than expect resonance frequency values
observed near threshold in devices from some of the design variations were explored. A

brief discussion of the relevance of the D response parameter versus the theoretical
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maximum intrinsic frequency response to the actual bandwidth behavior of the devices was
presented. Discrepancies with theoretical predictions observed in the calculated differential
gain values with design variations revealed the possibility that some non ideal behavior,
possibly carrier transport effects resulting in non-uniform filling of the quantum wells, was
being observed in the structures studied here. As well, the inadequacies of the nonlinear
gain coefficient used in the single mode rate equation model adopted by this study were
discussed based on the trends in this value with the structural changes explored. A more
fundamental parameter representing the nonlinear gain of the amplification system was
explored as a replacement for examining the effects of the structural variations on this
phenomenon which counteracts the gain process of the laser structure. Then a discussion
of the maximum intrinsic bandwidth results explored how the changes in the differential
gain and nonlinear gain balanced out with the structural changes explored. Finally, the
design optimization possibilities that could be considered based on the discussion of all the

parametric results was discussed.

7.1 LIMITATIONS OF SINGLE MODE RATE EQUATION MODEL

Originally this study ‘was to include an examination of how the parameters
influencing the intrinsic frequency response of the MQW structures studied here changed
with temperature. However it was demonstrated in Fig 5.6 that for operating temperatures
greater than 20 °C a deviation in the resonance frequency values measured near threshold
from those expected by theory with equations (2.3.13) and (2.3.16) was observed. As
was discussed this offset in the resonance frequency values near threshold is possibly an
artifact of multiple mode operation resulting from higher spontaneous emission just above
threshold. It is quite possible that the spontaneous emission rate increases with temperature

increasing the magnitude of this resonance frequency offset. Although it appeared that this
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effect was negligible at room temperature it served as a further example that using the single
mode rate equation model for such characterization as this should be done so with caution.
The correlation of any data for above room temperature operation with the single mode rate
equation model was impossible necessitating the omission of this data from the study.
Another limitation of the single mode rate equation model is that it assumes uniform
filling of the quantum wells in the laser structure. A model which took non-uniform filling
of the quantum wells into account would have to be orders of magnitude more complex
than that considered here, such as those which include the possible influences of carrier
transport effects.[52]-[54] The trends observed in the calculated differential gain with
changing cavity length, quantum well number, and barrier height suggested that with the
structures considered here non-uniform filling of the quantum wells may have been
occurring. In all structures considered, unless the internal quantum efficiency of the device
was low, the calculated differential gain was found to decrease rapidly with decreasing
carrier concentration beyond a characteristic threshold carrier value. This of course runs
completely counter to that expected by theory since as the carrier concentration required to
achieve threshold decreases the carrier population is occupying the lower energy region of
the conduction band where an increase in carrier concentration is expected to be
accompanied by a more rapid change in the Fermi level energy, corresponding to higher
differential gain, than at higher energies in the conduction band that would be occupied
with a higher threshold condition. Despite the fact that the behavior of the calculated
differential gain values with respect to carrier concentration did not agree with theory, there
was good theoretical agreement with the differential gain for a given carrier concentration
being the same irregardless of quantum well number, as well as the differential gain for a
given carrier concentration increasing with increasing barrier height somewhat confirming

the validity of the calculated differential gain values.
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Many attempts to include the effects of gain saturation into rate equation models
involve the inclusion of an equivalent gain scaling factor, as in this study with the inclusion
of (1-gs) in equation (2.3.9). However, as discussed earlier, the physical mechanisms
responsible for gain nonlinearity are not well understood and the inclusion of any
equivalent gain scaling factor is generally accepted as a phenomenological approach.[55] It
was found in this study that the calculated nonlinear gain coefficient, €, showed a
dependency on the characterized modal threshold gain which was interpreted as having
demonstrated a dependency on the material gain. Therefore it was suggested that the
nonlinear gain coefficient, €, as a gain scaling factor, was possibly inadequate. Attention
was then turned to the characterization of the nonlinear gain at threshold, represented by gg,

which demonstrated a fairly linear trend with threshold gain.

7.2 LASER DESIGN OPTIMIZATION

As was discussed in §6.2, the maximum intrinsic bandwidth does not take into
account the device heating, and maximum achievable power of the laser. As a result there
can be a discrepancy between what the D coefficient values show to be the best structures
for modulation bandwidth performance versus fiax. These discrepancies can often be
accounted for by the dramatic differences that can exist between the current densities
required to achieve threshold for the different structures as current density is directly related
to internal heating in the laser structures. Despite these possible discrepancies the
parameter fyay still reveals how key parameters such as photon lifetime, differential gain,
and gain saturation compete for influence on the modulation bandwidth of the laser
structures.

As mentioned above, the behavior of the linear coefficient €, referred to as the

nonlinear gain, was examined to determine the influence of the structural variations studied
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here on gain saturation behavior in general. In doing so it was found that the nonlinear
gain coefficient demonstrated a dependency on the material gain properties of the structures
themselves indicating that representing the material gain dependency on photon density
with a linear coefficient was an inadequate approximation. Therefore, rather than relying
on the characterization of an approximation of the nonlinear gain, a value for the gain
saturation was characterized directly, recognizing that its value represented the nonlinear
gain behavior of the laser structure near the threshold condition, as was the case with the
calculated differential gain values.

Correlating the calculated differential gain values with the calculated gain saturation
it was found that for the range of lower differential gain values the gain saturation is found
to increase less rapidly than the differential gain (see Fig 6.14). However in the range of
higher differential gain values the gain saturation is found to increase more rapidly than the
differential gain. Understanding the competing influence these two parameters have on the
modulation bandwidth of a MQW laser it is understandable that attempts to improve the
modulation bandwidth performance by improving the differential gain performance of laser
structures has been less than successful in the past. However in this particular case the
differential gain may be considerably lower than expected from these designs for the lower
carrier concentration threshold conditions because of nonuniform filling of the quantum
wells. If the differential gain values achieved for the lower threshold carrier concentrations
were higher as expected by theory and the nonlinear gain values were low consistent with a
low threshold gain condition then clearly the trend between differential gain and nonlinear
gain would be reversed with the nonlinear gain becoming smaller for increasing differential
gain. In this case the task of design optimization would be much simpler.

When considering the optimization of the basic structural design for improved

modulation bandwidth performance it was found that the photon lifetime always has the
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dominant effect. The magnitude of the photon lifetime is most easily changed with
decreasing cavity length indicating that the shorter cavity length designs would appear to
always be preferred. Aside from the photon lifetime the combined influence of the optical
confinement factor, the gain saturation, and the differential gain was found to have the most
consistent influence on the modulation bandwidth performance of the structures. This
combined influence was found to be strongest for the shorter length cavity lasers.

The design optimization opportunities available by varying quantum well barrier
height were very limited. It is expected that shorter cavity lengths would be used due to the
obvious benefits of a shorter photon lifetime. However as cavity length is reduced and
mirror losses increase the threshold gain condition for the structures increase resulting in an
increase in the carrier concentration at threshold as well as an increase in the gain
saturation. At higher threshold gain conditions the impact of the observed decrease in
internal quantum efficiency with increasing barrier height results in a noticeable increase in
the threshold carrier concentration. The decrease in differential gain resulting from this
increase in threshold carrier concentration overwhelms the expected increase in differential
gain resulting from increasing the barrier height eliminating any benefit from increasing the
barrier height beyond 1.1 pm.

The design optinlizatidn opportunities available by varying quantum well number
were very limited as well. With these current active region designs it is possible that the
quantum wells are not being adequately filled with carriers thus eliminating the possible
benefit of increased differential gain with increasing well number. Despite this the change
in differential gain with increasing quantum well number was slower than that of the gain
saturation resulting in a net benefit from these two parameters to the maximum intrinsic
bandwidth of the design. However this benefit was canceled out by the increase in optical

confinement. If the design were to be modified to allow for proper filling of the quantum
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wells it is possible that the increase in differential gain would over power the increase in

optical confinement resulting in a clear benefit with increasing quantum well number.

7.3 RECOMMENDATIONS FOR FUTURE WORK

In this study the resonance frequency values measured near threshold for operating
temperatures greater than room temperature deviated from the trend expected by theory
according to equations (2.3.13) and (2.3.16). It was suggested that this offset in the
resonance frequency values near threshold could be an artifact of multiple mode operation
resulting from spontaneous emission still present near threshold and that the spontaneous
emission rate increases with temperature increasing the magnitude of this resonance
frequency offset. One other possibility is that approximations made in the derivation of
equations (2.3.13) and (2.3.16) from the original equation (2.3.2) as derived from the
single mode rate equation mode used here eliminated terms that become significant at higher
temperatures. The term representing the spontaneous emission rate is suspect since its
influence in equation (2.3.6) was characterized to show a significant increase with
increasing temperature. However this characterization involved some approximation for
the calculation of the differential gain from resonance frequency data acquired above room
temperature where the offset in resonance frequency values near threshold brought into
question the validity of D' parameter values as characterized using equation (2.3.13).
Therefore it would be recommended that some modeling of the behavior of the resonance
frequency versus current applied above threshold using the single mode rate equation
model without the assumptions used in this study be performed to determine whether any
of the ignored terms in equation (2.3.2) could account for the observed increasing offset
with temperature. It could also be beneficial to attempt some modeling of the resonance
frequency behavior above threshold using a more accurate multiple mode rate equation

model to determine whether multiple mode operation above threshold could account for this
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effect. Along with this some investigation into the role that spontaneous emission plays in
multiple mode operation above threshold may result in a more accurate form of equation
(2.3.6) which could be used in future work to accurately characterize the presence of
spontaneous emission near threshold using this simple dc measurement technique. If an
understanding of the nature of the resonance frequency offset can be obtained this method
of characterizing differential gain and gain saturation could be more confidently used above
room temperature.

Based on the trends observed in the calculated differential gain with changing cavity
length, quantum well number, and barrier height it was suggested that non-uniform filling
of the quantum wells may have been occurring in these structures. If this is the case this
particular design presents an excellent opportunity for the study of transient carrier
dynamics. Modeling has been performed for other MQW structures taking into account
mechanisms such as photon-assisted transport and carrier transport.[53] [54] Modeling in
this case coupled with empirically gathered data could be used to validate a purposed carrier
dynamics mechanism. Such an improved model could be used to reveal the true differential
gain performance realizable from structural modifications as well as to explore novel
structural modifications that could potentially overcome carrier dynamic problems in MQW
designs. Better understanding of the true achieved differential gain could also lead to an
improved understanding of the relationship between differential gain and gain saturation.

It was suggested that the nonlinear gain coefficient, €, as a gain scaling factor, was
possibly inadequate. Characterization of the nonlinear gain at threshold, represented by g,
demonstrated a fairly linear trend with threshold gain. Further analysis of the behavior of
directly characterized nonlinear gain data correlated with characterized material gain could
be used to establish a better understanding of the nature of nonlinear gain and its
dependencies on device design, as opposed to trying to understand the dependencies of a

poorly established linear approximation.
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