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ABSTRACT

This thesis describes the development of a method for measuring the tuning of
the emission frequency of semiconductor lasers. This method employs a short
external cavity (SXC) mirror, as an external optical feedback element, to alter the
resonant condition of the lasers.

The experimental system, which includes an SXC laser module constructed
out of a flexure mount concept, was derived from this method. The system was used
to make measurements of the frequency tuning of InGaAsP multi-quantum well
lasers. Linewidth enhancement factors of these lasers were calculated from the
experimental data. It was found that the linewidth enhancement factors of these
lasers depend on the wavelengths of emission and are fairly independent of the output
powers. It was also found that the linewidth enhancement factors of these lasers

decrease as the band gap of the barriers of the quantum wells increases.
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I- Introduction

The transmission and processing of signals carried by optical beams rather than
by electrical currents has been a topic of great interest ever since the early 1960s, when
lasers were first developed.

Lasers are devices that generate and amplify coherent radiation at frequencies in
the infrared, visible, or ultraviolet region of the electromagnetic spectrum. Lasers emit
light in a very narrow wavelength band, and this spectral purity is one of the most
important properties of the devices. Although lasers come in a great variety of forms and
emit light at widely different frequency ranges, they all consist of the same essential
elements. These elements are: (I) a gain medium, through which the electromagnetic
radiation can be amplified; (IT) a pumping process to excite atoms or molecules of the
gain medium into higher energy levels; and, (III) a set of partial feedback elements that
allow a beam of radiation to either bounce back into the gain medium or to exit the laser
as output. A semiconductor laser is a laser whose gain medium is made of direct band
gap semiconductor materials.

Since the beginning, the linewidth and the lineshape of the laser were of great
interest. Using thermodynamic properties of optical waveguides and resonant cavities

Schawlow and Townes' predicted that the linewidth of the laser would narrow inversely



with power and that the line would be Lorentzian in shape. It was later shown by Lax?
that the treatment by Schawlow and Townes was correct only for lasers operating below
threshold. Above threshold, amplitude fluctuations of the laser field are stabilized and
this leads to a factor of 2 reduction in the linewidth of the laser.

In the early 1980s when single mode semiconductor lasers operating at room
temperature were developed, it was discovered that, unlike gas or solid state lasers and
due to their small sizes and low facet reflectivities, the linewidths of semiconductor lasers
are broad and readily measured. Fleming and Mooradian® made the first careful
measurements of the linewidth of semiconductor lasers. They found that the spectral
lineshape of semiconductor lasers was indeed Lorentzian and the linewidth decreased
inversely with output power of the laser, in agreement with theoretical predictions. They,
however, also found the startling fact that the measured linewidth was 50 times greater
than that predicted by the corrected Schawlow-Townes formula.

The spectral width of semiconductor lasers is important for several reasons.
From the point of view of basic science, the failure of the corrected Schawlow-Townes
formula indicates that the physics that underlies the operation of this type of laser was not
fully understood, and a better or more complete description of this device is obviously
desired. From a practical aspect of the matter, since its inception, the semiconductor
laser has been developed from a laboratory curiosity into a reliable and marketable
product. It has gained widespread acceptance as a source of light in many varied
applications. Due to its small size, its stable operation and the relative ease of

modulation, the semiconductor laser is used as a practical light source in optical



communication* and in laser spectroscopy’. Both of these applications require lasers

with narrow spectral width. Motivated by these demands, there has been a flurry of

activities, both on the theoretical side to understand the factor that broadens the spectral

width of the laser and on the experimental side to measure this elusive quantity

Imaginary E

Figure 1: Phasor representation of electric field in a semiconductor laser.
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Point A

represents the laser field before the spontaneous emission event takes place.

Immediately after the spontaneous emission, the field sums to point B. After

the effect of the gain clamping mechanism, the field returns to steady state at

point C.



A couple of years after the experiment of Fleming and Mooradian in 1982, Henry
proposed an explanation for the observed linewidth-broadening phenomenon'®. His
explanation is best understood through the phasor model shown in figure 1. In this

model, the optical field E of the semiconductor laser is represented by a phasor of length

JT , where 1 is the intensity of the lasing mcde. This phasor rotates in the complex plane
at the oscillation frequency w. Fluctuations in the optical field due to spontaneous
emission are accounted for by the addition of vectors with length unity and random phase
to the end of the field phasor. Such events cause changes in both the length of the phasor
(field amplitude) and its phase. Besides the instantaneous phase change caused by
spontaneous emission, there will be a delayed phase change accumulated as the laser

undergoes relaxation oscillation to slowly return to the steady state field intensity.
During this time there will be a net gain change proportional to An”, the deviation of the

imaginary part of the refractive index from its steady state value. This change in n

?

caused by a change in carrier density, will also alter the real part of the refractive index

n'. The ratio of these changes is a = An'/ An"".

Using Langevin's rate equations with driving terms for the field amplitude and
for the carrier density of the laser, Henry managed to derive a new formula for the
linewidth of the semiconductor laser. Similar to the Schawlow-Townes formula, the
linewidth predicted by Henry narrows inversely with the output power of the laser and

the spectral lineshape is Lorentzian. Henry's most important contribution is the fact that



his formula also predicts that the linewidth will be broadened by a factor (1+a?), where
a is the ratio of the change of the real part over the change of the imaginary part of the
refractive index mentioned earlier. Due to the effect of this quantity on the linewidth of
the laser, a is now called the linewidth enhancement factor.

Encouraged by this theoretical breakthrough and by the importance of the
linewidth enhancement factor in semiconductor lasers, a large number of experimental

11 12 13 14 IS5

techniques were soon developed to measure this quantity and to study the

effect it has on the operation of the laser. Among these techniques, the most popular ones
are : (I) the small signal modulation technique!* '*; (II) the method of spontaneous
emission measurement ° '®; and, (III) the method of optical injection locking'? V. In the
small signal modulation technique, the tested laser is DC biased and modulated at
frequencies in the order of GHz, over a wide range of frequencies. This is usually done
with a network analyzer. From the light output of the modulated laser both frequency
modulation and amplitude modulation indices are obtained. The ratio of these two
indices is related to the linewidth enhancement factor a by an equation, which also
contains the damping rate of the laser and the modulation frequency. Although this
method can be used to measure simultaneously the linewidth enhancement factor, the
AM and FM response, and the damping rate of semiconductor lasers, the method requires
high frequency modulation of the injection current and the dynamic instability of the
laser system may interfere with measurements. Furthermore, there are inherent

difficulties in high-speed measurement techniques such as impedance matching between

various parts of the experimental set up, and signal attenuation at high frequencies. In the



method of spontaneous emission measurement, first developed by Henry and
coworkers'®, the spontaneous emission spectra of a semiconductor laser operating under
threshold is recorded. From this data the optical gain profile is extracted. The key to
determining the optical gain from the spontaneous emission spectrum is the knowledge of

the quasi-Fermi level separation AL and a scaling constant, which allows the passage

from a spectrum to modal gain. This data often is extracted by fitting the measured

1'” 2 Aside from the question of how sophisticated such a

curves to a theoretical mode
model should be, this raises the problem of the parameters used in the model, as they are
frequently obtained from measurements on other devices. Furthermore, using this
technique, the refractive index profile has to be obtained separately, either by a Kramers-
Kronig relation from the fitted gain profile or by some different method. The linewidth
enhancement factor, when finally derived from these two profiles contains a dubious
level of accuracy. This measurement method for the linewidth enhancement factor is
certainly not straightforward, and some interesting information such as the dependence of
the linewidth enhancement factor on the output of the laser is not readily available.
Finally, in the method of optical injection locking, a laser oscillator (a slave laser) is
synchronized to another stable laser oscillator (a master laser). The locking bandwidth of
this system is found to become asymmetric when the linewidth enhancement factor
a # 0 and the value of a can be evaluated from this asymmetry. In this kind of method

at least two lasers are required and the accuracy of the measurement is affected by the

frequency stability of both lasers'?.



This thesis describes the development of a method for measuring the linewidth
enhancement factor of a wide range of semiconductor lasers. This method overcomes a
number of limitations discussed earlier and provides additional information about the
laser. Based on a theoretical study of short external cavity lasers, an experimental
method is presented to measure the linewidth enhancement factor of semiconductor
lasers. In this method, by changing the length of the short external cavity the resonant
condition of the semiconductor laser is altered. This new resonant condition leads to a
shift in the emission frequency, which can be used to deduce the linewidth enhancement
factor of the laser. The experimental method can be used to investigate the connection
between the linewidth enhancement factor of the laser and many of its intrinsic properties
such as spectral width, FM noise, and correlation between AM and FM noise. As a
demonstration of the developed method, the experimental system was first used to
measure the linewidth enhancement factors of a quantum well laser and an index-guided
laser with bulk active region (or index-guided laser for short). Independent
measurements of linewidths were performed for these two lasers. The correlation
between this data and the linewidth enhancement factors are presented as confirmation
for the validity of the newly developed method. The experimental system was then used
to measure the linewidth enhancement factors of five different InGaAsP multi-quantum
well lasers. The dependence of the linewidth enhancement factor on the output power, on
the wavelength of emission and on the heights of the barriers of the quantum wells are

investigated.



A significant portion of the work reported in this thesis was devoted to the
design of a flexure mount; a device that could be used to force multi-mode Fabry-Perot
semiconductor lasers into single mode oscillations.

There were several motivations for this study. Very few physical processes affect
the performance of semiconductor lasers more significantly than the coupling between
the phase and the intensity of the optical field in a laser cavity. Therefore, a better
understanding of the nature and the influence of the linewidth enhancement factor not
only provides better insights into the physics of the laser but also goes a long way in
assisting the design of lasers with better performance. Short external cavity (SXC) lasers
have been used within this research group at McMaster for spectroscopy?' and as a means
for studying laser device physics. The developed method of measuring the linewidth
enhancement factor will augment the SXC laser technology as a research tool.

The thesis is structured as follows: In chapter 2, the model of a short external
cavity (SXC) semiconductor laser with an external mirror employed as the feedback
element is described. By following the light-wave as it traverses around both the laser
and the external cavity how the presence of this short external cavity (SXC), formed by
the mirror and the rear facet of the laser, alters the output characteristics of the laser is
shown. It is also shown that by slightly altering the length of this external cavity, the
emission frequency of the laser is shifted and a master equation that relates this frequency
shift to the linewidth enhancement factor « is derived. In chapter 3, the first part is
devoted to a description of the design and the performance of the flexure mount. This

device was originally intended for use in this work, but other applications have been



found for it as well. In the later part of this chapter, a description of an experimental set-
up to measure the change in the emission frequency of the laser, as the position of the
external cavity mirror is made to vary, is given. This set-up is a realization of the model
developed in chapter 2. In chapter 4, measurements on two lasers, an index-guided laser
with a bulk active region and a multi-quantum well laser, are reported. Frequency shift
measurements for each of these lasers were done on the six longitudinal modes for which
single-frequency operation could be obtained. In this chapter, the method employed to fit
the collected data to the master equation so that the corresponding a factors could be
deduced is also explained. Finally, to demonstrate the validity of this method,
independent linewidth measurements were done on these lasers and the correlation
between these linewidths and the linewidth enhancement factors is presented. In chapter
S5, the data of measurements of the linewidth enhancement factors performed on five
InGaAsP multi-quantum well lasers are presented. This data reveals the dependence of
the linewidth enhancement factors on various laser parameters, such as output power,
wavelength of emission and heights of the quantum-well barriers. In the conclusion,
which makes up chapter 6, a summary of the work done in this thesis is given. The
difficulties inherent in the developed method and various possible improvements, along

with recommendations for future work are discussed.



II- Theory

This chapter deals with the theory that lays out the foundation for this thesis. In
the first section, a qualitative description of semiconductor lasers is given. In the second
section, the model of a short external cavity laser is presented. In the third section, the
relationship between the tuning of the emission frequency and the linewidth enhancement

factor of the semiconductor laser is derived.

II-1 Semiconductor Lasers Background

A diode laser consists of a single crystal of direct band-gap** semiconductor

material. To date, most laser diodes have been made using Gads, Ga,_,,Al A4s, or

-'X)
In,_.Ga A4s,_,P,, but other materials will no doubt eventually be used to obtain

emission at different wavelengths. The most basic structure of the laser diode is a p-n
junction”. When this p-n junction is forward biased, the holes in the p-type region are
injected into the n-type region, while electrons in the n-type are injected into the p-type
region. When an electron meets a positive hole, they combine together, emitting a
photon of energy nearly equal to the band-gap energy. The region where these activities
occur is called the active region. The wavelength of emission of a diode laser depends
mainly on the type of semiconductor material that it is made of. However, this lasing
wavelength can vary slightly with operating temperature and current of the laser.

Furthermore, if the p-n junction is made from a quaternary crystal such as

10
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In,_,,Ga,As,_,P, the diode laser has an emission wavelength which could be set by

varying the fraction ratios x and y. A basic structure of a p-n junction laser diode is

shown in figure 2.

. /
Ohmic contact
i =— Active Layer

n-Type

Laser -_

Output

Figure2: Simple semiconductor laser.

The length of a semiconductor laser is normally 200-500 grm. Ohmic contacts
are made to both p- and n-regions to permit the flow of electrical current, which is the
energy required to produce the inverted population in the active region. The directivity
of the output from the semiconductor is not sharp. The output spreads out by as much as

30 degrees. This is because the light is emitted from the active region, a very small area
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whose sides are less than 2-3 gm . The intensity of the emitted light is a function of
injection current and it is found that this intensity increases rapidly above a certain

current [, , while below 7, it is rather weak. [, is the starting current for laser

oscillation and is called the threshold current. The partially reflecting end faces of the
laser diode, formed by cleaving the laser chip along a crystal plane, provide an optical
feedback that leads to the establishment of one or more longitudinal modes. Longitudinal
modes of the laser are centered at frequencies where a half-integral number of
wavelengths equals the length of the optical cavity. Thus, mA/2 = nL, where L is the
length of the laser, n is the index of refraction of the laser material, and A is the
wavelength of the emitted light. The separations in frequency of these longitudinal

modes are given by the free spectral range (FSR) of the laser cavity, FSR=c/(2n,L),
where »n, is the group index of refraction. Normally, a laser will oscillate on a number of

these modes. To achieve single mode operation, additional arrangement must be made to
suppress all but the preferred mode of the laser. Such a specialized device will be

presented in the next chapter.

II-2 Model of Short External Cavity (SXC) Laser

Weak optical feedback, as provided by an external mirror, will alter both the
resonant frequency and the intensity of the output of the laser. These changes may serve

for the selection of a distinct longitudinal mode of the laser’*, or for tuning of the

3
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emission frequency® 2. To quantify this feedback induced frequency shift, an analysis

based on the arrangement shown in Fig. 3 is carried out.

E() _o EELD

(3} (2)

Figure3: Schematic diagram of a semiconductor laser with an external mirror.

The arrangement shown in Fig. 3 consists of a Fabry-Perot laser with facet

amplitude reflection coefficients r|, r, and length L. An external mirror is positioned at
a distance |, away from the back facet of the laser to form a short external cavity (SXC).
Normally, the length of this SXC is between 160 gon and 200 gm . This external cavity
mirror has an amplitude reflection coefficient r,. The effect of this external mirror on

the operation of the SXC laser may be understood by following the light waves as they
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propagate inside this compound cavity. To this end, assume that the laser oscillates in a

single mode, and let the electric field traveling from the front facet to the back facet of

the laser be E ;and the electric field traveling in the opposite direction be E,.
Furthermore, at the front facet E, = E ,(0) and E,= E,(0). Similarly, at the back facet

of the laserE ,.=E ,(L)and E,=E,(L).

The steady state operation of the laser can be described, if one neglects the

spontaneous emission, by the following set of equations:

E(L)=E, (O)e(%-lu) (1)

E,(L)=E® +E® +E® +E® + .. )

E©)=E@De ™) ®)
and

E/ (0)=nrE,(0). 4)

Here, exp(gL/2) is the net single-pass gain through the cavity of the laser, and k =27/4

is the wave vector. In Eq. (2), E{’ =r,E (L) is the reflected wave inside the cavity of

the laser while E®,E® ,E{® ... are waves that re-entered the cavity after one, two,

three, ... round trips inside the SXC. These feedback fields can be written explicitly as

follows:
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E® =JCt,t,re"PE (L).

E® =Ctyt,r}(r;)e 7 E (L).

3
ES® =Ct,r} ()™ E, (L),

Or more generally,

Elfn) =C 2 tzlzrx(n—l)(rz)(n-2)e[-1(n—l)51Ef (L) n=234,...

with tt,=1-r} and r, =-r,.

Note that in these equations, § = 2k,/_ is the phase collected by the electric field

after each round trip in the SXC. The factor r,JE represents the fraction of light that is

coupled back into the cavity of the laser after each round trip in the SXC. The magnitude

of this factor depends on both the reflectivity and the alignment of the external mirror.
Bonnel and Cassidy?’ presented an explicit form for rxw/E , which includes both the
angular orientation x(6,9) of the external mirror with respect to the optical axis of the
laser and the length /_ of the short external cavity. In their paper, the level of optical

feedback is found by calculating the coupling efficiency between the output beam at the

laser facet and the evolved reflected beam. In the calculation presented here the distance
/_is kept explicitly as an independent variable while the effect of the angular orientation

of the mirror of the short external cavity is estimated through a fitting parameter.



16

From here on, for brevity we define & = rx\/E .

Explicitly,
w? 2k* 2w}
§=rNC =1 |- exp(-=—")x(0,9). )

Here 2w, is the beam waist at the facet of the laser and 2w, is the beam diameter®® of

the reflected beam.
From Eq. (2)

E,(L)=nE (LY+& t, 1,2 E (L) + &%, ,(])e " E, (L) + &%, £,(r]) e P E (L) + ...

With ¢, 1, =1—r} and r, = -r, the above equation can be written as

n=1

E,(L) =rZE,(L)+[(1-r2’X§ e""’)i({" (—rz)e”")"- :IEI(L).

Since in our experiment:
e r)e?| <1 (weak feed back)

(The typical magnitude of this coupling factor in our experiment is about 10)

E,(L)= l:rz + (l—rzzkﬁ e"i)]EI(L) =r(v)E, (L) (6)

1+& re”?
where

(1—r2’X¢ e”?)
1+& re™” ™

r(v)= r, +



17

By substituting Egs. (1), (3) and (6) into Eq. (4) one arrives at

rr(v)eles73 ) = (8)

Note that Eq. (8) is the standard requirement® for steady state operation of a
“solitary” laser with facet reflectivities of » and r(v) when spontaneous emission is
ignored. So, the effect of the SXC mirror on the output of the laser can be modeled by

allowing the back facet reflectivity to depend on the intensity, the phase, and the length

of the external cavity for a given frequency of the feedback light™°.

1I-3 Tuning Property of SXC Laser Frequency

We begin the study of the frequency tuning characteristic in short external cavity
lasers by writing:

r(v)=r,e’* 9)
and by using Eq. (8) we have

rr, e8I
This equation can be separated into the usual phase and gain conditions for steady state
operation:

rr.es =1 (gain condition) (10)

¢, =2kL+¢@, =2mm, m integer (phase condition) (11).
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Using Eqgs. (7) and (9) in Eqs. (10) and (11) we have

4 f(l —rzz)sin )
P = tan |:r2 +§(1+r22)0055+452r2 :| (12)

and

. Lz + prz +(1+r22)cos5]+ 52[(1+r22)2 +2r,’ cos(26)]+ 2£3 rz(l +r22)cosé’]+ §"r22]%

1+2& r,cosé +&%r,°

(13)

Note that in these equations, as before, § = 2k,/_ = 4zl_/ A =2zvr_ is the phase

collected by the electric field after each round trip in the SXC, and 7, =2/_/c is the
transit time in the external cavity.

Now, from Egs. (12) and (13) by taking the limit as either 7, =0 or I, —» =, it
can be seen that in the absence of the SXC mirror, ¢, =0and r, =r,. Under this

condition Eqs. (10) and (11) reduce to the standard condition for steady state operation of
a solitary laser®. In the event of feedback, however, both the emission frequency and the

threshold gain of the laser change with changes in /.. These changes lead to the change

in the refractive index u,. Keeping this in mind, Eq. (11) will be rewritten as follows:

_Arxluyv

é, +@, =2mm. (14)
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For the laser system to remain in steady state as the length of the SXC is altered
slightly the changes discussed above have to be in such a way that the phase condition
(11) is satisfied, i.e.,

4
Ad, = L Auv)+Ag, =0. (15)
c
Following Petermann’s arguments*’

4nl
A¢L = T[VHIA#‘ + (V - an)#c] + A¢m =0

where the subscript nf means no feedback.

Using

0 0
etn-n,)+ L@ -v,)

Au =
#e on ov

and with » representing the carrier density, we have

89, =P o)+ Ly Sy v 1486, =0 (16

but since

ou, ___ac 3g(n)
on 4rv on

o

and by assuming that the gain varies linearly with the carrier density, i.e.,
n
B (1 -1,) = ) - gy

Eq. (16) becomes



20

47l ac ou,
—I{
c 7]

Ag, = 4;V (0N - gl N+—=(v-v, )y

nf
(v =V, )]+ A4, =0 amn
or

O,
ov

A4, =-alig(n) - g+ T2y b )l - v, 1+ Mg, = 0.

Since the group index z, = aa# <
1%

Vo + e

A8, = ~al{gn) - g(n, )]+ L E Iy ~v, 1+ Ad, =0. as)

Now from Eq. (9)

gm)-gn,) = —%ln(%)

2
where the dependence of g on n has been written explicitly, and r, =r,, when there is no
feedback.

Using the above expression for g(n) — g(n,,) Eq. (18) becomes

A, =aln(:—M)+i’ciL-ﬁ,[v—v,,,]+A¢m =0. (19)

2
In the experimental set-up the level of feedback is low enough®' so we only need
to include the light-waves that travel at most two round trips in the SXC before re-

entering the cavity of the laser. Using this simplification and Eq. (12) we have:

04, _ 277, E{r,[1-r,"]cosd +[1-r" ¥}
ov {r, +[1+ 7, ]cosd}?

(20)
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and from Eq. (13)

ln(r—"') = —'—f—z—{rz +[1+r’ - 2r,’ Jcos8} +
rnoon

2
+2—{-r," +3r,’ 1+ 2r,[1+1,” Jcosd — 4[1 + 2r,” +3r,° ]cos® &} 3}
r

From Eq. (19) the frequency shift induced by feedback from the SXC mirror is given as:

rm(5,9)

—aln{=2227y

v-v,)= (22)

4nl z + 04,.(&,5)
ov

Eq. (22) is the desired result. It relates the shift of the emission frequency to the
linewidth enhancement factor of the laser. The effect of the external cavity is contained

in the dependence of r, and ¢, on the coupling factor &, which is defined in Eq.5, and
the phase 6 =4ad_/A =2nvr_. From Eq. (22) it can be seen that by slightly altering the
SXC length /_, which is implicit in & and &, the resulting change in the emission

frequency, once measured, can be used to deduce the linewidth enhancement factor « .

1I-4 Summary

In this chapter, a description of a semiconductor laser and the effect of a short
external cavity on the output of the laser have been given.
From the description of the SXC laser, it was found that by changing the length

of the short external cavity one could cause the emission frequency of the laser to shift.
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The relationship between the shift in the frequency of emission of the laser and the
linewidth enhancement factor was derived.

The construction of the SXC laser module is presented in the next chapter. Also
in the next chapter, an experimental method to measure the shift of the emission

frequency is presented.



III- Experimental Apparatus and Technique

This chapter describes the experimental apparatus and technique developed for
measuring the tuning of the emission frequency as the length of the external cavity of the
SXC laser is varied. In the first section, the construction of a short external cavity (SXC)
module based on the flexure mount concept’? is presented. The SXC system is an
inexpensive and simple means to achieve single-mode operation from normally multi-
mode lasers. In the second section, a description of the optical apparatus and of the
electrical equipment of the experimental set-up is given. This section also describes the

experimental procedure to measure the shift of the emission frequency.

II-1 The Flexure Mount

In this section, a short external cavity (SXC) module based on the flexure mount
concept is described. The module consists of an external mirror clamped on a flexure
bracket and a laser fastened firmly to a flexure base®>. The mirror is used to feed a
portion of the light output back into the laser cavity. The result is that the output of a
particular laser mode is enhanced at the expense of the other modes®’. By altering the
length of the external cavity, different modes can be selectively enhanced. The SXC
system presented here is inexpensive to construct. It is compact, sensitive, stable, and
with the use of the flexure mounts, the alignment of the external mirror is

straightforward.
23
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The SXC assembly consists of two major components, a mounting bracket and a
baseplate. As shown in Fig. 4, each piece is an independent flexure mount, which was
made of aluminum. The mounting bracket [Fig. 4(a)] is used to hold a piezoelectric
transducer positioner (PZT) (Physik Instrumente model P-171 with tapped end pieces)
that drives the external mirror attached to its front plate. The baseplate consists of two
layers [Fig. 4(b)]. With the lower surface L fixed, any element affixed to the upper
surface U may be rotated in the vertical direction about the xx axis by adjusting the pair

of screws located at B.

Figure 4(a): Mounting bracket. A and B are precision adjusting screws.
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Figure 4(b): Base plate. B's are precision adjusting screws. U and L are upper

and lower plates.

The SXC mirrors used in our lab are either gold-coated diamond heat sinks
(0.25X0.25X0.40 mm®) with a polished surface (Dubbledee Diamonds Corporation stock
items) or, when higher side mode suppression ratio (SMSR) is required, spherical
reflectors formed by impression of a precision ball bearing of 380 um diam into polished
aluminum. The mirror is epoxied to a No. 80 drill bit that is expoxied into a brass washer
that is fastened to the front plate of the piezoelectric positioner (Fig. 5). To align the
mirror in the horizontal direction, precision adjusting screws are provided through
opposite sides of the mounting bracket [see Fig. 4(a)]. When driven against the walls of
the mounting channel, these screws (labeled A in the figure) rotate the channel about the

yy axis. By using two screws on opposite sides of the channel, adjustment may be made
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in either direction from center, and the unused screw may then be used to lock the

alignment if desired.

Figure S: SXC assembly. (a) piezoelectric positioner, (b) No. 80 drill bit which

attaches the mirror to the PZT, (c) laser and thermoelectric cooler.

As seen in Fig. 6, the laser is mounted on a separate aluminum block, which is
fastened onto the lower surface L, while the mounting bracket is affixed to the upper
surface U of the baseplate. This arrangement is necessary to ensure that the mirror is free
to rotate while the laser stays in a fixed position, hence the alignment with external
optical elements is not affected by the alignment of the external cavity. Together, the

mounting bracket and the baseplate form a “two-way” flexure mount which permits £3°
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of rotational alignment in the horizontal direction and +2° of rotational alignment in the

vertical direction for the external cavity mirror.

Figure 6: Flexure SXC module. (A) precision screws on both sides for
horizontal alignment and (B) precision screws tapped through the

upper plate U for vertical alignment.

When a laser is installed in an SXC assembly, the mirror must be aligned to
provide optical feedback. The alignment is usually carried out in two steps. In the first
step, the end plate of the PZT is attached to an XYZ-translational stage (Newport model
460 XYZ), which has been mounted on a tilt and rotate stage (Newport model 37). The
degree of alignment is judged by observing the single-mode power, the side-mode
suppression, and the single-mode tuning range of the output of the laser with a scanning

monochromator. Once a reasonably good alignment is obtained, i.e., when the external
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mirror is positioned in the range of ~100 to ~200 um behind the facet of the laser diode
and a useful side mode suppression ratio is obtained (in the range between 100 and 150),
the PZT is clamped into position using the set screws threaded through the walls of the
mounting channel. When higher SMSR is required, the mirror needs to be readjusted in
such a way that a ray of light travelling down the optical axis of the laser is reflected back
down its own path. Using the flexure mount, this very fine adjustment can be
accomplished with ease. In this final step, by adjusting the screws labeled A and B in
Fig.6 the channel of the mounting bracket in the SXC assembly can be made to rotate
both in the vertical and the horizontal directions. This, in turn, causes the same amount
of rotational alignment on the mirror with respect to the laser fastened firmly to the lower
plate of the base. When the final alignment has been made, i.e., when the planar surface
of the mirror and the back facet of the laser are parallel, or, for the case of spherical
reflectors, when maximum SMSR is reached, the same set of screws (A and B), which
has been pressed firmly against the sides of the mounting channel and the lower plate of
the base, clamps the mirror in its final position.

By its nature, the flexure mount is extremely versatile. The actual dimensions
depend on a particular application at hand. The amount of spring loading on the
adjusting screws A and B can be varied by choice of material and hole spacing. The
length of the lever arms from the adjusting screws determines the range of adjustment.

In our application, we found that when using aluminum, the baseplate should be
at least 0.9 inches thick so that the module is not sensitive to external mechanical

vibration. Also, the lower plate L should be substantially thicker than the upper plate U.
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This is to ensure that the laser fastened to the lower plate remains stationary while the

mounting bracket attached to the upper plate flexes upwards.
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Figure 7: Mode profile of an InGaAsP laser: (a) without an external cavity mirror
and (b) with feedback from a spherical mirror approximately 150 um
away from the laser. The inset (b) is expanded in the vertical position so
that the side mode suppression ratio can be calculated. Modes are
numbered from long to short wavelength. For all traces, the widths of the

individual modes are instrument broadened.
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The spectral output of an InGaAsP laser is shown in Fig. 7. Figure 7(a) shows
the modes of a solitary laser, with the modes being numbered 1 to S from long to short
wavelength. With the addition of a spherical mirror mounted on the flexure module, the
laser operates essentially single mode as illustrated in Fig. 7(b). The insert window is
expanded 200X in the vertical dimension and can be used to deduce the degree to which
single mode operation is achieved. In this case, the ratio of the main lasing mode to the
largest side mode is approximately 460. By adjusting the length of the external cavity,
single-mode lasing could be obtained on any of the five numbered modes.

For applications which require single mode oscillation®* and complete spectral
coverage, one has to either use distributed feed back (DFB) or distributed Bragg reflector
(DBR)-type lasers, which are very expensive, or devise a scheme to force normally

24, 35, 36, 37, 38, 39, 40, 41 The flexure module

multimode lasers to operate in a single mode.
presented here is one scheme to obtain single mode semiconductor lasers. It is relatively
easy to align the cavity mirror using this flexure system. The flexure system, however,

needs occasional adjustment (once every five to seven weeks) when subjected to

extensive fluctuation in the ambient temperature.

III-2  Frequency Tuning Technique

In this section, the experimental set-up to measure the change in the emission
frequency of the laser as the position of the external cavity mirror is made to vary is

described.
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In a typical frequency tuning experiment, a normally multi-mode Fabry-Perot
semiconductor laser is mounted onto a thermoelectric cooler. This cooler sets and
maintains a constant operating temperature for the laser under study®'. For all the
measurements in this thesis the temperature was maintained at 25°C .

Fig. 8 is a schematic diagram of the experimental set-up. In this set-up a short

external cavity (SXC) laser module was formed by placing an external mirror (= 200.m )

behind the back facet of the laser. In a typical set-up the coupling factor x resulting from
this arrangement is between 10™ and 10®. The external mirror has dual purposes. First,
the light reflected from this mirror back into the cavity of the laser forces the laser into
single mode operation®*. Second, by mounting this mirror on a piezoelectric transducer
(PZT) the length of the short external cavity can be precisely controlled, and by slightly
éltering the length of the SXC, the experimenter can vary the resonant frequency of the
laser. In this way, the experimenter can either scan across a single mode or move the
mirror across a larger distance to select a different mode. To install this SXC mirror
properly, the light output from the laser was first made to reflect off a mirror (M3) into a
monochromator. The output from this monochromator allows the spectral output to be
viewed in real time. The SXC mirror is positioned behind the laser in such a way that the
spectrum of the laser exhibits single mode operation, with side mode suppression ratio

(SMSR) > 200. Once this is accomplished mirror M3 is removed.



32

oUT/100 |
PZT
g Hi.V Qutput _l SXC
Ezt.In gzwelf PZT Laser
Computer PPY .
ADC DAC |
| —— U1
¢h.1 Y
|
| | r
A | Attenuator
¢h.2 I
|
] Optical
DC.Ref. Out | Detector2 Oscilloscope Isolator
' |> Detector1 1
In
Lock. Ckt A = > L2
Sa—_—— L3 ' \
A
A b= [nz] L l |
3 pc ——— [
s | 5 ~ < :
/ \ |
AFPIY A _ 17
FPI RAMP ~— o7 M3
)  ee———— L4 < |
GENERATOR Hi.V Output | |
I
/} Monochromator |
1
A
M2

Figure 8: Optical apparatus and electronics configuration for the frequency

tuning experiment.
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The light output from this now single mode laser is collected by lens L1, passed
through an optical attenuator and through an optical isolator. This combination of
attenuator-isolator is there to reduce unintentional feedback through the front facet of the
laser. The total optical isolation, provided by this combination, is approximately 60 dB
to 70 dB. Following the optical path (the dashed line in Fig.8), the light that emerges
from the optical isolator is eventually fed through a Fabry-Perot interferometer (FPI).
The interferometer (Burleigh RC 140) employed dielectric-coated planar mirrors with
97% reflectivity. Fine control of the cavity length is provided by PZTs driven by a high
voltage ramp generator (Burleigh RC-43). The output from this FPI is received by a
photo-detector. From this detector, two electrical signals (the solid lines in Fig. 8) are
sent out. The signal that is displayed on the oscilloscope aliows the experimenter to align
the FPI and to monitor the experiment once it is in progress. The other signal from the
photo-detector goes to a custom-built lock circuit®'.

To start the experiment, a computer is used to send a ramp voltage to the high
voltage supply. This supply, in turn, sends a voltage to the PZT crystal, which expands to
push the SXC mirror forwards. The shortening of the length of the SXC induces a shift
in the emission frequency of the laser. This frequency shift results in a change of the FPI
fringes, which will be detected by the lock circuit. To respond to this change, the lock
circuit sends an error voltage to the ramp generator of the FPI. This ramp generator, once
it receives the signal from the lock circuit, will adjust the position of the FPI mirrors in
such a way that this error voltage reduces to zero. In this way, the frequency shift of the

laser is tracked. The same computer that is used to ramp the mirror of the SXC is also
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used to receive the monitor signals from the PZT high voltage supply and from the FPI
ramp generator. These monitor signals, after proper calibration, are converted to the

change in the length of the short external cavity and the shift of the emission

frequency, (v —v,,), of the laser.

Once collected, a least-squares program is used to fit the data to Eq. (22). In this

procedure, the original length /_of the short external cavity, the linewidth enhancement

factor o and the angular factor x(6,p) of & (c.f. Eq. (5)) are all fitting parameters. It
was found that as long as more than three longitudinal modes could be selected for
measurements from the same laser, the a parameter of the laser could be determined in a

consistent and reliable manner.

-3  Summary

In this chapter, the construction of a short external cavity module based on the
flexure mount concept is presented. The operation and the characteristics of the flexure
mount are presented in some details. It was shown, with the use of an index-guided laser
that by using the flexure mount a normally multi-mode semiconductor laser could be
made to oscillate in a single mode, with a side mode suppression ratio > 400. The SXC
laser module was then used in the experimental set up, presented in the last section. The
experimental set up allows the experimenter to vary the resonant frequency of the laser

by simply changing the length of the short external cavity. Once the shift in the



35

frequency of emission is recorded, this data is used to derive the linewidth enhancement
factor of the laser.
Measurements made with the equipment and technique described in this chapter

are presented in the next chapter.



IV- Experimental Results and Discussion

In this chapter, to demonstrate the use of the technique developed in the last two
chapters, measurements performed on an index-guided and a quantum well laser are
presented. In the first section, typical frequency tuning curves obtained from these lasers
are presented. Also in this section, the fitting procedure to extract the linewidth
enhancement factors from these curves is explained in detail. In the second section of
this chapter, the correlation between these linewidth enhancement factors and the
linewidths of the lasers is reported. In the last section of this chapter, the effect of optical

feedback on the linewidth enhancement factors of the lasers is discussed.

IV-1 Frequency Tuning Curves and Linewidth Enhancement Factors

A- An Index-Guided Laser
The index-guided InGaAsP laser (i.e. not a quantum well structure) used in this
experiment is 250 gm long. This laser emits light at a wavelength of 4 =1.3m and has
a threshold current of 16.3 mA at room temperature (25°C). To form an SXC laser
module, a spherical reflector was positioned = 160 wm behind the back facet of the laser.
This spherical mirror is made of polished aluminum, with its surface formed by
impression of a precision ball bearing of 380 zn in diameter. When properly aligned, the
optical feedback from this mirror forced the laser to oscillate on a single mode. A

selection of seven different longitudinal modes was possible. The side mode suppression
36
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ratio ranged from 240 to 320 at 20 mA injection current level, depending on the mode.

The farther the mode is from the gain peak the poorer is the side mode suppression ratio.
Typical frequency tuning curves obtained for this laser at 20 mA are shown in

Figs. 9, 10 and 11. In these figures, the SXC mirror is moved in the direction of

decreasing external cavity length /_, and the frequency axis displays the shift of the

emission frequency of the laser from its original value (i.e., before the resonant frequency
is varied). It should also be noted that, in this thesis, the modes of the laser are numbered
in order of decreasing wavelength. Presented here, mode 4 is nearest to the gain peak of
the laser, while modes 3 and 5 bracket the gain peak with mode 3 on the longer
wavelength side.

From these three figures it can be seen that as the phase of the optical feedback

changed (by shortening the length /, of the SXC) the emission frequency of the laser

went through an initial red shift, followed by a blue shift. However, the difference is that
the mode on the blue side of the gain peak of the laser (mode 5) experiences a net blue
shift while the mode on the red side (mode 3) experiences a net red shift, before mode
hopping occurred at the end of the experiment. The smooth curves drawn through the

experimental data in these graphs are generated by the fitting procedure.
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Figure 9: Frequency tuning of mode 3 (on the long wavelength side of the gain peak).
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Figure 10: Frequency tuning of mode 4 (on the gain peak).
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Figure 11: Frequency tuning of mode 5 (on the short wavelength side of the gain peak).

To fit the collected data to Eq. (21) a procedure was carried out as follows: a
mode is chosen at random and the frequency tuning data is used in what is termed “the

primary fit”. In this fit, the independent variable &/, is fitted against the dependent

variable (v —v,_ ). The angular factor x(6,¢), the linewidth enhancement factor o, the

wavelength of emission 1, and the initial SXC length /_ of the laser were all allowed to
vary independently. The fitting procedure varies these parameters, within boundaries
imposed by the physics of the system, to minimize z?for the best fit*2. At the end, the

results of this primary fit were kept to be used as a basis in all the subsequent fits. In the

fitting of all the remaining longitudinal modes of the same laser, the angular factor
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x(6, ), obtained in the primary fit, was kept constant. Knowing the length of the laser,
the emission wavelength of the mode being fitted can be calculated from the wavelength
of the mode used in the primary fit. Similarly, the length, /_, of the SXC at the start of
any scan, can also be determined by the fitting results of the primary mode. This way, in
the fitting of all the remaining modes the only parameter allowed to vary is the linewidth

enhancement factor .
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Figure 12: Linewidth enhancement factors versus emission wavelength for an

index-guided laser.

The graph of linewidth enhancement factors versus wavelength is presented in

Fig. 12. The six data points shown in this graph represent the first six longitudinal modes
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that could be selected using the external cavity mirror (Mode 7 was too far from the gain
peak, therefore, the frequency tuning curve has a low SNR.). The linewidth enhancement
factors found for each of these modes are plotted against the wavelength of emission.
From this graph, it can be seen that the linewidth enhancement factors ranged
from 3.2 to 5.5, depending on the mode. This wavelength dependence of alpha factors

43, 44, 45

has been observed before For this laser, mode 4 has a maximum linewidth

enhancement factor.

B- A Multi Quantum Well Laser

The second laser that was used to test the experimental method is a quantum
well laser. This laser was designed and fabricated by a research group at McMaster
University*®. The active region of this laser consists of ten 35 A quantum wells. These
wells are separated by nine 100 A barrier layers and the band gap of the barriers was

reported to be 1.10 g . The laser emits at a wavelength of 1.291 gm. At room

temperature this laser has a threshold current of 23.5 mA. As in the previous case, the
same aluminum spherical mirror was used to provide optical feedback. Once properly
aligned, the feedback from this mirror allowed a selection of six individual longitudinal
laser modes. At an injection current of 29.0 mA, the side mode suppression was found to
be between 180 and 280, depending on the mode. Frequency tuning experiments were
performed on all these modes at the above injection current. The frequency tuning curves
obtained for this laser have similar characteristics to those of the index-guided laser,

presented in the last section. Therefore, they are not presented here.
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Figure 13: Linewidth enhancement factors versus emission wavelength of a
multi-quantum well laser. The values of the uncertainties are

between 4% to 6% (too small to show on the graph).

The collected data for this laser is analyzed by the same method explained
earlier. In Fig. 13 the linewidth enhancement factor obtained for each longitudinal mode
is plotted against the wavelength of emission.

It should be noted that, in Fig. 13, the graph is presented with the same scale
used in Fig. 12. This is for the ease of comparison between the two figures. At a glance,
the modal dependence of the a parameter for this laser is the same as that of the index-

guided laser. Around the gain peak of the laser (found at mode 2, the second shortest
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wavelength mode), the linewidth enhancement factor attains its maximum value, and this
value gently rolls off as the mode moves farther away, in either direction. The important
difference is, however, that the average value of the linewidth enhancement factors of
this laser is smaller than that of the index-guided laser. This smaller & is to be expected
for a multi-quantum well laser*’. Also from Fig. 13, it seems that the linewidth
enhancement factor starts to flatten out and even increases slightly at modes 5 and 6.

For each laser reported in this thesis, frequency-tuning data were collected in four
sets of measurements. These sets of measurements were performed independently and
each time with the SXC mirror re-aligned. Within a set, a single value of the linewidth
enhancement factor is obtained from the fitting of a frequency-tuning curve. Each
frequency-tuning curve consists of 300 data points, with each point averaged over 24
times by the computer. The error bars shown in the figures represent the spread of the

fitted a parameter over the four sets of measurements.

IV-2  Linewidths and Linewidth Enhancement factors in Semiconductor Lasers
It was found in other works that the linewidth enhancement factor and the
linewidth have the following relationship'®: Av = (1+a?). Therefore, as a confirmation

of this technique I carried out independent linewidth measurements'> *"* *® for these lasers

and compared these data with the linewidth enhancement factors presented earlier.



44

e Alpha parameter ® Broadening Factor a Linewidth

- - N N [ w
o [4)] o (34] o (3)]
T ¥ L] T L}
-
oM
> ]
n

Linewidth (MHz) , a, and 1+0?
[ )
®
[ ]
®

1299 1300 1301 1302 1303 1304
Emission Wavelength (nm)

Figure 14: Correlation between linewidth enhancement factors and linewidth of

the index-guided laser.

In Fig. 14, the values of linewidth enhancement factors (or the a-parameter),
the broadening factor (1+a?) and the linewidths Av of the index-guided laser were
plotted against the emission wavelength 4. It is clear from this graph that the linewidth
Av and the broadening factor (1+a?) follow each other closely. The correlation

coefficient between these two series was found to be 0.88.

Similar results were plotted for the quantum well laser in fig. 15.
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Figure 15: Correlation between linewidth enhancement factors and linewidth of

the quantum well laser.

In figure 15, the values of linewidth enhancement factors (or the a -parameter),

the broadening factor (1+a?) and the linewidths Av were plotted against the emission

wavelength A of the quantum well laser. In this case, the correlation coefficient between

(1+a?) and Av was found to be 0.92.

These coefficients indicate that, in both cases, there is ) 95 % chance that the two

quantities in question are linearly correlated*>. The linear correlation between the
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broadening factors (1+a?) and the linewidths Av of the lasers, which were measured

independently, confirms the validity of this experimental method.

IV-3  Linewidth Enhancement Factors and Optical Feedback in SXC Laser

Although external cavities have been used on semiconductor lasers before, most
previous works have been with long cavity configurations designed for linewidth
reduction®® 3% 31: 323354 1 this section, experimental data will be presented to show that
the short external cavity used in this thesis was introduced without significantly affecting
the intrinsic properties of the laser. This allows the natural linewidth enhancement factor
of the solitary laser to be measured faithfully.

To study the effect of the short external cavity mirror on the linewidth
enhancement factors of the laser, measurements of the tuning of the emission frequency
were carried out, with the mirror positioned at various distances from the back facet of
the laser. The linewidth enhancement factors derived from these different configurations
were then compared.

For the index-guided laser, the external cavity mirror was first positioned at

about 160m from the back facet of the laser. This configuration resulted in six

longitudinal modes. The side mode suppression ratio ranged from 240 to 320 at 20 mA
injection current level, depending on the mode (see section A of IV-1). Frequency tuning
measurements were performed on these modes, and the linewidth enhancement factors

were derived from this data. Next, the short external cavity mirror was moved to about
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21040m and 260um from the back facet of the laser. In these two configurations, 5 and

4 longitudinal modes were obtained, respectively. Measurements were repeated for these
two configurations. Care was taken to ensure that in all three configurations the side-
mode suppression ratios were similar. This procedure was repeated many times and the
data obtained could be divided into two cases. In the case where the SXC mirror was not
very well aligned (when the side-mode suppression ratios of some modes are less than
250) a change in the SXC length resulted in a significant change of the ¢ parameters. In
the case where the SXC mirror is well aligned the linewidth enhancement factors
remained constant (within experimental uncertainty) in all three configurations.

A set of linewidth enhancement factors obtained from three SXC mirror
configurations are presented in Fig. 16.

The data in Fig. 16 represent one of the best cases. In this case, the side-mode
suppression ratios of all the modes obtained from three different SXC mirror
configurations were at least 320.

In this figure, "Short Config." corresponds to the case where the external mirror

was at 160m from the back facet of the laser. "Medium Config." and "Long Config."
resulted from the configurations where the mirror was positioned at 210um and 260um

from the back facet of the laser, respectively. The error-bars, which correspond to the

uncertainties of 6%, are shown for the 160 -configuration.
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+ Shart Config = MedumConfig + Long Config.
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Figure 16: Linewidth enhancement factors of the index-guided laser with different

short external cavity configurations.

The same procedure was then carried out for the quantum well laser, and the
results are presented in Fig.17.

In this figure, "Short Config." corresponds to the case where the external mirror
was at 260.2n from the back facet of the laser. "Medium Config." and "Long Config."
resulted from the configurations where the mirror was positioned at 310m and 360um
from the back facet of the laser, respectively. The error-bars, which correspond to the
uncertainties of 6%, are shown for the 260m -configuration. The side mode suppression

ratios ranged from 280 to 370.

1304
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From Fig. 16 and Fig. 17, it can be seen that if the SXC mirror is well aligned,
then the linewidth enhancement factors derived from different short external cavity
configurations for both the index-guided and the quantum well laser were within the

uncertainties inherent in the experimental method.
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Figure 17: Linewidth enhancement factors of the quantum well laser with different

short external cavity configurations.
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The results presented in the last two figures indicate that although the scanning
of the SXC mirror over a small distance (in the range of nanometers) alters the resonant
condition of the laser, the magnitude of the linewidth enhancement factor is not directly

affected by the level of optical feedback from this mirror.

V-4  Summary

The theoretical framework and the experimental method, developed in the last
two chapters, have been used to study the linewidth enhancement factors of two diode
lasers in this chapter.

The linewidth enhancement factors of both lasers are wavelength-dependent.
For the index-guided laser, it was found that the linewidth enhancement factors ranged
from 3.2 to 5.5, depending on the mode. For the quantum well laser, the linewidth
enhancement factors are much smaller, ranging from 0.7 to 1.1. This smaller & is to be
expected for a multi-quantum well laser®’.

Independent linewidth measurements were also performed on these lasers. In

both cases, the values of these linewidths follow the broadening factors (1+a?) very
closely. For both lasers, the linear correlation coefficients indicated that there is a more
than 95 % chance that the linewidths and the corresponding broadening factors are
linearly correlated.

Finally, by positioning the SXC mirror at various distances from the back facets

of the lasers, it was confirmed that the optical feedback from this mirror does not alter the
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magnitude of the linewidth enhancement factors. Thus, the values obtained were the
natural linewidth enhancement factors of the lasers under test.

Having verified the validity of the experimental technique, it was then used to
study the linewidth enhancement factors for a series of multi-quantum well lasers. These
lasers have different barrier compositions. The experimental findings are reported in the

next chapter of this thesis.



V- Linewidth Enhancem'ent Factors in Multi-Quantum Well Lasers

with Varying Barrier Height

V-1 Some Background on Quantum Well Devices

A quantum well structure consists of one or more very thin layers of a relatively
narrow bandgap semiconductor interleaved with layers of a wider bandgap
semiconductor. The thickness of these layers is typically 100 A or less®®. An
arrangement like that shown in Fig. 18, with many layers, is called a multiple quantum
well (MQW) structure. These required layers could be grown by either Molecular Beam

Epitaxy (MBE), or Metal-organic Chemical Vapor Deposition (MOCVD) techniques.

Quantum Wells

. Barriers
Figure 18: Multiple quantum well structure.
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The special properties of these very thin layers result from the confinement of
carriers (electrons and holes) in a manner analogous to the well-known quantum problem

"3 In this case, the carrier is confined to the narrow bandgap

of the "particle in a box
wells by the larger bandgap barriers. Since the quantum wavefunctions of the carriers
must approach zero at the barriers and form a standing wave pattern within the wells,

only a certain number of discrete "energy states" are allowed for the carriers (see Fig. 19).

The motion of the carriers is quantized.

cl

Figure 19: Energy Diagram of a MQW structure

In laser diodes, a high gain requires population inversion of levels with a high
density of states. In a bulk laser, this can only be achieved after first filling the lower

lying energy levels. In quantum well lasers, where the electron and hole energies are
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quantized into discrete levels within the energy wells, the peak gain is associated with
levels at the bottom of the bands®’. This fact reduces the number of carriers needed to
achieve a given level of population inversion. As a consequence, the threshold current of
the quantum well laser is reduced, as compared to that of a conventional laser diode.

Another main difference between bulk and quantum well lasers is that the density of

states increases as A(hw —E,)"? in bulk lasers, while in quantum well lasers it rises

abruptly from zero to A(E,)"'? for hw 2 E, + E, . The sudden and large onset of the gain

at this point causes a discontinuous drop in the refractive index, and both factors
contribute to reducing the linewidth enhancement factor & in quantum well lasers™.
There have been many theoretical calculations, and much experimental evidence showing
that the a parameter is substantially smaller in quantum well lasers as compared to that
of the bulk lasers™® >,

Quantum well lasers are both physically interesting and technologically
important. Quantum well technology allows the crystal grower to engineer the number,
the range, the depth, and the arrangement of quantum mechanical potential wells. The
control over these parameters can be used not only to study the physics of the devices but
also to manufacture very good lasers. Therefore, during the last few years there have
been many investigations, aiming to determine which parameters most affect the

linewidth enhancement factor** ¢! ¢

and thus the performance of the laser.
In the next sections of this chapter, experimental data collected from a series of

five MQW lasers are presented. These data reveal the dependence of the linewidth
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enhancement factors on the wavelength of emission on the depth of the well barrier, and
on the output power of these lasers.

A research group at McMaster University*® ®* designed and fabricated the lasers
used in this chapter. These lasers were made for operation at about 1.3um, and were
grown epitaxially by the MOCVD technique on InP wafers. The active region of these
lasers consists of ten 35 A quantum wells, and the composition of the QW material was
nominally the same in all five lasers. The quantum wells are separated by nine 100 A
barrier layers. The composition of these layers was varied to realize five barrier depths,

ranging from 1.03 to 1.24 eV.

V-2 Dependence of the Linewidth Enhancement Factor on the Wavelength of

Emission in InGaAsP Multi-quantum Well Semiconductor Lasers

In this section, the linewidth enhancement factors obtained from five MQW
lasers are plotted against their wavelength of emission. The lasers are referred to by the
name of the structure used by the manufacturers*® . As in chapter IV, the modes of the

lasers are numbered in the order of decreasing wavelength,

A- S1-592
The first laser reported in this section is from wafer S1-592. This laser is
375um long, and has a threshold current of 24 mA when operated at 25°C. The laser

emits at a wavelength of 1.327 gom and the band gap of the well barriers was reported to
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be 1.03 eV*. To form an SXC laser module, a spherical reflector was positioned behind
the back facet of the laser. A selection of six different longitudinal modes was possible.

The linewidth enhancement factors obtained from these modes are presented in Fig. 20.
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Figure 20: Linewidth Enhancement Factors of S1-592. Mode 3 is near the gain

peak of the laser.

B- S1-590

The second laser is from wafer S1-590. This laser is 375wm long, and has a

threshold current of 28 mA when operated at 25°C. This laser also emits at a

wavelength of 1.327 ymn and the band gap of the well barriers was reported to be 1.08
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eV*. To form an SXC laser module, the same spherical reflector was positioned behind
the back facet of the laser. A selection of six different longitudinal modes was possible.

The linewidth enhancement factors obtained from these modes are presented in Fig. 21.
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Figure 21: Linewidth Enhancement Factors of S1-590. Mode 5 is near the gain

peak of the laser.

C- S1-588

The third laser is from wafer S1-588. This laser is 375m long, and has a

threshold current of 23.5 mA when operated at 25°C . This laser emits at a wavelength
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of 1.291 gm and the band gap of the well barriers was reported to be 1.13 eV*®. To form

an SXC laser module, the spherical reflector was positioned behind the back facet of the
laser. A selection of six different longitudinal modes was possible. The linewidth

enhancement factors obtained from these modes are presented in Fig. 22.
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Figure 22: Linewidth Enhancement Factors of S1-588. Mode 5 is near the gain

peak of the laser.

The data for this laser was reported in section IV-1 of this thesis. It is presented
here again for the convenience of the reader and for the ease of comparison with other

lasers in the group.
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D- S1-593

The fourth laser is from wafer S1-593. This laser is 375.m long, and has a

threshold current of 33.4 mA when operated at 25°C . This laser emits at a wavelength
of 1.284 ym and the band gap of the well barriers was reported to be 1.18 eV*. To form
an SXC laser module, the spherical reflector was positioned behind the back facet of the
laser. A selection of six different longitudinal modes was possible. Their linewidth

enhancement factors are presented in Fig. 23.
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Figure 23: Linewidth Enhancement Factors of S1-593. Mode 2 is near the gain

peak of the laser.
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E- S1-591

The last laser is from wafer S1-591. This laser is 375.m long, and has a
threshold current of 48.6 mA when operated at 25°C. This laser emits at a wavelength
of 1.27 m and the band gap of the well barriers was reported to be 1.24 eV*. To form

an SXC laser module, the spherical reflector was positioned behind the back facet of the

laser. A selection of six different longitudinal modes was possible.
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Figure 24: Linewidth Enhancement Factors of S1-591. Mode 2 is near the gain

peak of the laser.
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From the data presented in this section, the dependence of the linewidth
enhancement factors on the wavelength of emission for all five lasers has been observed.
Similar to the case of the index-guided laser presented in chapter IV of this thesis, the
linewidth enhancement factors attain their maximum values around the gain peaks of the
MQW lasers, and these values gently roll off as the modes move farther away, in either
direction. There are, however, two important differences. The first difference is that the
a factors of the MQW lasers seem to be less dependent on the wavelengths of emission
than that of the index-guided laser. As one scans over the modes of the index-guided
laser the difference between the largest and the smallest o factor is nearly 3 while in the
MQW lasers, this difference is much smaller. The second difference is that in the
quantum well lasers, as the mode moves far away from the gain peak the linewidth
enhancement factors after the initial decrease start to increase again. This increase was

not observed in the index-guided laser.

V-3 Dependence of the Linewidth Enhancement Factor on the Band Gap of the

Well-barrier in InGaAsP Multi-quantum Well Semiconductor Lasers

To study the relationship between the linewidth enhancement factors and the
band gaps of the well barriers, frequency-tuning experiments were performed on these
lasers at the same output power, 2.5 mW. The linewidth enhancement factors thus

obtained are plotted against the band gaps of the well barriers in Fig. 25.
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Figure. 25: Linewidth enhancement factors versus band gap of the well barrier.

In Fig. 25, the a parameters obtained from the modes that oscillate on the gain
peak of each laser are presented as "Alpha Factors (max)". The error bars corresponding
to 6% relative error are shown for this series. In the other series, a single data point
represents the a parameters averaged over all modes for each laser.

Yariv and coworkers studied the effect of varying the barrier height on GaAs
lasers®. In their study they concluded that as the height of the well barrier increases the
linewidth enhancement factor of the laser also increases. They attributed this trend to the
state filling effect.

From Fig. 25 of this thesis, one can see that the results obtained for the InGaAsP

quantum well lasers follow a similar trend. Starting from the left of the figure, it is seen
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that as the height of the well barrier increases from 1.03 eV to 1.08 eV the linewidth
enhancement factor also increases. After this point, there is a sudden drop in the
linewidth enhancement factor, and then the linewidth enhancement factor again follows
the increase of the well barrier from 1.13 eV to 1.24 eV, for the last three lasers.

The abrupt change in the linewidth enhancement factor, seen in Fig. 25, can be
explained as followed: It is known that the carriers are not evenly distributed across the
active region of a MQW laser® and this effect becomes more pronounced as the height of
the well barrier increases. I suspect that as the height of the well barrier increases from
1.08 eV to 1.13 eV the effect of this non-uniform carrier distribution becomes strong

enough to alter the operating characteristics of these lasers.

Band gap of Threshold Emission Linewidth
Wafer. the barrier nt (mA) Wavelength | Enhancement
(eV). curre " (um). Factor (a).
S1-592 1.03 240 1.327 2.87
S1-590 1.08 28.0 1.327 3.45
S1-588 1.13 23.5 1.291 0.99
S1-593 1.18 334 1.284 1.23
S1-591 1.24 48.6 1.270 1.18

Table 1: Linewidth Enhancement Factors of MQW lasers with varying barrier height.
To examine the abrupt change of the linewidth enhancement factor further, the

data collected for these five lasers is summarized in table 1. From this table it is seen that
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as the height of the well barrier increases from 1.08 eV to 1.13 eV, together with a
reduction in @ parameter, there is also a large shift in the emission wavelength of the
laser. This new wavelength of emission suggests that the uneven carrier distribution
might have caused the output of the last three lasers to originate from a different quantum
transition than that of the first two lasers, and this new transition has a much narrower
spectral width.

If the conclusions in the last paragraph are correct, then the result presented in
this section indicates that the depth of the well barrier and the choice of the right

transition are important parameters to engineer lasers with narrow spectral widths.

V-4 Dependence of the Linewidth Enhancement Factor on the Qutput Power in

InGaAsP Multi-quantum Well Semiconductor Lasers

In this section, the dependence of the linewidth enhancement factors on the
output power of the lasers is presented. The data collected for the two lasers, S1-591 and
S1-592, are presented in the next two figures. These two lasers were chosen because the

band gaps of their quantum wells bracket the range covered by these five lasers.
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For both lasers, the linewidth enhancement factor of the mode that oscillates
nearest to the gain peak was obtained as the output power was increased in 0.5 mW steps.
This procedure was carried out until the side modes, which were originally suppressed by
the SXC mirror, began to grow in intensity. For S1-592, the maximum power achieved
before this happened was 5.5 mW, and for S1-591 the maximum power was 5 mW.

The data presented in Figs. 26 and 27 show that as the output power of the lasers
increase, there is a very slight decrease in the linewidth enhancement factors.

Another study®’ performed on 1.55um strained MQW distributed feedback
lasers indicated that this slight downward trend in a parameter would be followed by a
period of rapid increase. I did not observe this increase in my investigation. The reason
for this is that my SXC mirror could not suppress the side modes at the high power range

covered in this work so no measurement was performed there.

V-5 Summary

In this chapter, a brief background on quantum well lasers was presented with
some emphasis on the differences between this class of lasers and the normal bulk lasers.

Having explained why quantum well lasers are important both fundamentally
and technologically, a series of five InGaAsP MQW lasers were studied. It was found
that the linewidth enhancement factors of these lasers depend on the wavelength of

emission. In all five lasers, the linewidth enhancement factors attain their maximum
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values around the gain peaks, and these values gently roll off as the wavelength of
emission is tuned further and further away. It was also noted that, unlike the index-
guided laser studied in chapter IV, as the wavelength of these lasers was tuned far enough
from the gain peak the linewidth enhancement seems to increase again.

The dependence of the linewidth enhancement factors on the band gap of the
barriers in the five quantum well lasers was also observed. It was found, on a coarse
scale, that as the energy wells become deeper, the linewidth enhancement factor of the
laser becomes smaller. It was also found that the five lasers could be divided into two
groups. Within each group, where the groups were defined by the wavelength of
emission, the linewidth enhancement factor increased slightly with the magnitude of the
band gap of the barrier.

The dependence of the linewidth enhancement factors on the output power of
the lasers was also studied in this chapter. Measurements were done on two lasers for
this purpose. In both cases, it was found that as the output powers of the lasers increased
the linewidth enhancement factors decreased. In fact, because the downward trend of the
linewidth enhancement factors observed for these two lasers was slight and, because of
the sizes of the error bars the linewidth enhancement factors were found to be essentially

constant over the range of power studied.



VI- Conclusion

In this chapter, a summary of work done in this thesis is given, along with

recommendation for future work.

VI-1  Summary of Work

In this thesis, a system has been developed for directly measuring the frequency-
tuning characteristics in Fabry-Perot semiconductor lasers. From the frequency-tuning
data, the linewidth enhancement factors of the lasers could be calculated. The system
consists of a theoretical model of short external cavity (SXC) lasers and an experimental
technique that realizes this model.

In the theoretical model, it was shown that by changing the length of the short
external cavity the phase of the feedback light, from the SXC mirror, alters the resonant
condition of the laser. This change in the resonant condition induces a shift in the
frequency of emission of the laser. The thesis included a detailed derivation of a formula
that related this shift in the frequency of emission to the linewidth enhancement factor of
the laser.

An experimental set up was developed to make measurements of the laser
frequency tuning with change in short external cavity length. An SXC laser module
based on the flexure mount concept was constructed. The SXC system presented is

inexpensive to construct. It is compact, sensitive, and stable. With the use of the flexure
68
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mount, the alignment and the scanning of the external mirror is straightforward. Since
near-IR InGaAsP/InP and AlGaAs/GaAs semiconductor diode lasers have become
popular in many areas of research as sources of tunable, monochromatic radiation the
flexure module presented here could be very useful in any application that requires lasers
which operate on a single mode. In the experimental set up the tuning of the frequency of
the laser was measured by tracking the displacement of the FPI mirrors. The
experimental system was tested by making measurements on an index-guided and a
quantum well laser. In both cases, the results obtained were within the expected range.
The validity of this experimental technique was further confirmed by independent
linewidth measurements on the same two lasers. The linewidth enhancement factors,
obtained by this technique, were found to be quite insensitive to the magnitude of optical
feedback from the SXC mirror. Once fully tested, the experimental system was used to
study a series of five InGaAsP multi-quantum well lasers. These lasers have the same
number of quantum wells, but the band gaps of the well barriers are different. Results of
experiments showed that the linewidth enhancement factors of these lasers are
wavelength-dependent and fairly power independent. It was also found, on a coarse
scale, that as the band gap of the well barrier increases the magnitude of the linewidth
enhancement factor decreases and that the five InGaAsP multi-quantum well lasers could
be divided into two groups. Lasers with a barrier band gap of < 1.08 eV and with an

emission wavelength of 1.33 wm showed an a -factor of ~ 3. Lasers with a barrier band

gap of > 1.13 eV and an emission wavelength between 1.27 - 1.29 wm showed an a-
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factor of ~1.2. Within each group, the linewidth enhancement factor increased slightly

with increasing band gap of the barrier.

V-2 Recommendations for Future Work

There are many paths which could branch out from this thesis.

The linewidth enhancement factors of the quantum well lasers have been
observed to be dependent on the wavelength of emission but the spectral range studied
was quite limited. A natural extension is to expand the measurement to higher or lower
wavelengths. This could be achieved by either positioning the SXC mirror closer to the
back facet of the laser or by operating the laser at a different temperature.

In this study, the linewidth enhancement factors were found to be fairly
independent of the output of the lasers. This observation may result from the fact that the
range of power covered is limited by the performance of the SXC module. If a new
experimental technique could be developed so that the laser could be operated at higher
power without suffering from the noise from the side modes then it would seem useful to
investigate further the effect of the output power on the a parameters.

The InGaAsP quantum well lasers studied in this thesis can be divided into two
groups based on the wavelengths of emission. Within each group, the linewidth
enhancement factors were found to increase slightly as the band gaps of the barriers
increase. This result agrees with what Yariv ® found in GaAs quantum well lasers.
However, between these two groups the linewidth enhancement factor shows a sudden

drop beyond a certain well depth. This observation is not clearly understood at this time,
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and more work, on both experimental and theoretical sides, is required to reveal the cause
of this phenomenon.

The most important goal of a study, like the one in this thesis, is to find out
which laser parameter would affect the magnitude of the linewidth enhancement factor
and bring about its reduction so that better lasers can be made. If lasers with different
number of quantum wells could be found the method developed here could be used to
find out if there is an optimal number of wells for minimum linewidth enhancement
factors.

After completing this research, I am convinced that a thorough knowledge on
linewidth enhancement factor is one of the key factors required to produce better
performance lasers, and that the method developed here is a very useful means to further
that knowledge. [ hope that others will reach the same conclusion after reading this

thesis.
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