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ABSTRACT

In this thesis, strong optical feedback is utilized to realize broad-band
wavelength tuning and to stabilize the frequency of a semiconductor diode laser in
a grating-external-cavity (GEC) configuration.

To reach the regime of strong optical feedback, the laser facet through
which the feedback occurs has to be antireflection (AR) coated. Multi-layer AR
coatings were designed using SiO», SizNs, SiOxNy, and a:Si for specific laser
waveguide structures, and were fabricated by an electron cyclotron resonance,
plasma enhanced, chemical vapor deposition (ECR-PECVD) system. The film

thickness and refractive index were monitored by in situ ellipsometry during the

deposition. This scheme permitted very low reflectivities, in the order of 5x107*,
to be readily and reproducibly obtained. The diode laser thus obtained was used in
a strong feedback configuration. Light emitted from the coated facet was
collimated and fed back onto the laser cavity after being reflected off a diffraction
grating. The diffraction grating provides frequency selectivity, which is a
desirable feature for obtaining a stable single longitudinal mode laser. The laser in
this configuration oscillated in a single mode with a greater than 30 dB side mode

suppression ratio and a wide tuning range.
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CHAPTER 1

INTRODUCTION

Semiconductor diode lasers were first reported in 1962, shortly after the
first demonstrations of other laser types. After the development of high-
performance AlGaAs/GaAs double-heterostructure lasers around 1970, this laser
structure became a commercial product in the late 1970s offering a number of
advantages, including size, power-conversion efficiency, direct-current pumping,
reliability, and wavelength flexibility.

Since a number of performance characteristics (e.g., power, modulation
speed, spectral linewidth, operating wavelength) can be optimized for specific
applications, diode lasers find a large number of applications. For applications
that require wavelength tuning, the wide spectral gain normally available in diode
lasers is particularly interesting. After the successful development of
InGaAsP/InP single-mode diode lasers around 1.3um and 1.55pm in the early
1980s, therefore, the realization of wavelength-tunable diode lasers became an
important issue [1]. This research has mainly been driven by the increasing
demand on transmission capacity in optical communications systems, making the

application of advanced transmission techniques necessary. This particularly



comprises wavelength division multiplexing (WDM) techniques and coherent
optical detection schemes [2].

In most of the advanced applications, laser spectroscopy, coherent
optical communications, sensing, and precision measurement are the major areas
of applications where tunable diode lasers are used. Among the required device
characteristics, the tuning range, optical power, spectral linewidth, and FM
modulation bandwidth are most important.

The tuning range represents the most specific parameter for a tunable
diode laser. Accordingly, the width of the tuning range improves the laser
suitability in all practical applications. In most applications, the optical power is
also important. This implies a demand for a constant optical power throughout the
tuning range.

External-cavity diode lasers have attracted much attention because they
have a narrow linewidth and tunable single frequency output, and have been
widely used in many applications including coherent communications,
interferometric sensors, and spectroscopy [3]. In usual external-cavity diode lasers,
a dielectric antireflection (AR) coating on the facet of a diode laser is frequently
executed for strong external feedback [4].

Broad-band tunability could be achieved for diode lasers using
techniques of quantum-well (QW) engineering. The various schemes include
using a single QW, identical multiple QWs (MQWs), and non-identical MQWs

[5,6]. Using a diode laser with a properly designed sequence of non-identical



MQWs made of InGaAsP/InP materials, the external-cavity diode lasers can
exhibit an extremely broad-band tuning range.

During the past decades, plasma enhanced chemical vapor deposition
(PECVD) has been increasingly used for the fabrication of transparent dielectric
optical films and coatings [7]. This involves single-layer, multi-layer, graded
index, and nanocomposite optical thin-film systems for applications such as
optical filters, antireflection (AR) coatings, optical waveguides, and others.
PECVD of optical films offers many important advantages compared to other
techniques, such as high deposition rate at low ambient temperature, superior
mechanical performance in terms of adhesion, stress, and hardness, flexible
control of gas composition allowing one to deposit multi-layer interference optical

systems.

The main objectives of this thesis are:

1. Select a suitable optical feedback configuration, with the amount of
optical feedback being critical. Consideration must be given to what 1s
experimentally feasible.

2. For strong optical feedback, determine a technique for optical coating and
obtaining the lowest reflectivity with the widest possible bandwidth. It is
necessary to antireflection coat one of the laser facets.

3. Design broad-band, multi-layer AR coatings. Determine the optical

properties of the materials being used in AR coating designs.



4. The effective refractive index of ridge-waveguide MQW lasers, serving
as the substrate in AR coating designs, should be determined precisely.

5. Build the external-cavity diode laser using a diffraction grating for the
external wavelength-selective reflector.

6. Verify that a diode laser can oscillate in a single longitudinal mode, i.c.,
has a side mode suppression ratio of greater than 30dB, and measure the
tuning range of wavelength, over which single mode oscillation is

obtained.

I did my best to organize the thesis into a logical sequence of chapters.
After the short introduction of this chapter, the basic principles of optical
waveguides are reviewed in Chapter 2. Chapter 2 also includes an introduction of
material properties of In;.GasAsyP,.y. In Chapter 3, the theoretical principles
and background of AR coatings are reviewed, and the design algorithm of AR
coatings for ridge waveguide MQW diode lasers is discussed.

The fabrication of AR coatings by ECR-PECVD is presented in Chapter
4, followed by the controls of film thickness and refractive index by in situ
ellipsometry. Optical properties of SiO,, SisNs, SiOxNy, and a:Si, which were
used as coating materials, are also summarized in this chapter.

In Chapter 5, grating-external-cavity (GEC) diode lasers are presented,
followed by experimental results in this work. Thesis summary and conclusions

are given in Chapter 6.



CHAPTER 2

OPTICAL WAVEGUIDE AND EFFECTIVE

REFRACTIVE INDEX FOR InGaAsP/InP

RIDGE WAVEGUIDE STRUCTURE

2.1 INTRODUCTION

In the past decades, III-V compounds (which consist of elements from
columns IIT and V of the periodic table) have emerged as the materials of choice
for lasers that emit in the 0.7~1.6 pm wavelength ranges. These ranges include the
important fiber-optic communication bands at 0.85, 1.30, and 1.55 pm, the
pumping bands for fiber amplifiers at 0.98 and 1.48 pum, the window for pumping
Nd-doped YAG at 0.81 um, and the wavelength used for optical disk players at
0.78 um. Most of these materials have a direct gap in E-k space, which means that
the minimum and maximum of the conduction and valence bands, respectively,
fall at the same k-value. This facilitates radiative transitions because momentum
conservation is naturally satisfied by the annihilation of the equal and opposite

momenta of the electron and hole (the momentum of the photon



hk = hwf/c = E,, [c is negligibly small due to the high value for the speed of

light ¢ =2.997925x10" cm/s).

Among the most important material systems for III-V semiconductor
lasers are AlGaAs on GaAs substrate and InGaAsP on InP substrate. While
AlGaAs/GaAs covers the wavelength range below 0.9 pum, the InGaAsP/InP
material system gains importance for light sources and detectors in the 1.20 ~
1.67 um wavelength regime. Therefore the wavelengths with minimal dispersion
in optical fibers at 1.30 pm and minimal absorption at 1.55 pm can be covered
with InGaAsP/InP diode lasers.

In this work, ridge waveguide InGaAsP/InP MQW lasers of different
emission wavelengths were used. The determination of the effective refractive
index of the diode laser, which is the key in AR coating designs, is discussed and
then calculated in this chapter. Also presented in this chapter are the optical
properties of the InGaAsP/InP material system. Computer programs were

developed to facilitate all the calculations.

2.2 REFRACTIVE INDEX OF In,,Ga,As,P;.,

In;.«GasAsyP).y lattice-matched to InP can be achieved if the gallium and
arsenic mole fractions x and y, respectively, are chosen such that [8]:

0.1894y

X = @2.1)
0.4184 —0.013y




The bandgap energy of In;.GaxAs,P;., depends on x and y in a good

approximation as [8]:

E, [eV] =1.35+0.668x-1.068y+0.758x*+0.078y"

-0.069xy-0.322x%+0.03x)°  at 300K (2.2)

Correspondingly, the bandgap wavelength:

1.24
A [pm] E

(2.3)

4

The above calculation is based on the assumption that carrier
recombination occurs directly at the bandgap of the quaternary. In practice,
several mechanisms can cause carrier recombination slightly away from the
quaternary bandgap, such as carrier-induced bandgap change, doping level,
working temperature and strain. Among them, carrier-induced change is the major
contribution to the change of the refractive index of In;..GaxAs,P1., [9,10].

The refractive index in compound semiconductors below the band edge
can be best represented by the modified single-effective oscillator (MSEO) model
[11]. Restricting the analysis to the transparent wavelength region, which means
that the refractive indices of the active regions may not be covered, the bandgap

energy E, and the single oscillator energies for In;.xGayAs,Py.y



Ep [eV] = 3.391+0.524x-1.8913+1.626xp+0.595x*(1-y)  (2.4)

E;[eV] = 28.91+7.54x+(12.36x-12.71)y (2.5)

are required to calculate the refractive index for the photon energy £ [12]:

2 s (2E2-E?-E?
n(E) = 1+§L+Edf GNE 220~ P i (2.6)
E, E = E*-E
where
Ep—2 @.7)

 2EXE!-E?)

and FE = hw is the photon energy.

Using the lasing wavelength and bandgap wavelength instead of £ and

E, by way of Eq(2.3), respectively, the refractive index of In;.«Ga,As,P;.y lattice-

matched to InP can be calculated. The dependence of E; on the mole fractions x

and y is taken from Eq(2.2), and lattice-matching links the mole fractions by

Eq(2.1). It should be noted that the accuracy of this model deteriorates at energies

approaching the band edge because of the strong dispersion near the absorption

edge.

Burkhard [13] showed that for symmetrical waveguides with a

quaternary active layer and InP claddings, the phase index of the quaternary

lattice-matched to InP near the bandgap region is:



no(4E.,y) = 3.425+0.944E+0.952(4E)*

+(0.255-0.2574E)y-(0.103-0.0924 E)? (2.8)

where 4E is the energy separation below the respective band gaps in analogy to
Vegard’s rule for the lattice parameter of an alloy, -0.2eV <4E < 0. The

corresponding index describing the group index

nQ,group(A Ey)= nQ+E (an/ dE)

obtained from Eq(2.8) is:

1o goup(4E.y) = 3.425+1.884E+2.86(4E)+(0.255-0.5144E)y

-(0.103-0.1844E)y*+0.94E+1.94E-0.25TEy+0.092E)>  (2.9)

Bennett et al. [9] investigated the carrier-induced change in refractive
index 4n of InGaAsP, and showed that three carrier effects could give substantial
contributions to the refractive index near the direct gap of III-V semiconductors.
The bandfilling (Burstein-Moss effect) decreases absorption for energies near the
bandgap. Bandgap shrinkage increases absorption, but the effect does not extend
to energies below the new bandgap. Free-carrier absorption, however, increases as
A’ and dominates the loss at energies below the bandgap. Because of the A’
dependence, the free-carrier absorption (also known as plasma effect) increases as
the photon energy is decreased below the bandgap. It has been shown that the

contribution to the changes in refractive index due to the plasma effect only
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becomes important at quite large concentrations [14]. On the other hand, both the
bandfilling and bandgap shrinkage effects on the refractive index are largest near
the bandgap and approach zero for £ << E,. The bandfilling effect is partly
compensated by bandgap shrinkage due to carrier interaction at high
concentrations. The bandfilling and free-carrier absorption effects both produce a
negative 4n for wavelengths in the transparent regime of the semiconductors;
band-gap shrinkage produces a positive 4n in the same regime. Considering the
compensating effects of bandgap shrinkage and bandfilling, Botteldooren and
Baets [10] presented a more accurate method by introducing bandgap shrinkage
into the model for the carrier-induced refractive index change. In the range of
10"*/cm® — 10'°/cm® they found that the bandgap shrinkage (JE in Eq(2.8) and

Eq(2.9)) is well represented by:

AE. m"”?
AE=——%°¢_ (2.10)
8"
with
An” + Bn "
A= i, 21D
0 1

where n;= n/mew, n is the particle concentration per cm® , m, is the effective

mass [8]:
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me/mo = 0.08-0.116x+0.026y-0.059xy

+(0.064-0.02x)y*+(0.06+0.032y)x> (2.12)

where my is the free-electron mass, x and y are the gallium and arsenic mole
fraction, respectively. 4, B, a, and ny are fitting parameters. They are 4=1.04x 10°,
B=2.80x10", a=-0.19, n5=2.40x10". ¢ , 1s the relative dielectric constant, found
to be [15]:
e,(y) =12.40+1.5y (2.13)
for In;.xGaxAs,P;., lattice-matched to InP.
Based on above discussions, the refractive index of the InGaAsP/InP

material system can be determined once the MQW laser structure is given.

2.3 OPTICAL WAVEGUIDE THEORY

An optical waveguide is a medium which transports electromagnetic
energy from one point in space to another. They are commonly used to confine
optical fields near a device’s active region or to interconnect elements in an
optoelectronic circuit. The optical confinement is achieved by using a multi-
layered material structure containing a core region of higher refractive index
relative to the surrounding cladding layers. As will be described below,
electromagnetic radiation propagates through the waveguide as a set of discrete
spatial energy distributions known as optical modes. To calculate these allowed

modes, two dimensional mode solvers are usually employed [16].
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2.3.1 The Two Dimensional Slab Waveguides
To begin the discussion of a 2-D optical waveguide it is useful to

examine Maxwell’s equations in an isotropic, lossless dielectric medium:

VXE='110(—9—H— (2.14)
ot
and
VxH=eon2—aa—l;: (2.15)

where ¢, and u, are the dielectric permittivity and magnetic permeability of

free space, respectively, and n is the refractive index. In the orthogonal
coordinate system (x,y,z), suppose that the plane wave propagates along the z

direction with the propagation constant . The electromagnetic fields vary as:
E=E(x,y)-¢/“?? 1 cc (2.16)
and
H=H(x,y) - “?? +cc (2.17)
where the angular frequency w =27 ¢/4 , and c is the light velocity in free space

(c=1/e g, ).

In the step-index 2-D slab waveguide shown in Figure 2.1, the
electromagnetic fields are independent of y. Accordingly, since 0/0t = jw ,
0/6z=-jf and 8/8y =0, Eq(2.14) and Eq(2.15) yield two different modes

with mutually orthogonal polarization states. One is the 7E mode, which consists
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of the field components E,, H,, and H,. The other is the TM mode, which has E,,

H,, and E,.

Cladding
layer (n.) x

\\ Miy

T | waveguide (ny)

upper cladding (n)

waveguide core (ng)

x=T
Substrate (n,) substrate ()
(a) Basic optical-waveguide (b) A three-layer planar slab
structure waveguide
Figure 2.1 2-D optical waveguides
Wave equations for the TE and TM modes are:
TE mode
azE,V 2.2 2
P +(kgn” =B°)E, =0 (2.18)
H =- B E,
-l
(2.19)
Ho—— 1 OE,
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TM mode
azHy 2.2 2
pw +(kgn” =p")H, =0 (2.20)
E = b ~H,
W€ h
SH (2.21)
E =—1 :

The field solutions and the boundary conditions at the interfaces x = -T
and x=0 lead to eigenvalue equations that determine the propagation
characteristics of the 7F and 7M modes.

The two orthogonal 7E and TM modes must be distinguished to discuss
dispersion characteristics of the guided modes. Only the 7E mode is discussed
here, because a similar analysis can be made for the 7M mode. From Eq(2.18), the

field solutions can be written in the form [17]:

E=E. exp(-ycx), x>0 (in the cladding layer) (2.22a)
E~=E¢cos(kxx+dc), -T<x<0  (inthe guiding layer) (2.22b)

E~E exp(ys{(x+T)), x<-T (in the substrate) (2.22¢)

where the propagation constants in the x direction are expressed in terms of the

effective index N,, where § = N, - k,, in the following expressions:
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Yo' =ho (N0’ (2.233)
k=ko’ (n-N.2) (2.23b)
vs=ko’(N.>ns’) (2.23¢)

The boundary condition that the tangential field components E,, and H,
are continuous at the interface x=0 yields:
E=Ecosd, , tand=y./kx (2.24)
similarly,
E=Ecos(kx T-de),  tan(kxT-dc)=yc/k« (2.25)
at x=-T.
Eliminating arbitrary coefficients ¢, in the preceding relations results in
an eigenvalue equation:
kT = (m+1) 7 — tan™ (ky/ys) — tan™ (kulyc) (2.26)

where m=0,1,2,..., denotes the mode number.

When the indices of the waveguide materials and the guide thickness T
are given, kx can be obtained from Eq(2.26). Substitution of &y into Eq(2.23)
results in the effective index N, of the guided mode. N, must be discrete values in
the range of n,< N, < n; because the mode number is a positive integer. In other
words, zig-zag rays with certain incident angles can propagate as guided modes

along the guiding layer. Among some guided modes, the fundamental mode with
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the mode number 0 has the largest effective index corresponding to the ray with
the angle closest to 90 degree.

When the waveguide parameters are given, the transcendental Eq(2.26)
can be solved numerically to evaluate dispersion characteristics of guided modes.
Such a numerical evaluation is applicable to any step-index 2-D waveguide by

introducing the following normalizations:

V =k,T\n} —n} normalized frequency (2.27)
b = (NS-ni)/(nf-ns) normalized guide index (2.28)
ag =(ng’-nS )/(nf‘?-nsz ) asymmetry measure (2.29)

When n;=n,, ag=0, this implies symmetrical waveguides. However, 2-D
waveguides are generally asymmetrical waveguides. Using definitions (2.27) to

(2.29), Eq(2.26) can be rewritten in the normalized form:
Vl=b; =(m+ly - tan™ 1=b _ tan™ 1=b (2.30)
b b +a,

From Eq(2.30), the value of ¥, at the cutoff of the guided modes is given by:

Ve=Votmr V,=tan" \Ja, (2.31)
Vy is the cutoff value for the fundamental mode.

If the normalized frequency V of the waveguide ranges over V, < V <

V1, the TE,, TE, ... and TE,, modes are supported, and the number of guided
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modes is m+/. For symmetrical waveguides (n;=n.), ¥o=0. This implies that the
fundamental mode is not cutoff in a symmetrical waveguide.

For the TM modes, the analysis is similar to the preceding. The resulting

normalized eigenvalue equation is:

n -5 -5
v L\t 1=b, =(m+r —tan™ M. _ tan~! M
{‘/E:(ns j} =0 D —tan o~ fan \[bM+aM(1—bMd)

(2.32)

2 2
by, =(N e " ]( i ) (2.332)
nf _ns nsqs
vY (NY
q5=( ] +[ ) -1 (2.33b)
nf ns
A2 2
a, = (n_f_) ("; nch (2.33¢)
n, n, —n;
2 2
d= 1—["—5} 1-[-”-&} (2.33d)
ny ny

For the TM modes, although the eigenvalue equation has been

with:

normalized, numerical solutions are not obtained unless index ratios (ns/n;) and

(no/ny) are given.
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At this point, computer codes were written in MATLAB 5.20 to help
solve the transcendental Eq(2.30) and Eq(2.32) once all the parameters were

known. The codes are presented in detail in Appendix A.

2.3.2 Multi-layer Slab Waveguides

Waveguides containing more than three layers are frequently used for
many semiconductor devices. Analytical solutions become very complex for these
structures and alternative approaches should be followed. The propagation
properties of optical planar waveguides with multi-layer index profiles can be best
analyzed by the transfer matrix of transmitted and reflected beam amplitudes in
multiple layers, the so called “zero-transfer matrix element method” [18], which
is described briefly in the following.

The propagation wave number for guided-wave modes is obtained from
the condition that certain elements in the transfer matrix must be zero. This
numerical technique can be implemented for slab waveguides containing an
arbitrary number of layers, and can be easily applied to the calculation of both TE
and TM modes. For brevity, only TE solutions will be discussed here. The
analysis is similar for 7M solutions.

A multi-layer slab waveguide structure is shown in Figure 2.2. Each

layer is assumed to have a uniform thickness and refractive index profile.
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n, substrate A4, T l B,

Figure 2.2 General form of multi-layer slab waveguide structure. 4; and B;
are the amplitudes of forward- and backward-propagation components of the
electric field. Each layer (j) is of uniform index n;. d; is the ;™ layer thickness.

Light propagation is assumed to be in the z-direction.

For TE polarized light, the electric field in the f" layer must satisfy the

wave equation:

dzEy,j(x)

28+ (k5 ~87)E,, ()= 0 (2:34)

and have the general form [18]:
E, (x)= 4;exp[-P, ,(x - x )]+ B exp[P, ;(x - x,,)] (2.35)
where

P, = B? -n’k] (2.36)
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Aj and B; (j=1,2,..., n) are the amplitudes of forward- and backward-propagation
components of the electric field. n; is the refractive index of the 7™ layer and x;
represents the position or the interface between (j+/)™ and (j+2)" layer.
A similar expression for the z-component of the magnetic field A, can be
found:
~iw-u,H, (x)==P, 4, exp[-P, ;(x— x,,)]+ P, ,B; exp[ P, ;(x — x,.,)]
(2.37)

Eq(2.36) and Eq(2.37) can be combined in a matrix equation:

E,; _ exp[—Px,j('x X )] exp[Px,j('x —X; )] Aj
—iwuH,; | |- P, exp[-P,;(x-x;,)] P,;exp[B,;(x—x,,)]| | B,

J

»J J

(2.38)

The tangential field components in the j* layer are matched at the upper
and lower interfaces according to the boundary conditions. At the upper interface

(x=xj.;) we have:

|: Ey :| = eXp[_Px,j (xj—l —Xj-2 )] exP[Px,j (xj-l ~Xj )] . Aj
—iw U on - Px,j exp[—Px,j(xj—l - xj—Z )] PXJ CXP[RJ (xj_l B xj_z )] Bj

(2.39)

and, at the lower boundary (x=x;.,):
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E 1 1 A,
{ E }: | A (2.40)
—lw-u on - Px,j+1 Px,j+1 Bj+1

Combining Eq(2.39) and Eq(2.40) yields:

Ly | 2.41
5. =5 (241)

where the transfer matrix M; is defined as:

1 1 T 1expl=P (% =X, exp[P, ;(x;, = x,,)]
P, - Px,j exp[_l)x,j(xj—l X ) Px,j exp[Px,j (xj—l ~Xj2 )]

X, j+1 X, j+1

(2.42)

Using an iteration process, the amplitudes of the field components in n"

layer can be related to those in the first layer. The resulting expression is given as:

4, _ a, a, ) 4 (2.43)
B, a, a,||B .
where

Gy Gy
=M, M, - M, M, (2.44)

For guided modes, there should be no forward-propagating wave in the

substrate and no backward-propagating wave in the cladding layer. In order to
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satisfy this condition, B, ( the backward-wave amplitude in the cladding layer

j=n) and A4, ( the forward-wave amplitude in the substrate j=/ ) obviously should

4,1 fa, a,]]0 2 45
O_ozsa‘,'B1 (243)

Eq(2.45) can be satisfied only if the element a, of the matrix is equal to zero.

be zero:

This is the origin of the so called “zero-transfer matrix element method”

From above analyses, one can see that a, is a function of 8/k, the
guide-normalized propagation constant in the z- direction. The waveguide may be
characterized in terms of the normalized propagation constant (8/k ) as a function
of layer thickness as well as of the refractive indices of the layers. Therefore,
Eq(2.45) is an eigenvalue equation which can be used to calculate the propagation

constants S for the given modes of the waveguide structure.

2.3.3 3-D Optical Waveguides and Effective Index Method

Semiconductor waveguide devices usually require optical confinement in
both the vertical and lateral directions. However, solving for the field distributions
in two dimensions is not trivial. The guided modes in 3-D waveguides cannot be

simply classified as 7F or TM as in the 2-D case, but are hybrid in nature,
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containing aspects of each. Generally, they are classified into one of two
categories: Ep,’ modes having main electromagnetic field components E, and Hy
(resembling TE modes in the slab waveguide) and E,q* modes having dominant E,
and H, components (resembling TM modes in the slab waveguide). The subscripts
p and q represent the mode order or number of lobes in the field distributions in
the x and y directions, respectively, where p,g=1,2,3...

Exact solutions for 3-D optical waveguides are very difficult to obtain
and it is necessary to resort to approximation techniques. One of the more
common approaches is known as the “effective index method” [19] which offers
the advantage of simplicity and has been shown to be very accurate for
waveguides far above cutoff.

The guiding structure of interest in this work is known as “ridge”
waveguide and is illustrated in Figure 2.3(a). This type of waveguide structure is
designed to allow the optical mode to evanescently penetrate into the etched ridge
material. This has the effect of raising the effective index beneath the ridge which
produces lateral confinement of the optical field. The increase in effective index is
dependent on the refractive index values and the dimensions of the waveguide
layers.

The effective index method is a technique well-suited to analyzing ridge
waveguides. It consists of breaking the 3-D structure into two 2-D slab waveguide

problems. Figures 2.3(b) and 2.3(c) illustrate the procedure.
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First, the multiple quantum wells (MQWSs) can be represented by the
waveguide core, following the procedure described in Section 2.3.2.

Second, the 3-D waveguide is broken into three distinct regions, each of
which is treated as an infinite 2-D slab waveguide. For Eq,’ modes (having Ey as
the dominant component), the procedure described above for solving 2-D slab
waveguides can be utilized for 7E modes in each of the three regions. This
analysis will yield the effective refractive indices Ny, Ny and Ny for regions I, II
and III, respectively. In most ridge waveguide designs, symmetry will dictate that
Ni=Ny. Defining N=Np=Nsiq., the condition for lateral confinement becomes
N> Niige. The condition for vertical confinement is ny > n,n,.

The third step in the procedure is to turn the slab waveguide shown in
Figure 2.3(c) onto its side. The calculated effective refractive indices, Nj, N and
Ny, are then used as the layer indices in a three-layer slab waveguide problem.
The eigenvalue Eq(2.32) for 7M modes should now be used to account for the
change in waveguide orientation. The total effective index is then found and the
field distributions can be obtained.

To obtain the solutions for E,q* modes, a similar analysis can be followed.
In this case, the effective indices for TM modes are calculated for the three slab
waveguide regions. The waveguide is then turned onto its side and the 7E

eigenvalue equation Eq(2.30) should be utilized.
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Figure 2.3(a) Physical dimensions of the ridge waveguide MQW laser

structure
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Figure 2.3(b) The 3-D waveguide can be split into three regions. Each

region can be treated as a 2-D slab waveguide
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RegionI Region II ' Region III

Figure 2.3(c) The effective indices obtained from regions I, II, III are
used to construct a three-layer slab waveguide. In most cases, the waveguide
structure is horizontally symmetric, therefore the assumption of N=Nj; can be

made

24 SUMMARY

The effective refractive index for ridge waveguide InGaAsP/InP MQW
diode lasers can be determined as follows: First, the refractive indices of each
layer in a MQW structure are calculated. Then, the effective refractive index of
the multi-layer slab waveguide is calculated based on the “zero-transfer matrix
element method”. Finally, the “effective index method” is utilized to calculate the

effective refractive index for the ridge waveguide structure. The whole procedure
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is shown in Figure 2.3(a) to (c). Computer programs were written in MATLAB

5.20 to facilitate all the calculations, and presented in Appendix B.
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CHAPTER 3

ANTIREFLECTION COATINGS

3.1 INTRODUCTION

Antireflection (AR) coatings are considered one of the key technologies
for optoelectronic devices such as semiconductor laser amplifiers (SLAs),
external-cavity semiconductor diode lasers, high power lasers and
superluminescent light emitting diodes (LEDs). AR coatings with ultra-low
reflectivity and broad bandwidth are particularly desirable. For SLAs, less than
107 reflectivity is needed to suppress Fabry-Perot mode oscillations [20]. For
wavelength-tunable external-cavity semiconductor diode lasers, reflectivities of
less than 1.5x 107 are required to achieve axial-mode stability [21], and broad
gain bandwidth is frequently needed to achieve a stable tuning range. Specifically,
the wavelength division multiplexing (WDM) fiber-optic communication systems
employing erbium-doped fiber amplifiers (EDFA’s) have a bandwidth nearing to
100 nm. The tunable laser sources suitable for testing such systems must have
comparable bandwidth.

The most popular approaches to achieving low facet reflectivity in

external-cavity diode lasers and optical amplifiers are:
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(1) dielectric antireflection coatings [22,23],

(2) tilted gain stripes [24], and

(3) buried facets [25]

In addition, methods (1) and (2) can be combined [26].

One drawback of the tilted-strip approach is that, tilting the laser strip
introduces additional complications in the laser processing stage and generally
shows improved performance only if the laser facets are additionally AR coated
[27].

Another means of facet reflectivity reduction is the use of gain media
with buried facets [25]. In these devices the waveguide stops several microns
mside the chip, with semi-insulating material between the end of the guide and the
facet. The beam expands inside the buried-facet region since there is no
waveguiding. Therefore, the reflection at the semiconductor-air interface does not
couple strongly back into the waveguide. The reflectance decreases with
increasing length of the buried-facet region. However, if the non-guiding region is
too long, the internal beam will hit the top-surface metallization, creating a
multiple-lobed far-field output and spoiling the ability to couple efficiently to the
mode of the external cavity. Therefore, a buried-facet gain medium would
probably give poor performance in a simple extended-cavity laser, but they might
be useful in either a double-ended external cavity or in ring lasers.

Hence, at the present stage of this project, only multi-layer AR coatings

with low reflectivity and broad bandwidth were investigated.
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3.2 THEORY OF THIN-FILM OPTICS

Thin-film optics has been studied intensively during the past decades,
and there are a number of detailed discussions of their analysis and design [28,29].
In this section, a brief description of these issues will be given, focusing on the
applications that have been investigated in this work. The notation of reference
[29] will be followed.

The thin-film problems can be solved by Maxwell’s equations together
‘with the appropriate material equations [28,29]. A light wave, which is
electromagnetic and a homogeneous, plane, plane-polarized harmonic (or
monochromatic) wave, may be represented by expressions of the form:

E =&explilot -2 NJA )x +o}+ c.c 3.1)
where x is the distance along the direction of propagation, E is electric field vector,
¢ the electric amplitude and ¢ an arbitrary phase. N is the complex refractive
index,

N=n-ik (3.2)
where n is the real refractive index and £ the extinction coefficient. N is always a
function of 4 . k is related to the absorption coefficient a by:

a =4rk/A (3.3)
Similar to Eq(3.1), an expression holds for H, the magnetic field:

H=J£exp{ibt—(21rN/l )x+(p']}+c.c (3.4)

The optical admittance is defined as the ratio of the magnetic and electric fields:
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y=HJE (3.5)
and y is usually complex. In free space, y is real and is denoted by Y ,

Y=2.6544x10" S

Then the optical admittance of a medium is connected with the refractive index by:

y=NY (3.6)

The simple boundary of plane wave incident on a single surface is
sketched in Figure 3.1. At oblique incidence, the idea of a tilted optical

admittance # is introduced [29],

n,=y[cosd =N Y [cosf (3.7
n,=ycosd =N Y cosf (3.8)

where p stands for p-polarized or TM, and s stands for s-polarized or TE.

incident plane wavefront

Figure 3.1 Plane wave incident on a single surface
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Denoting # , or by n , for either plane of polarization, the Fresnel
amplitude reflection coefficient p and transmission coefficient 7 can be written

Mo —M, _ 2,

=21 T

b

= (3.9
o +1, no+1,
The reflectance R is defined as the ratio of the reflected and incident intensities,

and the transmittance T as the ratio of the transmitted and incident intensities.

Then

R=1op =(’7°"71J["°"71J : (3.102)
I, no+n, \no+1,

roli M, - __4Rel,)Rebr) (3.10b)
I, n, (’70""71)(’70""71)

At normal incidence, # = y =N Y, which indicates that the distinction

between TE and TM disappears. Therefore,

p=domn No=N, 2y _ 2N, (3.11)
Yot+¥ Ny+N, Yoty No+N,
and
Rz(yo—yll(yo-yl) {NO—N,J(NO—N]) (3.12a)
Yo+ Vi N\ Vo + W Ny + N \ Ny +N,
7o _ARe(y)Re(y) _ 4ngn, (3.12b)

B (y0+ylxy0+yl). B (N0+N1XNO+N1)‘
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The reflectance of an assembly of thin films, sketched in Figure 3.2, is
calculated through the concept of optical admittance. By replacing the multi-layer
by a single surface, the input optical admittance Y is given as:

Y=C/B (3.13)

where

L R e

1 | in,sind, cosd

is the characteristic matrix of ¢ layers. It is simply the product of the individual

matrices taken in the correct order, with:

6,=2tN,d, cosl, /A

n,= YN, cosb, for s-polarization (7E)

n,= YN,/ cosb, for p-polarization (TM)
where suffix m denotes the substrate or exit medium.

N,= YN, cosl, for s-polarization (7E)

.= YN,/ cosb, for p-polarization (TM)

Therefore, the amplitude reflection coefficient and the reflectance are:

p ==t R=|Te=Y 1o =Y (3.15)
ne+Y ne+Y \n,+Y
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incident plane wavefront
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d N,
’ 2 - thin film
d, N, J
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Figure 3.2 Plane wave incident on an assembly of thin films

The expressions (3.13), (3.14) and (3.15) are of prime importance in

optical thin-film design and form the basis of the calculations in this work.

3.3 DESIGN OF BROAD-BAND MULTI-LAYER

ANTIREFLECTION COATINGS
AR coatings were the principal objective of much of the early work in
thin-film optics. Of all the possible applications, it has had the greatest impact on

technical optics.
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Conventional AR coatings originated from a single-layer quarter-
wavelength film with a refractive index equal to the square root of that of the
substrate. The disadvantage of the single-layer AR coating, as far as the design is

concerned, is the limited number of adjustable parameters. The refractive index,
or optical admittance, of the layer is uniquely determined as 5, = (77 I m )'/ ?. There

is no room for manoeuvre in the design of a single-layer coating. In practice, the
refractive index is not a parameter which can be varied at will. Materials suitable
for use as thin films are limited in number and the designer has to use what is
available. There is also a limitation that the single-layer AR coating can give zero
reflectance at one wavelength only and low reflectance only over a narrow region.

Another design concemn is that the tolerances for achieving a low reflectance with

single-layer coating are quite small. To achieve a facet reflectance of 10~ requires
film index and thickness tolerances of + 0.01 and + 1nm, respectively.

A more rewarding approach, therefore, is to use more layers, specifying
obtainable refractive indices for all layers at the start, and to achieve a broader
region of low reflectance by varying the optical thickness of each layer. Various
multi-layer AR coatings have been reported in the past years: stepwise-graded-
index multi-layer coatings [30], double-layer coatings [31], and triple-layer
coatings for semiconductor lasers [32].

There is no general systematic method for the design of multi-layer AR
coatings. Trial and error, assisted by accurate computer calculations, are

frequently employed [33]. In this work, all the performances have been computed
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by application of the matrix method discussed in previous section. In all cases, the
materials are considered to be completely transparent.

The vast majority of AR coatings are required for matching an optical
element to air. Air has an index of around 1.0003 at standard temperature and
pressure which, for practical purposes, can be considered as unity.

To obtain a multi-layer AR coating model, the design was started with
the standard design procedure of multi-layer coatings, based on the optical
admittance matching technique [34,35]. The reflectivity of an assembly of thin
films is calculated through the concept of the optical admittance, expressions
(3.13) and (3.14). Coating materials should be determined by the matching
condition taking into consideration their optical properties, fabrication simplicity,
stability, and cost. For the dielectric materials used for the AR coatings in this
work, the extinction coefficient is virtually zero in the visible and near infrared
ranges so that the absorptivity can be ignored in the coating designs (this will be
discussed in detail in section 4.3).

If the materials are considered to be non-absorptive, with no dispersion,

at normal incidence, the reflectivity and the transmittivity are:

o [1B=C) (1B-CY _|Y=n,)
A\ nB+C) \nB+C) |V +n,|

T=1-R (3.17)

(3.16)
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The condition for obtaining zero reflectivity is that the optical admittance
Y is equal to ny (optical admittance matching), of which the real and imaginary

parts must equate separately

{Re(Y —ny)=0

Im(Y —n,)=0 (3.18)

Instead of optical admittance matching, the design algorithm in this work
was based on its detuning. By introducing a detuning factor A, a wider range of
- design parameters could be tried by relaxing the optical admittance matching
condition, i.e.,

Re(Y —n,) <A
{Im(Y-no)SA (3.19)

Optical admittance matching, given in Eq(3.18), implies that the
minimum reflectivity is at the center wavelength, and it is zero. The detuning
expression (3.19) gives certain ranges of solutions surrounding the matched point.
The AR coating design with the broadest bandwidth for a given system exists at
one of those solutions. Therefore, a broad-band AR coating design typically has
multiple solutions. Which solution should be chosen is determined by means of
deposition simplicity and stability, as well as the obtainable refractive indices and
physical thickness of the dielectric materials. The design procedure for multi-
layer AR coatings is shown in Figure 3.3. The operation of the ECR-PECVD

system, and refractive index and thickness control by in situ ellipsometry will be

discussed in next chapter.



39

Start

Llnput A g, g, Ny, g, refractive indices of dielectric materials ]

| Set detuning factor A ]

Step 1: Select the design parameter sets {w,} through the detuning inequalities
(3.19) atdesign wavelength A

LStep 2: Calculate the spectral reflectivities, for M =X g, t0 M ¢nq With step A tep }

Step 3: Evaluate the bandwidth B.= 4y - 4, by counting the number of points
M, where R( 4) < Ry, and Ba=M 4y,

N

—

Step 4: Select the solutions that can be realized on the ECR-PECVD system, and
both thickness and refractive indices that can be best monitored by in situ
ellipsometry

s

-

\

Step S: Re-define the optical thickness for design wavelength A ,, and output {w,}

End

Figure 3.3 Flowchart of AR coating design
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3.4 ANTIREFLECTION COATING MODELS USED IN THIS

WORK

Following the discussions above, the design parameters for double-layer
and triple-layer AR coatings were derived and are listed in Table 3.1. The
materials used in the designs are SiO;, SizNs, a:Si, and SiOxNy. The optical
properties of these materials deposited by the ECR-PECVD technique will be
discussed in Chapter 4.

The diode lasers are ridge waveguide InGaAsP/InP MQW lasers of
different emission wavelengths. The determination of the effective refractive
index of the diode lasers is described in Chapter 2. The bandwidth for
reflectivities less than 10> and 10 were calculated, and refinement factors
(optical thickness divided by quarter wavelength) were given for each layer for

ease of calculation.

Table 3.1(a) Model 1: double-layer AR coating using Si0,/Si;Ny

A =1660nm
Layer refractive index  thickness (nm) refinement factor
Air 1. 000
Si0, 1.444 133. 37 0. 4641
Si3N, 1. 950 159. 31 0. 7486
Laser 3.228
bandwidth(nm) (reflectivity<10™) 122
bandwidth(nm) (reflectivity<10™) 38
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Table 3.1(b) Model 2: double-layer AR coating using SiO,/Si3N,4

A =1550nm
Layer refractive index  thickness (nm) refinement factor
Air 1. 000
Si0, 1. 444 126. 48 0.4713
SizNg 1. 950 147.91 0. 7443
Laser 3.212
bandwidth(nm) (reflectivity<10~) 115
bandwidth(nm) (reflectivity<10™) 36

Table 3.1(c) Model 3: triple-layer AR coating using SiO»/Si3N4/Si

A =1550nm
Layer refractive index  thickness (nm) refinement factor
Air 1. 000
SiO, 1. 444 122. 96 0. 4582
S13N,4 1. 950 153. 31 0.7715
Si 3. 450 16. 75 0. 1490
Laser 3.210
bandwidth(nm) (reflectivity<10™) 113
bandwidth(nm) (reflectivity<10™) 35

Table 3.1(d) Model 4: triple-layer AR coating using SiO,/S1/SiOxN,

A =1550nm
Layer refractive index  thickness (nm) refinement factor
Air 1. 000
SiO;, 1. 444 296. 21 1. 1074
Si 3. 450 44.19 0. 3947
SiONy 1. 570 52. 84 0.2148
Laser 3. 210
bandwidth(nm) (reflectivity<10~) 395
bandwidth(nm) (reflectivity<10™) 175
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3.5 SUMMARY

In this chapter, a design procedure of broad-band multi-layer AR
coatings was proposed by introducing the optical admittance detuning concept.
Si0,, Si3Ny, a:Si, and SiOxN, were primarily used in the designs as coating
materials, giving a wide range of refractive indices from 1.444 to 3.450.

As pointed out in section 3.3, the design of AR coatings is typically a
multi-solution problem. The best-optimized design is not unique, but is dependent
on the required upper limit of reflectivity (R,..x) for a desired application.

There are tremendous designs with low reflectivity and broadest
bandwidth in various published resources, often time few design details are
published. Meanwhile, some commercial software, such as TFCalc [36], can
always provide a suitable solution, but it seems lacking in flexibility. And the user
never knows how the solutions work out.

The results obtained here only represent some of the possible solutions
for broad-band AR coatings, and were made applicable for the ECR-PECVD
system only (which will be discussed next). Using dielectric materials other than
the materials being used in this work, such as TiO,, will end up with different

solutions by different deposition methods (i.e., electron beam evaporation).



CHAPTER 4

FABRICATION OF ANTIREFLECTION

COATINGS

41 INTRODUCTION

Dielectric thin films are used for a wide range of applications in
compound semiconductor (GaAs, InP) devices including diffusion and ion
implantation masks, intermetal isolation layers, passivation films, optical coatings,
and waveguides for both electronic and optoelectronic applications. Dielectric
films such as SiO,, Si3zNs, SiONy, AlO;, AIN, TiO; and ZrO,, are commonly
used and have been deposited on GaAs and InP by a variety of techniques
including chemical vapor deposition (CVD), electron beam evaporation, and
various ion-assisted deposition processes [37].

Independent of specific device structures, four principal requirements for
the deposition of thin films for optoelectronics are: low temperature deposition,
control of refractive index and thickness, control of film stress, and low facet
damage. To this end, electron cyclotron resonance (ECR) plasma sources have

been developed for low pressure, low temperature and, potentially, low damage
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deposition for dielectric thin films. The potential advantages of ECR plasma CVD
have had significant impact on III-V semiconductor device fabication.

In this chapter, the fabrication of AR coatings designed according to
Chapter 3 is presented. The coating structures were deposited by electron
cyclotron resonance plasma enhanced chemical vapor deposition (ECR-PECVD).
The coating materials were silicon dioxide (SiO;), silicon nitride (Si3Ny), silicon
oxynitride (SiONy) and amorphous silicon (a:Si), with refractive indices varying
from 1.444 to 3.450 around 1.5 pm. A run to run reproducibility in the refractive

index of 0.008 and a thickness control of +10A [38] were obtained using in

situ ellipsometry for optical monitoring.

4.2 ECR-PECVD SYSTEM

In an ECR-PECVD system, one uses a plasma to crack the precursor gas
to deposit the desired materials onto a substrate. The primary advantage of an
ECR-PECVD system over other deposition systems for semiconductor
applications is that the velocity of the ions and reactive species impinging on the
sample can be controlled by the magnet design such that the energies are small
enough to avoid damaging the sample surfaces [39]. This is an important design
and experimental consideration for diode lasers based on InGaAsP/InP materials,
since these materials are particularly sensitive to facet damage and elevated
temperatures, where excessive heating can result in the loss of group V elements.

Additionally, if point defects are introduced through ion bombardment, these
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defects could result in local centers of heating which could cause deterioration of

the laser performance and eventually lead to premature failure [40].
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Figure 4.1 ECR-PECVD system
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A schematic diagram of the ECR-PECVD system is shown in Figure 4.1.
Microwave power generated by the magnetron head is introduced into the top of
the plasma generation chamber through a quartz window. Stub tuners, positioned
along the waveguide, are used to impedance match the waveguide system to
optimize the power coupled into the plasma by reducing the reflected power.

Two large electromagnets are positioned around the upper half of the
deposition chamber. The plasma gases (Ar, O; and N) are introduced through a
dispersion ring at the top of the deposition chamber. When the magnets and
microwave power are on, the electrons in the plasma experience a Lorentz force
proportional to the electric and magnetic fields applied:

F = q(E+vxB) 4.1)
The magnetic component causes the electrons to follow a helical path with a
cyclotron frequency of

w, =eB/m, (4.2)
and a radius defined by conservation of energy. Here, e is the electron charge, B
the appropriate magnetic field strength in Gauss, and m,. the electron mass. By
tuning the magnetic field so that the cyclotron frequency matches the microwave
frequency, a resonant condition exists where the electrons continuously gain
energy from the electric field. The region where this holds is referred to as the
ECR zone. As the electrons gain energy, the radii of their helixes increase,
thereby increasing the probability of collisions with other particles in the plasma.

Eventually, a state of dynamic equilibrium is reached where there is a balance of
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the energy gained from the electric field and the energy lost through collisions. In
this work, the microwave frequency used is 2.45 GHz, so the corresponding
magnetic field strength required to satisfy the resonant condition is 875 G.

The silicon precursor is introduced through a dispersion ring located
below the lower magnet. Ar, O, and N ions leaving the plasma collide with the
precursor gas molecules, breaking them into various radical species which may
react with one another at the sample surface, forming various thin films. The path
of the silicon precursor from the dispersion ring to the sample surface is quite
direct, involving only a small number of activating collisions. A carefully-
designed gas dispersion ring ensured that a reasonable film uniformity can be
obtained [38]. Waste products are pumped out from the deposition system by a
diffusion pump.

For all the depositions performed in this work, the pressure in the
chamber was maintained at 2.4 mTorr, the currents in the upper and lower
magnets were set to 180A and 115A, respectively, the substrate temperature was
generally kept at 120°C, and the microwave power was 500W. Typically,
depositions are carried out at reflected powers less than 5% of the transmitted
power. The total gas flow rate during the deposition was generally between 30
and 60 sccm, depending on the gas mixtures. Reliable control of the film
refractive index was only achieved when the base pressure of the chamber was
kept below 107 Torr, after baking the chamber walls a pressure of 5x10™ Torr

was obtained.
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The silicon precursor used in this work is silane (SiH,). Silane is the
most popular source of silicon in plasma enhanced depositions, and is commonly
used in industry. This material is pyrophoric, reacting violently with oxygen in the
air upon contact; however, it is the most simple silicon compound available. The
reaction kinetics .of SiH4 have been studied for many years, and there is a
tremendous amount of literature available [41]. Most studies concluded that the
SiH; molecule undergoes abstraction processes in the gas phase to produce
silylene (SiH>) , and silyl (SiH3), along with hydrogen gas molecules. The silicon
radicals then act as precursors to film deposition and undergo a heterogeneous
reaction at the deposited film surface to become incorporated into the film with
the release of more hydrogen.

During the past years, extensive work has also been done on using
tris(dimethylamino) silane (TDAS, ((CH3);N);SiH) as the silicon precursor
because it is a safer alternative [42]. Due to the nitrogen content in TDAS,
however, it is not suitable for depositing the highest index films, such as a:Si.
Therefore, in this work SiH; was used for the deposition of films of the type
SiOxNy, and a:Si, providing a wider range of refractive indices than TDAS, thus

allowing the realization of more sophisticated interference filter designs.

Before deposition, the sample was mounted on a sample holder and
transported horizontally into the deposition chamber via a load-lock system (not

shown in Figure 4.1). The sample holder was then placed on a heated stage in the
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deposition chamber. The heater beneath the stage was set to 350°C, corresponding
to 120°C of sample temperature [38].

Laser bars were mounted as shown in Figure 4.2. The laser bars were
held in place by weak horizontal pressure from two pieces of silicon wafer
mounted on the sample holder. One of the silicon wafers can be used as a witness
wafer during the deposition.

As shown in Figure 4.2, the two silicon wafers are not of equal thickness.
The wafer close to the active region of the laser usually has a smaller thickness
compared to the cavity length of the diode laser; while the wafer close to laser
substrate usually has much larger thickness. By mounting the laser bar like this,
the electrical contacts of the diode lasers can be satisfactorily masked during the
deposition, meanwhile avoiding possible shadowing effects from the silicon wafer

of larger thickness.

laser bar

S

silicon wafer

é\ silicon reference wafer
é sample holder >/

Figure 4.2 A schematic diagram of a laser bar mounted on the sample

holder for optical coating
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4.3 OPTICAL PROPERTIES OF SiO,/ SizN4/ SiO,N, / a:Si

Si0,, Si3Ny, SiO,N, and a:Si are extremely important materials in many
areas of semiconductor device fabrication. These materials have been studied for
more than two decades. In this section, optical properties of these materials from

various published sources are discussed and summarized in Table 4.1.

Table 4.1 Optical properties of Si0,/Si3N4/a:S1/S10N,

Materials Refractive Index Region of Transparency
Silicon Dioxide 1.457@632.8nm 200 nm - 8 micron
(S107) 1.444@]1.55 micron
Silicon Oxynitride 1.462 ~ 2.0 @632.8nm 900nm-2600nm
(SiON,)
Silicon Nitride 2.015@632.8nm 290 nm - 10 micron
(S13Ny) 1.998@1.24 micron
1.950@]1.55 micron
Amorphous Silicon ~34mIR 1.1 micron- 14 micron
(a:S1)



mailto:1.444%401.55
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4.3.1 SiO; and Si3Ny4

The optical properties of SiO; and Si3Ny4 can be found in the literatures
[43,44,45,46]. Usually, their optical properties are determined either from
spectrophotometric (reflectance R and/or transmittance 7) or ellipsometric
measurements, among which variable angle spectroscopic ellipsometry (SE)
combined with R and T measurements appears to be most powerful. The
refractive indices of SiO; and Si3;N, being used in this work were taken from the
above references. Both materials are transparent in the visible and near infrared

regions.

4.3.2 a:Si

Amorphous silicon (a:Si) films were deposited using an Ar/SiH; gas
mixture. The extinction coefficient of the complex refractive index was found to
be less than 3x10™ indicating nonabsorbing a:Si films [40]. The refractive index
in the 1310nm to 1550nm region was reported to be around 3.4 [47,48]. Some
lower reported values of the refractive index for a:Si are likely due to some

hydrogen bonding in the a:Si structure [40,48].

4.3.3 SiO\N,
There has been a growing interest in SiOcNy films in the past years
because of their transparency in the visible and near infrared regions, and their

wide refractive index range, theoretically varying from the refractive index of
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Si0; (1.457 at 632.8nm) to the refractive index of SizN4 (2.015 at 632.8nm).
SiOxNy is considered as the best material for graded refractive index films for
applications in optical devices, and particularly in optical filters [49].

The optical properties of SiOxNy were studied and reported a number of
years ago [50,51]. Generally, the optical behavior of a homogeneous layer of
SiON, can be described by using the Bruggeman effective medium
approximation (EMA) [52,53]. The EMA considers the SiONy film as an
isotropic physical mixture of two phases, SiO, and Si3N4, homogenous on the
scale of the wavelength. The index of the mixture could be calculated from the
volume fractions of its components, assuming that these retain their intrinsic
optical properties. This approximation provides a simple description of the
SiONy dispersion law when the dispersion laws of SiO; and Si3N, are known.

Bruggeman EMA can be a practical way for roughly modeling » and %
of SiONy, but it cannot provide precise information relative to the composition
and structure. Actually, SiO,Ny is not a simple physical mixture of SiO, and Si3Ny4

[50,51]. The limitations in the use of the EMA approaches are due to following

concerns:

1) hydrogen incorporated in the films reduces », which is difficult to
account for in the EMA model

1i) films deposited at high ion energy or substrate temperatures represent

solid solutions at the atomic level, containing O-Si-N bonds, hence no

Si0, and Si3N4 domains can be distinguished
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iii)  the optical characteristics may be shrouded by the presence of pores

(possibly filled with water vapor), which result in lower »

Bulkin et al. [54] reported the wavelength dependencies of the refractive
index and extinction coefficient of SiO,N, films deposited by ECR-PECVD from
O,/Ar, Ny/Ar and SiH4/Ar mixtures, and investigated the optical properties of the
films by means of transmission spectroscopy in the wavelength range 200nm ~
2600nm. They found all layers to be transparent in the 900nm ~ 2600nm region,
but there is a shift of the absorption edge towards shorter wavelengths. The real
part of the refractive index is approximately wavelength independent in certain
wavelength regions (these regions depend on the deposition conditions and gas
mixtures ratios), which cover the 1.3 pm and 1.5 pum windows. Tompkins et al.
[55] analyzed silicon oxynitrides with spectroscopic ellipsometry and Auger
spectroscopy, comparing them with the analyses by Rutherford backscattering
spectrometry (RBS) and Fourier transform infrared spectroscopy (FTIR), and

reached similar results.

4.4 FILM THICKNESS AND REFRACTIVE INDEX

CONTROL BY in situ ELLIPSOMETRY

Ellipsometry is an old, but still very popular and powerful optical

technique for studying surfaces and thin films. The fundamental principles of the
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technique are well known. The following is a brief review of salient features that

are directly applicable to ellipsometry.

4.4.1 Theoretical Aspects

Figure 4.3 is an illustration of reflections and transmissions at multiple

interfaces.
g |
index=N, \1{:/' / /
] h
. [
index=N, L d
4
index=N, 6 \
]

Figure 4.3 Reflections and transmissions at multiple interfaces

The resultant reflected wave returning to medium 1 is made up of the
light reflected directly from the first interface plus all of the transmissions from
the light approaching the first interface from medium 2. Each successive
transmission back into medium 1 is smaller in intensity. The addition of this
infinite series of partial waves leads to the resultant wave. The ratio of the
amplitude of the resultant reflected wave to the amplitude of the incident wave

can be given by the total reflection coefficients [56]:
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R? = ”1!2J + rz’; exp(_ 12’8) (4.33)
1+ rir) exp(-i28)

R = rlsz + r2s3 exp(— 1218) (43b)
L+ rr, expl(~i28)

where p and s refer to waves parallel and perpendicular to the plane of incidence,
respectively.  Subscript “12” (or “23”) denotes that the Fresnel reflection
coefficient is for the interface between medium 1 and medium 2 (or medium 2
and 3). The Fresnel reflection coefficients for the interface between medium 1 and
medium 2 are given by [57a]:

_ N, cosf, — N, cosfl,
N, cosf, + N, cosb,

P
h,

(4.42)

. N, cosf@, — N, cosf,

= 44a
12 N, cosf, + N, cosb, ( )

where, N; and N, are the complex refractive indices of medium 1 and medium 2,
respectively. Similar coefficients can be derived for the interface between
medium 2 and medium 3. B in Eq(4.3) is the film phase thickness and is given

by [56]:
d
p = ?JT(I)NZ cost, 4.5)

where d is the film thickness. Therefore, the reflectance R is given by:

2

R=R?[  ad R=|R* (4.6)
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If §, denotes the phase difference between p-polarization and s-
polarization of the incoming wave, and J, that for the outgoing wave, the
parameter A, called delta or often abbreviated “Del”, is defined as:

A=d,-9, 4.7
Del, then, is the change in phase difference that occurs upon reflection and its

value can be from zero to 360°.

Without regard to phase, the amplitude of both perpendicular and parallel

components may change upon reflection. lR" | and |Rsl from Eq(4.3) are the

ratios of the outgoing wave amplitude to the incoming wave amplitude for the
parallel and perpendicular components, respectively. The quantity Psi, ¥, is

defined as:

v 8
tan¥ = +— .

| R‘| (4.8)
P, then, is the angle whose tangent is the ratio of the magnitudes of the total

reflection coefficients. The value of ¥ can be between zero and 90°. Therefore

the fundamental equation of ellipsometry is:

RP

s

p =tan¥-e” or tan¥-e’ = (4.9)

where the complex quantity p (tho) is the complex ratio of the total reflection
coefficients, A and ¥ are the quantities measured by an ellipsometer. The

information about the sample in question is contained in the total reflection

coefficients, or R”and R*.
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It should be noted that assuming the instrument is operating properly, the
quantities A and ¥ which are measured are always correct. Whether the
calculated sample parameters, such as thickness and refractive index, are correct
or not depends on whether the assumed model is correct. Therefore, the reliability
of the calculated properties is only as good as the assumed model. If an improper
model is assumed, although the values of A and ¥ are correct, the calculated

quantities may well be meaningless.

4.4.2 Ellipsometric Monitoring

A He-Ne laser operating at a wavelength of 632.8nm is used as the light
source in a rotating-compensator Fourier ellipsometer, Model i1000, Rudolph
Research Systems, shown in Figure 4.4. It consists of a polarizer and an analyzer,
both set at an azimuth of 45°, a rotating compensator, a detector, and the sample
under investigation. Careful calibration for the ellipsometer is required before the

operation [58].

!
Laser g ' & '%
632.8nm ‘*'N-' -
Polarizer Detector
Compensator  Analyzer

Figure 4.4  Schematic diagram of the rotating-compensator Fourier

ellipsometer
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In the measurement process, the intensity at the detector is:
I(C)= 4, + 4, c0s2C + B, sin2C + 4, cos4C + B, sin4C (4.10)

where C is the angle of the fast axis azimuth of the compensator crystal relative to
the plane of incidence of the sample. 4;, B; are Fourier coefficients, and are
determined by a calibration process [58].

Three reference wafers of known refractive index and thickness were
measured with the present ellipsometer. From this, three sets of A and ¥ were
obtained for a total of six parameters. These six parameters were used to calculate
the actual ellipsometer angle of incidence (AOI) and the window optical
properties. At the time of the thin-film depositions and optical measurments, the
AOI of the ellipsometer was 75.823%, and the complex refractive index of the
substrate assumed in the model was 3.858 —i0.018.

For a number of dielectric materials deposited by ECR-PECVD, the
extinction coefficient is virtually zero in the visible and near infrared regions.
Using Eq(4.3)-Eq(4.9), the expected values of A and ¥ can be calculated, and
plotted as so called “Del/Psi trajectories”’, shown in Figure 4.5. Here the “Del/Psi
trajectories” refers to the changes in the values of Del and Psi as a function of
film thickness and refractive index.

Figure 4.5(a) shows essentially the complete trajectories for the films
with refractive indices for 1.46, 1.57, 2.0 on single crystal silicon. These indices
are typical of SiO,, SiOxNy, and SizNy , respectively. SiO,N, of refractive index

of 1.57 was previously used in the triple-layer AR coating design shown in Table
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3.1(d). Although two of these trajectories appear to be discontinuous, one should
recall that for a fixed value of ¥, the value of A=0 and A=360 are the same.

An unknown thickness and refractive index of a thin film deposited on a
silicon sample can be determined by comparing the measured values of A and ¥
with the curves shown in Figure 4.5(a). Practically, the curve on which the
measured point (A,¥) falls determines the refractive index of the thin film. The
position on that curve determines the film thickness. By changing the refractive
index of the thin film and/or the film thickness, a different set of A and ¥ values
would be obtained.

In the ECR-PECVED system, when beginning to deposit an optical thin
film onto the substrate, the Del/Psi point begins to move down and to the right,
tracing out the trajectory. By assigning the refractive index of the thin film to a
particular value in the control program, e.g., n = 1.57 for SiO.N,, the film
thickness will follow a particular trajectory. Other values of refractive index
would give different trajectories. Therefore, one can control the film thickness
precisely during the depositions. This is extremely helpful especially when all the
trajectories are not well-separated, e.g., at the beginning of the deposition, or
when depositing optical films less than 50nm thick. This situation is illustrated in
Figure 4.5(b). At this point, a modified Turbo C++ (Ver.3.0) program was used,
which could set the refractive index of the thin film to the design value before the
deposition, and then one could monitor the growing film thickness precisely

during the deposition. In practice, to determine the refractive index of SiOxN, film
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(or to figure out the gas mixture ratio for the required refractive index), one or two
trial runs could be done, using silicon wafers onto which SiOxNy films of about
I00nm thickness were deposited. For larger thickness, the trajectory in Figure

4.5(a) simply retraces the same path.

Figure 4.5(@) The Del/Psi trajectories for films with several different

refractive indices, angle of incidence (AOI) = 75.823°.
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Figure 4.5(b) Close look at the beginning of the depositions when all the

trajectories are not well-separated, AOI = 75.823°.

45 FACET REFLECTIVITY

There are many different methods for measuring the reflectivity of AR-
coated facets. Some of the commonly used methods are presented below.

The first method is a simple approach, but it can be used only for devices
with one coated facet and only when the beams from both facets are unobstructed.
After coating, the laser is operated above its new, higher threshold current and the
L-1 curves from both facets are measured. The unknown reflectivity of the coated
facet is related to the assumed known Fresnel reflectance of the uncoated facet by

[59]:
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(4.11)

where 7, and 7, are the slope efficiencies for the uncoated and coated facets,

respectively. Obviously, this method only determines the facet reflectance at the
emission wavelengtﬁ of the solitary diode laser.

The second method [60] can be applied to gain media with AR coatings
on one or both facets, and it does not require an unobstructed beam from either
facet. It relates a change in the round-trip amplification factor to a change in the
modulation index of the emission spectrum. The magnitude of the round-trip

amplification factor is given by

la| = \JRR,, expl(g ~at )L ] (4.12)

For an uncoated laser, R, =R, =R, , where R, is the Fresnel
reflectance of an uncoated facet. In order to conserve energy, |al <1, and at laser

threshold |a]~1 . After coating, the value of |a| at the same current and

wavelength is reduced to

- leR/Z

|a|2 R 2 (4. 1 3)
The modulation index m of the sub-threshold emission is given by
Fows = P (4.14)

m=—————-"
Pmax+Pmin



63

where P and P are, respectively, the local maximum and minimum at the

max

peak of the emission spectrum. When the coated device is driven at the original

uncoated-laser threshold current, |a| is related to m by

_ 2

=T |a|2 (4.15)

This method, like the previous one, is strictly accurate only at the
original oscillation wavelength of the solitary diode laser. At other wavelengths
the gain is lower, and this method tends to underestimate the reflectance.
Furthermore, when both facets have been coated, it is often difficult to measure m,
and the method only gives the product of the two coating reflectivities.

The third method is by means of analyzing the amplified spontaneous
emission (ASE) spectra. Currently, two techniques are available to evaluate the
reflectivity of an AR-coated diode laser facet, and it is the sum/min method
(described in the following) that was utilized in this work.

When a diode laser is operated below threshold, its broad spectral profile
is modulated by a series of peaks and valleys corresponding to the Fabry-Perot

cavity modes generated by the laser facets. The modulation depth of these

structures is a function of the facet reflectivities of the laser under study. The
steady-state output intensity of the optical frequency I'* (v) from the left (-) or

right (+) end of a laser is [61]:
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)= B(1+R.G)1-R,) “.16)
(1+ RG) -4RGsin’6

where R, are the reflectivities of the mirrors forming the resonator, G is the
single-pass intensity gain, B is the total amount of spontaneous light of frequency
v coupled into the laser mode, and R® = R,R_, 8 = 2x lv/c where c/2l is the free

spectral range of the resonator.

The conventional Hakki and Paoli method [62] (so called HP method or
max/min method) for evaluation of the laser facet reflectivity relies on the
measurements of oscillatory ASE spectra both before and after AR coating at the
same injection current level [23,63]. Since the gain and the spontaneous emission
spectra are common, whereas only the reflectivity is changed, the difference in
peak-to-valley ratio will give a direct estimate of the reflectivity after the coating.
This approach involves the measurement of the maxima and minima of the Fabry-
Perot spectrum, and the net gain is given by:

h
G@)=lh{£r—lJ+%h{%) 4.17)

L rA +1
where 7 is the peak to valley ratio of the i mode. When rearranging Eq(4.16), r

1s found to be:

_(1+RG)

r= koY (4.18)

or isolating the RG product,
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Jr-1
Jr+1

Therefore, the product of the facet reflectivities and the gain can be determined

RG =

(4.19)

for each mode by measuring the peak-to-valley ratio for the Fabry-Perot
modulations in the laser’s emission spectrum under threshold.

One fundamental requirement of Hakki and Paoli’s method is a high
wavelength resolution provided by the measurement system. Practically, one
cannot measure the peak to valley ratio very accurately, because the measured
signal represents the true laser spectrum convolved with the instrument response
function, thereby reducing the recorded modulation depth.

To overcome this difficulty, an alternative approach was proposed by
Cassidy [61], which made use of the integral in Eq(4.16) over the free spectral
range, together with the minimum of each individual mode. The net gain is thus

given by:

1ty 1M1
G(A)—Lln(p+1j+Lln(R) (4.20)

where p is the ratio of the integral over one mode to the mode minimum,
p=p2l/c,and

._ C1+RG
P=oI1-RG

(4.21)

Isolating the RG product gives:
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(4.22)
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Compared with Hakki and Paoli’s method, Cassidy’s method can be used
more accurately to determine the reflectivity of an AR-coated diode laser by
measuring the RG product before and after coating. Practically, the integral over
one mode is obtained by summing N equally spaced intensity measurements, and
then taking an average. This approach is then called the mode sum/min method.
Cassidy’s method therefore has a larger data storage requirement.

Cho and co-workers [64] have shown that Cassidy’s method is superior
to other methods for gain evaluation of diode lasers, and confirmed the
comparatively lower sensitivity of this technique to the instrument response
function compared to the Hakki and Paoli one. Because of the improvement in
signal to noise ratio (SNR) in Cassidy’s method, it does not require a correction if
errors of less than 5% can be tolerated [64].

The devices used in the experiments were InGaAsP/InP MQW lasers at
different wavelength regions. The cavity lengths of the diode lasers ranged from
300um to 1500um. Uncoated diode lasers were driven at 85-95% of the original
threshold current to investigate the bias current effect on reflectivity estimate. The
temperature was set to 20°C and kept constant by a Peltier cooler. For using a
HP70951B Optical Spectrum Analyzer (OSA), the diode laser output was coupled

into an optical fiber with an angled facet end (~ 45%), which greatly reduced the
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feedback from the fiber end during the measurements (in this measurement
system, the fiber end could be brought to the laser bar as close as 200 ~500
micron under microscope, and no collimating lens was used between the diode
laser and the fiber). For using an Anritsu MS9710C Optical Spectrum Analyzer,
F220FC-C / F230FC-C Connectorized Collimation Packages (AR-coated for 1050
~ 1550nm) were used. The ASE spectra were measured with wavelength
resolutions of 0.05, 0.1, and 0.2 nm to investigate the effect of finite wavelength
resolution on the reflectivity evaluation. The resolution ranged from 0.05 to
0.2nm for the Anritsu MS9710C OSA, and from 0.05 to 0.1nm for HP70951B
OSA, and were found reasonable in avoiding the deterioration of the data quality.
The data presented in this work were all measured with 0.05nm resolution / 5Snm
span for the Anritsu OSA, and 0.1nm resolution / 5nm span for the HP OSA.
After depositing the AR coating on one facet, the diode laser was driven
at the same bias current level and the ASE spectra were measured again with the
same wavelength resolution. An example of the measured ASE spectra of a diode
laser before and after the coating, biased at 90% of the original threshold current
is shown in Figure 4.6. The AR coating simulation, both measured and then
calculated reflectivity data points are shown in Figure 4.7. The diode laser and

AR coating parameters were taken from Table 3.1(a).
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Figure 4.6 Measured ASE spectra of a 1.66 pm single QW diode laser
before and after AR coating with wavelength resolution of O.Inm, biased at the

same current level.

Figure 4.7 Simulated reflectivity curve and measured experimental data

points
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4.6 SUMMARY

In this chapter the fabrication of AR coatings on diode laser facets has
been discussed. Real time monitoring of the optical thin films is the key to
obtaining low reﬂgctivities. The deposition process, €.g., the pressure in the
chamber during coating, the gas mixture ratios, and the deposition rate should be

optimized for this case to ensure high quality thin films.
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CHAPTERSS

GRATING-EXTERNAL-CAVITY DIODE

LASERS

5.1 INTRODUCTION

Diode lasers are known to be highly susceptible to optical feedback
induced by reflections from outside the laser cavity. Under proper circumstances
this undesirable effect can, however, also be used as an advantage. The static,
dynamic, and spectral properties of the laser may be considerably influenced by
coupling a portion of the diode laser output back into the laser cavity in a
controlled fashion. Such intentional optical feedback from an external reflective
element allows for an effective control of, e.g., the threshold gain, the emission
wavelength, as well as the linewidth and mode stability of the diode laser.

In general, the behavior of a diode laser in an external cavity can be
highly complicated, with the details depending on the feedback level, the external
cavity length, the diode laser parameters, and on the optical power level. In an
attempt to classify the behavior, five distinct operating regimes are identified [4],

depending on the fraction of light that is fed back into the laser cavity; and

71
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reference [65] presented an updated and more detailed discussion. The five

regimes are:

L

II.

II.

With very low levels of feedback, line narrowing or broadening is
observed depending on the phase of the returned light. The external-
cavity diode laser will show stable operation.

In the second regime, mode hopping is observed for light returned out of
phase with the laser field. The lasing mode jumps between two external
cavity modes, closely spaced in wavelength. In this case, the time-
averaged spectrum of the diode laser will have two peaks, each
corresponding to one of the possible modes.

In regime III, which is a very narrow region with feedback levels of —45
dB to -39 dB, the diode laser operates in a stable single mode with a
narrow linewidth. The mode hopping in this regime is suppressed, and
the laser remains sensitive to other reflections of comparable or greater

magnitude.

. With higher feedback levels, line broadening by several orders of

magnitude is observed; this phenomenon is known as “coherence
collapse” [66] because of the drastic reduction in the coherence length of
the laser. A diode laser operating in this regime is unsuitable as a narrow
linewidth source. In this regime there is also a strong increase in the

intensity noise of the diode laser.
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V. In regime V, where the feedback levels are higher than —10 dB, stable
single mode oscillation with a very narrow linewidth occurs again. This
level of feedback is obtained only when the facet through which light is
fed back into the laser cavity is AR coated. In this regime, the laser
ideally operates in a long cavity with a short active region and the
feedback dominates the field in the diode laser. The linewidth in this
configuration is narrowed for all phases of returned light, and 1is

generally insensitive to all other reflections.

It is important to note that only in regimes III and V is the laser line
always narrowed by the feedback. Regime III, however, requires controlling the
reflected power to be between —45 dB to -39 dB. This in turn, results in extreme
sensitivity to additional weak reflections. Only in regime V is the laser narrowed
for all feedback phases, and insensitive to additional reflections. This regime can

be attained for AR-coated diode lasers.

During the past years, extensive work has been done on linewidth
enhancement factors utilizing short external cavity (SXC) diode lasers [67]. It was
found that the linewidth enhancement factors strongly depend on the emission
wavelengths, and are fairly independent of the output powers for SXC diode

lasers. Bonnell and Cassidy [68] have found that the fraction of light reflected

back to the diode laser is less than 5x 107 for a short external cavity. Some other
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workers have also estimated the amount of light feedback to the diode laser
[69,70]. The accurate value depends on the dimension of the laser waveguide and
often time is difficult to obtain.

Although it is relatively easy to construct a SXC diode laser, its tunable
range is limited to 10 ~ 30 nm compared with 20 ~ 100 nm tunable range for a
GEC diode laser [71]. In the SXC configuration, the side mode suppression ratio
(SMSR) for short external cavity length L. (50 pm, for example) is limited
because the frequency selectivity of the external cavity is reduced, and modes
adjacent to the lasing mode are also reinforced; as L. increases further, the single
longitudinal mode (SM) tuning decreases because the amount of optical feedback
is reduced and, more importantly, because other modes resonant with the external
cavity are enhanced. As a result, the tunable range for SXC diode lasers is limited
by adjacent side modes for short L, and resonant external cavity modes for long L..
Therefore, in this work a GEC diode laser was used in spite of its complex
construction and operation.

To ensure stable operation of external-cavity diode lasers in regime V, it
1s necessary to provide an AR coating to the laser facet facing the external cavity.
Such a coating prevents the laser from operating in a mode determined purely by
the laser facets and forces it to operate in a mode determined by the external
reflector.

A grating-tuned external-cavity diode laser is outlined in Figure 5.1. The

diode laser acts as a gain medium in the coupled cavity. In this work, it was
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mounted on a Peltier cooler. The reflection grating, facing the AR-coated facet,
was held in a gimbal mount, and placed about 10 ~ 15 cm away from the diode
laser. The grating was placed with grating lines perpendicular to the diode laser
junction plane (this placement will be further discussed in section 5.4.1). Between
the grating and the AR-coated facet, a collimating lens was used to couple the
highly divergent emission from the diode laser to the grating. A He-Ne laser was
used during the optical alignments so that the grating was in a plane that is
parallel to the laser facet. Light transmitted through the uncoated facet of the
diode laser was collimated and focused to a single mode fiber through F220FC-C/
F230FC-C Connectorized Collimation Packages (AR-coated for 1050 ~ 1550nm,
not shown in Figure 5.1), and the spectrum was recorded by an Anritsu MS9710C

Optical Spectrum Analyzer.

coated collimating diffraction
facet lens ratin
laser i g g
diode
output i > -4-

Figure 5.1 The grating-extemal-cavity (GEC) diode laser scheme
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In the following sections, the grating-tuned external-cavity diode laser,
operating in Regime V is discussed. The theoretical background of the diffraction
grating and the tuning properties of the grating-external-cavity (GEC) diode laser
are given. The grating response is calculated to determine the selectivity provided
by the grating. Thé single longitudinal-mode oscillation of the external cavity is
discussed. In the final part of the chapter, the experimental results for the single

mode oscillation and the tuning range measurements are presented.

5.2 DIFFRACTION GRATINGS

Diffraction gratings have been known for over 150 years. They are
important dispersing elements in spectroscopic instruments. The function of a
diffraction grating is to interact with a wave in such a way that it generates a
series of further waves, traveling in different directions which are dependent upon
the wavelength.

When a traveling wave encounters an obstruction with dimensions
similar to its wavelength, some of the energy in the wave is scattered. If the
obstruction is periodic, or indeed if there is a periodic variation of any parameter
which affects the propagation of the wave, energy is scattered into various
discrete directions or “diffracted orders”, and a structure which acts in this way
may be referred to as a “diffraction grating”. From the point of view of a wave in

a diffracted order, the effect of the grating is to change the direction of
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propagation, and the amount by which it does so depends upon the relationship
between the wavelength and the period. In this way a grating can disperse a
variety of wavelengths to form a spectrum. In practice most gratings consist of a
suitable rigid substrate with an optical surface upon which are produced a series
of equispaced parallel grooves.

The concept of blazing a grating is that each groove should be so formed
that independently, it redirects the incident light in the direction of a chosen
diffracted order. Thus, in a reflection grating each groove consists of a small
mirror inclined at an appropriate angle.

In Figure 5.2, the light is incident at an angle 6; and reflected at an
arbitrary angle 6, where both are measured from the grating normal. The facet
normal to the groove face makes an angle 6, relative to grating normal. This angle
is the blaze angle of the grating. One can adopt the sign convention that angles
have the same sign when they are on the same side as the grating normal and
opposite sign if the rays cross over the normal. The grating equation can be
written [57b]:

d(sind, +sind,, ) = mA (5.1)

The blaze condition is satisfied when the angle of incidence with respect

to the facet normal is equal to the angle of reflection from the facet, i.e.,
0;— 6, =0+ 6y
or Op=(60:—0)/2

or 0=20,-26,
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which shows us immediately that the facet angle depends upon the mounting in

which the grating is used. A particularly simply case is that of the “Littrow

mounting” in which the diffracted beam returns along the path of the incident
beam. In this case, 38 = - 3, and 3/,= 3, and the grating equation may be written
2dsindb = mX (5.2)

The majority of spectrometric systems use gratings in their first order

and not far from the Littrow condition.

Grating

Mean
grating
plate

Figure 5.2 Determination ofthe facet angle for a blazed grating

53 MOUNTING THE GRATING
The grating used in this experiment is held in a gimbal mount with two
angle-tuning screws that can be adjusted during the optical alignments and

wavelength tuning. One angle scans across the grooves thereby selecting a
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different angle of diffraction for the first-order diffracted beam and, hence, a
different oscillating wavelength. The other angle scans along the grooves and
serves mostly for aligning of the diffracted beam back into the diode laser cavity.

The grating efficiency (energy distribution) depends on many parameters,
including the power and polarization of the incident light, the angles of incidence
and diffraction, the complex index of refraction of the metal (or glass or dielectric)
of the grating, and the groove spacing. A complete treatment of grating efficiency
requires the vector formalism of electromagnetic theory (i.e., Maxwell’s
equations), which has been studied in detail over the past few decades. Recently,
computer codes have become commercially available that can accurately predict
the grating efficiency for a wide variety of groove profiles over wide spectral
ranges [72].

For blaze angles above ~ 10°, the diffraction efficiency strongly depends
on the orientation of the optical polarization with respect to the direction of the
grooves [73]. A particularly useful regime for tuning external-cavity diode lasers
is the range of blaze angles from about 18° to 38°. For this regime, there is a

broad plateau of high efficiency for &, >€, when the incident polarization is

perpendicular to the direction of the grating .

Typically the output radiation beam of the diode laser is characterized by
two angles, which measure the divergence of the beam in the direction parallel
and perpendicular to the junction plane. Usually, the beam divergence in the

perpendicular direction is much broader than in the parallel direction and hence
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more lines on the grating will be illuminated if the grating is mounted with the

grooves parallel to the junction plane. However, the highest first-order grating

reflection can be obtained only when the electric field vector is perpendicular to

the grooves [74].

The efficiency behavior of blazed gratings may be divided into six blaze

angle regions [75]:

L

IL

Very-low blaze angle gratings (6, < 5°) exhibit efficiency behavior that
is almost perfectly scalar; that is, polarization effects are negligible.
For low blaze angle gratings (5° <8, <10°), polarization effects begin

to arise. The S-plane (S-plane has the electric vector perpendicular to the
grooves) efficiency peak, always 100%, occurs exactly at the blaze angle
or wavelength. The P-plane (electric vector parallel to the grooves)
efficiency peak, always less (90% typical), is shifted slightly to shorter
wavelengths. It is characteristic for all P-plane efficiency curves to
decrease monotonically from their peak to zero, as A /d increases to its
limiting value of 2. Even though the wavelength band, over which 50%

efficiency is attained in un-polarized light, is from 0.6741, to 1.84,,

gratings of this type (with 1200 grooves per millimeter, for example) are
widely used, because they most effectively cover the wavelength range
between 200 and 800 nm (in which most ultraviolet-visible

spectrophotometers operate).
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Medium blaze angle gratings ( 10° <6, <18 ) show stronger

polarization effects. For un-polarized light the efficiency is simply the
arithmetic average of the S-plane and P-plane efficiencies.

Low-anomaly blaze angle gratings (18° <@, <22°) occupy a unique
position. Special low S-plane anomaly is quite well maintained over a
large range of angular deviations (the angle between the incident and
diffracted beams), namely 25°, but it depends on the grooves having an
apex angle near 90°. It may be noted that this minimal S-plane anomaly
behavior is accompanied by the lowest first order P-plane peaks of any

blazed grating, about 8§0%.

High blaze angle gratings (22° <6, < 38°) are widely used, despite the
presence of a very strong anomaly in S-plane efficiency curves. For un-
polarized light, the effect of this anomaly is greatly attenuated by its
coincidence with the P-plane peak. A 50% efficiency is theoretically

attainable in the Littorw configuration from 0.64, to 21, , but in

practice the long-wavelength end corresponds to such an extreme angle

of diffraction that instrumental difficulties arise.
Very-high blaze angle gratings (38° <8, < 64°) are rarely used in the

first order; their efficiency curves are interesting only because of the

high P-plane values.
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The grating used in this work is a 600 line mm’' ruled grating (blaze
angle of 22.02° at 1.25 pm). This blaze angle falls in one of the six blaze angle
regions, 22°~38°, which shows high grating efficiency and probably low anomaly
for S-plane. Also in this region, there is a wide angular band in the S-plane over
which very high efficiencies can be observed. This high S-plane efficiency shows

a relatively flat curve over the 1 /d range of 0.8~1.7. Meanwhile the effect of

high P-plane efficiency is to reduce in practice the effect of the S-plane anomaly.
Therefore this property is often used to maximum advantage when gratings serve
as laser end mirror tuning elements.

Even after AR coating, the diode laser in the external cavity continues to
emit radiation in the TE polarization (that is, the electric field vector lies in the
plane of the junction); the TM polarized modes still have higher losses in the
diode laser cavity. Therefore, in order to minimize losses in the overall cavity, the
grating is mounted such that the grooves are perpendicular to the junction plane
and hence the electric field vector. This arrangement is displayed in Figure 5.3.

The grating in this experiment was mounted in the Littrow configuration,
i.e., the first order diffracted beam was reflected collinear with the incident beam
and re-imaged onto the laser facet. Considerable care was taken to ensure that the
grating was mounted vertically on the holder so that the two angle tilts were

decoupled.



83

=
%2

-
e Z5)el@vs
=

junction plane

Figure 5.3 Figure showing how the grating is mounted with respect to the
diode laser. The grooves are perpendicular to the electric field, which is parallel to

the junction plane.

54 TUNING PROPERTIES OF EXTERNAL-CAVITY DIODE

LASERS WITH DIFFRACTION GRATINGS

The solitary diode laser without external feedback has a multi-
longitudinal mode spectrum with mode-spacing of approximately 0.2 ~ 0.8 nm
(depending on the details of laser parameters). The purpose of optical feedback
from the external cavity can be three fold:

1) to obtain single longitudinal mode oscillation,
2) to realize a broad-band tuning range,

3) to obtain a narrow spectral linewidth (i.e., highly coherent source).
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To achieve these objectives the diode laser was coupled strongly to an
external cavity loaded with a diffraction grating, shown in Figure 5.1. In this
configuration the external cavity was the dominant cavity since the mode
selection of the Fabry-Perot cavity (solitary diode laser) was partly destroyed by

AR coating one of its facets.

5.4.1 The Diffraction Grating Response

The diffraction grating in a grating-tuned external-cavity diode laser can
be viewed as a “reflection filter” with a certain reflection bandwidth Av (in some
publications, Av is called reflection passband). The center frequency of this band
is variably controlled by the angle of the grating. In this band, there could be a
number of possible solutions to the external cavity resonance condition. This
number N is dependent on the length of the external cavity L and is given by [76]:

N =(2L/c)-Av (5.3)

The reflection bandwidth Av of the grating can be accurately determined
by solving the boundary value problem for diffraction of the electromagnetic
waves by a periodic boundary, taking into consideration the direction, polarization
and amplitudes for the various waves. This is covered extensively in reference
[73]. For the purpose of this thesis, it is sufficient to determine Av from a scalar
aspect of diffraction having to do with the image-forming characteristics of the
diffracted waves, when they are limited in size by gratings of the finite width.

Therefore the formula used for the calculation of Av of the grating filter is:
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A =2 [(mN ;) (5.4)
where m is the order of scattering, and
N, =2a/(d cosp) (5.5)
is the effective number of illuminated lines of the grating, and
2a = spot size of the incident beam
d = grating constant (line spacing)
¢ = incident angle
In this experiment, the first-order diffracted beam was fed back into the
laser cavity by a 600 line mm™ ruled grating (Edmund Scientific E43746). The
incident angle, ¢ , can be determined from the grating equation, Eq(5.2), because
the incident angle and the first-order beam are collinear.
The spot size of the beam incident on the grating is determined using the

following formula and assuming a Gaussian beam [57c]

w(z) = wg{l + [izz—] } (5.6)
T Wyn

where
w, = minimum spot size at z =0 (spot size of the source)
z=  distance between source and lens
n= refractive index of the medium of propagation
and w(z) is the distance at which the field amplitude is down by a factor /e

compared to its value on the axis. Figure 5.4 shows these parameters graphically.
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Figure 5.4 Geometry for determining the spot size of the beam incident on a

diffraction grating

The spot size wy at the laser can be determined from a transcendental

equation [77]:

exp[(nwa/\)sin®(0,/2)] = 1.414co0s%(0,,/2) (5.7)
where 0, is the laser far field pattern divergence angle at I/e of the field
amplitude in the direction parallel to the junction. Typically, for ridge-waveguide
diode lasers, 0,= 10° ~ 25° [74]. The following values are used to roughly
determine w(z):

A=1.55pm

0,=15°

w,=2.206 um (calculated value using Eq(5.7))
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z = 1.8 cm (measured distance between diode laser and
collimating lens)
hence,

w(z)= 4.03 mm

Now therefore, the FWHM of the grating response is determined by
substituting the value for w(z) (which in this case equals to a) into Eq(5.5), and
then Eq(5.5) into Eq(5.4):

_Adcosp

AZ =0.28 nm

2a

therefore
c
Av= —Z-A/l =35 GHz
A

The grating response indicates that a band of frequencies (and not a
single frequency) is reflected by the grating back onto the laser facet.

Typically, the diode laser internal modes are about ~ 100 GHz apart.
Therefore one can conveniently conclude that, although the light is reflected in a
band of frequencies, this band will not include the next internal mode of the diode
laser, that is, only one diode laser internal mode will be selected at a given
orientation of the grating. However, the band of frequencies reflected from the
grating may involve several external-cavity modes (depending on the length of
the external cavity). Therefore, some external-cavity modes may acquire enough

gain (from spontaneous emission noise, for example) for oscillation. However, the



88

tendency of the diode laser would be to oscillate on a mode located at the peak of
the grating response, since that mode would have the lowest optical loss and/or
highest gain [78]. As a result, the gain discrimination can be strong enough so as
to force the laser to oscillate at the wavelength for which the external feedback is
strongest even though the free-running laser wavelength may have drifted many
nanometers away from it. Therefore, the external-cavity mode closest to the

grating passband central wavelength will be selected.

5.4.2 Theory of Grating-Tuned External-Cavity Diode Laser

Consider a grating-external-cavity (GEC) diode laser configuration of the
type depicted in Figure 5.1. Here a diode laser, represented by an active medium
in a short optical cavity with plane mirrors, is coupled to a much longer external
cavity having a frequency selective and tunable reflective grating. The amplitude
reflectivities of the diode facets are r; and 7, and that of the external reflector at
the oscillation frequency w, including all external losses, is r3(w).

In the case of strong external optical feedback with the AR-coated facet
facing the grating, the amplitude reflectivities of the AR-coated diode laser facet
and the external reflector are related as r, <<r3 . The lengths of the internal diode
laser cavity and the external cavity are Ly and L., respectively, and the refractive
index of the active medium is n, . The round-trip times inside the internal and the

external cavity are:
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Td =2ndLd/c

5.8
Z,=21,/C 8)

respectively, with c being the velocity of light in vacuum.

This coupled-cavity configuration can be conveniently analyzed as a
simple two-mirror laser structure by replacing the diode laser output facet
reflectivity r2 by a complex-valued effective amplitude reflection coefficient
reff((0), which takes into account the effects of both r2 and r3(co). Considering the
multiple reflections of the laser diode facet, by keeping the r2 surface as a

reference plane, rgjj(a)) takes the form [79,80]:

(5.9a)

or

(5.9b)

The expression in EQq(5.9) appears as the geometric sum of multiple
reflections. This approximation ignores the contributions from higher order
transverse modes being scattered at the laser mirror and reflected back into the
fundamental transverse mode ofthe laser.

The round-trip condition for steady-state operation of the coupled-cavity

laser can be expressed as:

-re#(iu) = | (5.10)
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where gy is the threshold gain and a,, represents the mode loss. Using Eq(5.10),

the threshold gain 1s determined by:

.y (@)) (5.11)

1
glh =am ‘—'z—'ln(r]

d
From Eq(5.11), it can be seen that the threshold gain of the diode laser in external
cavity changes as the tuning wavelength changes. This will be shown explicitly in
Figures 5.7, 5.11, and 5.15 in section 5.5.
The mode frequency w satisfies the phase condition
w-t,+¢(@)=2mz (5.12)

where m is an integer, and from Eq(5.9b), after some mathematical work,

w(w)ztan_,(( r,(1-r?)sinfw-,) j e

r(+ 72 )+ {1+ 77 eos-7,)
is the feedback-induced phase shift. Therefore, Eq(5.12) can be conveniently
written as:

(a)—com)-rd +(p(a))=0 (5.14)
where @, =2mn [t , being the frequency of m™ longitudinal mode of the solitary
diode laser without optical feedback. For each individual mode w,, , Eq(5.14) can
be used to obtain the lasing frequency w, while Eq(5.11) determines its threshold
gain.

In the case of wavelength-dependent feedback, 3 is a function of w.

Although the exact form of r; (w) depends on the specific feedback element used

(grating, reflection filter, etc.), one can formally write
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(@) =R, f@-o,/7,) (5.15)

where R; is the peak reflectivity occurring at @,, and 7, is a measure of the

spectral width over which significant feedback occurs. Therefore, the oscillation

frequency w can be conveniently expressed in the following form [78]:

o= @atP 20 (5.16)
(1+8)
where [ is a dimensionless parameter given by
B= \/—R:(l_Rz) z. (5.17)
JR, 1+ R)+[R,(1+R,))z,

and R, =r] is the reflectivity of the facet facing the external reflector.

Eq(5.14), Eq(5.16) and Eq(5.17) are of crucial importance when
analyzing the tuning performance of external-cavity diode lasers with strong
feedback. Eq(5.16) shows the pulling of the FP mode towards @, , the frequency
at which the feedback is strongest. This mode-pulling phenomenon is similar to
that occurring in solid-state and gas lasers where the FP mode is pulled toward the

gain peak. The parameter £ in Eq(5.17) is also known’as “stabilization factor”,
and can be made large by decreasing R, by increasing R;, and by making the

external cavity longer than the laser cavity (z, >7,). When § is made large
enough, from Eq(5.16), one can see that w — w,. This is the basis of the mode-

pulling effect in external-cavity diode lasers with a wavelength selective element.
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In this work, decreasing R, is achieved through AR coating of the diode
laser facet facing the grating. The value of R; depends not only on the grating
reflectivity but also on the coupling and propagation losses encountered by the
mode during a round trip inside the external cavity. Therefore, if one wants to
increase R;, the losses in the external cavity should be minimized.

During the tuning operation, for each orientation of the grating, the
grating dispersion selects an external-cavity mode with the minimum threshold
gain to oscillate within the internal cavity mode considered. The tuning of the
grating dispersion profile relative to the frequency comb of external-cavity modes
will determine the finer details of the tuning characteristics of the laser.
Consequently, by rotating the grating, continuous wavelength tuning over several

external-cavity mode spacing can be accomplished.

5.4.3 Tuning Range Measurements

A careful initial alignment of the grating, collimating lens, and optical
detector is required. Small adjustments of the grating rotation screws should
smoothly shift the laser wavelength. At the very end of the tuning range, since the
gain cannot compensate for the cavity losses, the laser will not oscillate. In
another case, if the AR coating was not perfect (such as the AR coating
bandwidth being less than the gain bandwidth), the laser output would be seen to
hop back and forth or share power between two very different frequencies (this

phenomenon was often found when tuning a diode laser without AR coating).
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One is the fixed “free-running” wavelength at which the laser will operate if there
is too little or no feedback from the grating; the other is the angle-dependent
wavelength set by the grating feedback.

Tilting the grating should tune the output wavelength over a certain
range, depending on the particular laser parameters and structure, and the amount
of feedback from the diffraction grating. With grating rotation the lasing
wavelength moves with mode jumping from one longitudinal mode to the next
one. The choice of which mode the laser will hop to next is often extremely
sensitive to optical feedback. If the grating or the lens is misaligned, the output
wavelength will either be insensitive to small changes of the grating angle or will

move only a small amount and then jump backwards.

5.5 EXPERIMENTAL RESULTS AND DISCUSSION

Three different diode laser structures were used in this work. All of them
are of ridge waveguide structures, and were put in grating-external-cavity (GEC)
set-ups in the Littrow configuration. The output power before and after AR
coating was measured, shown in Figures 5.5, 5.9 and 5.13, respectively, for three
different laser structures. The threshold current was found to increase for the GEC
diode laser with one facet AR-coated, compared to a solitary diode laser without
AR coating. This is shown in Figures 5.6, 5.10 and 5.14, respectively. Threshold

currents as a function of emission wavelength were also measured for each
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individual laser structure in GEC configuration, shown in Figures 5.7, 5.11 and
5.15, respectively. The points in those curves correspond to emission wavelengths
selected by rotating the reflection grating. The tuning ranges for three different
laser structures are displayed in Figures 5.8, 5.12 and 5.16, respectively. At the

end of this section, the experimental results are summarized in Table 5.1.

55.1 1.66 pm Single Quantum Well Diode Laser

Figure 5.5 The injection current versus output power for a 1.66 pm diode

laser. Dashed and solid lines correspond to before and after AR coating of the

solitary diode laser, respectively. The diode laser temperature was 20°C in all

cases.
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Figure 5.6 The injection current versus output power for a 1.66 pm diode
laser. The dashed line represents a solitary diode laser without AR coating. The

solid line represents an AR-coated diode laser in grating external cavity (GEC)

configuration. The diode laser temperature was 20°C in all cases.

1656 1658 1660 1662 1664 1666 1668 1670
wavelength (nm)

Figure 5.7 Threshold currents ofa 1.66 pm AR-coated diode laser in

grating-extemal-cavity as a function of lasing wavelength.
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Figure 5.8 Grating-tuned output spectra for a 1.66 pm AR-coated
diode laser. The left-most tuning wavelength is 1654.0nm, and the right-most is

1668.Inm.The tuning range is approximately 14.1nm.

The tuning range of GEC diode laser in this case was improved from

8.2nm without AR coating to 14.1nm with one facet AR-coated.
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55.2 MQW Diode Laser (#3229)

Figure 5.9 The injection current versus output power for MQW diode

laser #3229. Dashed and solid lines correspond to before and after AR coating of

the solitary diode laser, respectively. The diode laser temperature was 18°C in all

Mmeasurements.
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Figure 5.10 The injection current versus output power for MQW diode
laser #3229. The dashed line represents a solitary diode laser without AR coating.

The solid line represents an AR-coated diode laser in grating external cavity

(GEC) configuration. The diode laser temperature was 18°C in all measurements.

1525 1530 1535 1540 1545 1550 1555 1560
wavelength (nm)

Figure 5.11 Threshold currents of AR-coated MQW diode laser #3229 in

grating-extemal-cavity as a function of lasing wavelength.
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Figure 5.12  Grating-tuned output spectra for AR-coated MQW diode
laser #3229. The left-most tuning wavelength is 1526.3nm, and the right-most is

1557.2nm. The tuning range is approximately 30.9nm.

The tuning range of the GEC diode laser in this case was improved from

26.1nm without AR coating to 30.9nm with one facet AR-coated.
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553 MQW Diode Laser (#2452)

Figure 5.13 The injection current versus output power for MQW diode

laser #2452. Dashed and solid lines correspond to before and after AR coating of

the solitary diode laser, respectively. The diode laser temperature was 20°C in all

cases.
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Figure 5.14 The injection current versus output power for MQW diode
laser #2452. The dashed line represents a solitary diode laser without AR coating.
The solid line represents an AR-coated diode laser in grating external cavity

(GEC) configuration. The diode laser temperature was 20°C in all cases.
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Figure 5.15 Threshold currents of AR-coated MQW diode laser #2452 in

GEC configuration as a function of lasing wavelength.
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Figure 5.16  Grating-tuned output spectra for AR-coated MQW diode
laser #2452. The left-most tuning wavelength is 1509.8nm, and the right-most is

1571.Inm. The tuning range is approximately 61.3nm.

The tuning range ofthe GEC diode laser in this case was improved from

49.0nm without AR coating to 61.3nm with one laser facet AR-coated.
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5.54 Summary of Experiments and Discussion
The results of the experiments completed in this work are summarized in

Table 5.1.

Table 5.1 Summary of tuning properties

threshold current Iy, (mA) ’ tuning range (nm)
diode laser AR-coated |ino AR-coating| AR-coated
solitary DL GECDL GECDL GECDL
1.66 1 m SQW DL 58.5 67.8 8.2 14.1
MQW DL #3229 105.9 125.1 26.1 30.9
MQW DL #2452 102.0 133.8 49.0 61.3

* for AR-coated GEC diode lasers, the threshold current I;;, was measured at the
central wavelength

The diffraction grating is an important element for the GEC diode lasers,
investigated in this work. First, it provides wavelength selection and thereby
limits the number of “possible solutions” of the external-cavity modes (depending
upon the FWHM of the grating response). Second, the use of a grating (frequency
selective device) in the external cavity enables laser operations to occur at
frequencies away from the frequency that satisfies the minimum threshold

condition. The minimum threshold condition forces the laser to operate at a
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frequency where the external-cavity phase (@ x7 ,, where 7, is the round trip time

in the external cavity and w is the operation frequency) is equal to an integral
multiple of 2z . With grating feedback, the operation frequency is determined by
Eq(5.12), and the phase of the returned light is not critical because the internal
mechanism of the laser cavity adjusts the overall gain to compensate for the phase
mismatch.

Since the AR coating and the short cavity length were necessary to
suppress the FP modes of the cavity to allow the feedback from the grating to
determine the lasing wavelength, the optimum tuning range could be obtained
when the wavelength of minimum reflectivity of the AR coating was aligned to
the peak in the spontaneous emission. Therefore, the tuning ranges that can be
obtained with an AR-coated external- cavity laser depend on the quality of the AR
coating as well as on the fraction of energy that is coupled back into the diode
laser [4,74].

For some commercial GEC diode lasers in the Littrow configuration, the
total tuning range is claimed to be increased by a factor of 2~3 after applying AR
coating to the diode lasers [81], but no further details are given. For the diode
lasers used in this work, the overall improvement in terms of tuning range is
around 35% after AR coating. At this point, it deserves more investigations on
how AR coatings further improve the tunability, along with the optimization of

the external cavity and the design of broad-gain diode lasers.



CHAPTER 6

SUMMARY AND CONCLUSIONS

A semiconductor diode laser itself is a key device for optoelectronics
owing to its superior performance such as small size, low power consumption,
high efficiency, longer device lifetime, flexibility for selecting wavelength, and
adaptability for photonic integrated circuits. A wavelength-tunable diode laser is a
specific device, characterized by its wavelength tunability, and expected to be a
key device for advanced optical communication, as well as for a variety of optical
measurements and laser spectroscopy.

One of the key requirements for stable and a broad tunability of a
grating-external-cavity (GEC) diode laser, as presented in this study, is high
quality AR coating of one laser facet, which enables the diode laser to operate in a
strong feedback regime. Therefore, this thesis is concerned with addressing this
issue.

The scheme for obtaining a broad tuning range investigated in this thesis
falls under the broad category of optical feedback. Light leaving one of the facets
of the laser is coupled back into the laser cavity through the same facet, after

being reflected from a diffraction grating. In order to make the diode laser operate
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in the scheme of a strong frequency selective feedback configuration, the facet
through which the light is fed back has to be AR-coated.

To obtain very low reflectivities of AR coatings on diode laser facets, the
effective refractive index of diode lasers must be calculated precisely, since it
serves as the substrate in the AR coating design. The concept of optical detuning
is applied to the design of multi-layer AR coatings. The fabrication by ECR-
PECVD is a crucial process to obtain high quality AR coatings. The process
parameters, such as pressure, gas mixtures ratio and deposition rate have to be
controlled precisely. Real time monitoring of the refractive index and film
thickness by in situ ellipsometry provides an essential measurement for optical
thin-film growth.

The AR-coated diode lasers were then placed in an external cavity
loaded with a diffraction grating. In this configuration, the laser oscillated in a
stable single longitudinal mode with a side mode suppression ratio of more than
30 dB. In this work, the overall improvement of the tuning range, before and after
AR coatings, was found to be 35%, still below some commercially available GEC
diode lasers [81]. Therefore, further investigations are needed for the AR-coated
GEC diode lasers.

Another important limitation to the tuning range is set by the width of the
gain curve and gain flatness of the diode lasers. It is interesting to note that a
tuning range of 240 nm has been achieved by using a grating reflector in an

external-cavity configuration [82].
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The width of the gain curve may be increased by using a combination of
first- and second-quantized-state lasing in a quantum-well laser [83], or by using a
quantum-well structure with non-identical (dimensional or compositional
asymmetric) wells. Due to time constraints, these were not investigated in this
thesis, and the whole project was necessarily limited in scope. Some suggestions

for future work are as follows:

1) Deposition of a high reflection (HR) coating on the output facet of a
diode laser [84], which can reduce the cavity losses at the tuning end,
thereby increasing the tuning range;

2) Two-material, four-layer AR coating design using SiO./Si3Ns, or
SiO,/a:Si combinations, which can greatly ease the thin-film depositions
and real time monitoring compared to using SiOxNy ;

3) Improvement of the optical feedback and coupling efficiency, such as
using an AR-coated collimating lens and gold-coated diffraction grating
in GEC configuration; and,

4) Determination of the diode laser linewidth obtained with GEC
configuration [85], and investigation of the behavior at other

wavelengths, i.e., obtaining a graph of linewidth versus wavelength.
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APPENDIX A

PROGRAMS FOR CALCULATING THE

EFFECTIVE REFRACTIVE INDEX OF A 2-D

OPTICAL WAVEGUIDE

A.1 EFFECTIVE REFRACTIVE INDEX OF TE0 MODE

% effective refractive index of fundamental TE mode
clear

clf

ns= ; % refractive index of the substrate

nf= ; % refractive index of the film

nc= ; % refractive index of the cladding layer

t= ;% film thickness(nm)

lambda= ; % wavelength(nm)

ae=(ns.”2-nc.*2)./(nf."2-ns.*2); % asymmetry measure
vO=2*pi*t*sqrt((nf."2-ns.”2))./lambda;

b=0:0.00001:0.99999;
v=(atan(sqrt(b./(1-b)))+atan(sqrt((b+ae)./(1-b))))./sqrt(1-b);

% findvvsb
s=size(v);
109
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k=s(1,2);

q=1;
for w=1:k
if v0-v(1,q)<0.00001
r=q; % find the position r in matrix v, same as matrix b
else
q=q+1;
end
end
be=b(1,r);
neff=sqrt(ns."2+be.*(nf.”2-ns.”2)) % the effective refractive index
neffl=num2str(neff);

plot(v,b,'r');

xlim([0 12]);

xlabel(*v');

ylabel('d');

axs=axis;

scalex=axs(2)-axs(1);

scaley=axs(4)-axs(3);

title(Fundamental TE mode (3-layer waveguide)')

text(0.65*scalex,0.5*scaley,'the refractive index(TE) is:");
text(0.75*scalex,0.45*scaley,neffl);
text(0.1*scalex,0.95*scaley, nc=");
text(0.15*scalex,0.95*scaley,num2str(nc));
text(0.1*scalex,0.9*scaley,'nf=");
text(0.15*scalex,0.9*scaley,num2str(nf));
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text(0.1*scalex,0.85*scaley,'ns=");
text(0.15*scalex,0.85*scaley,num2str(ns));
text(0.30*scalex,0.9*scaley,'t=");
text(0.35*scalex,0.9*scaley,num?2str(t));
text(0.42*scalex,0.9*scaley,'(nm)");

A.2 EFFECTIVE REFRACTIVE INDEX OF TM0 MODE

% effective refractive index of fundamental TM mode
clear

clf

ns= ; % refractive index of the substrate

nf= ; % refractive index of the film

nc= ; % refractive index of the cladding layer

t= ;% film thickness(nm)

lambda= ; % wavelength(nm)

b=0:0.00001:0.99999;

am=(nf."4./nc.*4)*(ns."2-nc.*2)./(nf.*2-ns.*2); % asymmetry measure
qs=(ns.”2/nf."2)./((1-b)+b.*ns."4./nf."4);
d=(1-ns.*2/nf*2)./(1-nc.*2/nf."2);

v0=2*pi*t*sqrt((nf.”2-ns.”2))./lambda;

v=(atan(sqrt(b./(1-b)))+atan(sqrt((b+am.*(1-b.*d))./(1-b))))./...
(sqrt(1-b).*sqrt(gs).*(nf./ns));

%find vvsb

s=size(V);
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k=s(1,2);

q=1;
for w=1:k
if v0-v(1,q)<0.00001
r=q; %find the position r in matrix v, same as matrix b
else
q=qtl;
end
end
bm=b(1,r);
qs=(ns."2/nf.*2)./((1-bm)+bm.*ns."4./nf.*4);
% the effective refractive index
neff=sqrt(ns.”2+bm.*(nf."2-ns.*2)./(nf./(ns.*qs)."2))
neffl=num2str(neff),

plot(v,b,'b");

xlim([0 12));

xlabel('v");

ylabel('b');

axs=axis;

scalex=axs(2)-axs(1);

scaley=axs(4)-axs(3);

title('Fundamental TM mode (3-layer waveguide)')
text(0.65*scalex,0.4*scaley, 'the refractive index(TM) is:");
text(0.75*scalex,0.35*scaley,neff1);

text(0.1*scalex,0.95*scaley,'nc=");

text(0.15*scalex,0.95*scaley,num2str(nc));
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text(0.1*scalex,0.9*scaley, nf=');
text(0.15*scalex,0.9*scaley,num2str(nf));
text(0.1*scalex,0.85*scaley,'ns=");
text(0.15*scalex,0.85*scaley,num2str(ns));
text(0.30*scalex,0.9*scaley,'t=");
text(0.35*scalex,0.9*scaley,num2str(t));
text(0.42*scalex,0.9*scaley,'(nm)');
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APPENDIX B

PROGRAM FOR CALCULATING THE

EFFECTIVE REFRACTIVE INDEX OF A

MULTI-LAYER SLAB WAVEGUIDE

% effective refractive index of a multi-layer slab waveguide

clear
clf

lambda=

% refractive index sequence, start from substrate,
%end up with ambient(=1.0)
% thickness(nm) sequence, start from substrate(=0),

%end up with top layer

; % wavelength(nm)

k0=2.*pi./lambda;
belta=3.2*k0:0.00001:3.65*k0; %define the range of belta

for j=1:length(n);
p(,:)=sqrt(belta."2-(n(1,j).*k0)."2);

end

for k=1:length(belta);



ml(:,:k)=inv({1 1;-p(2.k) p(2K)])*[1 1;-p(1.k) p(1,k)];

end

for j=2:length(n)-1;
for k=1:length(belta);

m(:,;,k)=inv([1 1;-p(G+1,k) pG+1,K)])*[exp(-p(,.k).*t(1,j))...

exp(p(,k). *1(1,)));-p(.K). *exp(-p(.k). *t(1,))). .
P(:k).*exp(p( k). *t(1,))];
end
for h=1:length(belta);
ml(:,:,h)=m(:,:;,h)*ml1(;,:h);
end

end

a=abs(m1(2,2,1));
for k=2:length(belta);
if abs(m1(2,2,k))<a;
a=abs(m1(2,2,k));

neff=belta(1,g)./k0 % the effective refractive index

%for multi-layer slab waveguide
a4(1,:)=abs(m1(2,2,:)); % zero element
plot(belta,ad) % help to visualize the solution
ylim([0,10])

% the averaged effective refractive index based on reference [12]
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sigmat=0;

for j=2:length(t)
sigmat=sigmat+t(1,));

end

sigmant=0;

for j=2:length(t)
sigmant=sigmant+n(1,j).*2*t(1,j);

end

nave=sqrt(sigmant./sigmat)
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APPENDIX C

PROGRAM FOR TRIPLE-LAYER AR

COATING CALCULATION

(The calculation is composed of 3 programs: bcfunction, equivalentlayer,
and 3layer. The detuning factor is given in the program-3layer, and practically the
detuning factor is around 0.01~0.1. If the detuning factor is too small (less than
0.01, for example), the computing time is extremely long; if the detuning factor is
too large, the result is not good enough. Depending on the computing speed of

my computer, 1 found 0.03 is suitable.)

%%% [b,c] function
clear

clf

function y=bcfunction(n,d,lambda,nm);
for k=1:length(n);
delta(k,:)=2.*pi.*n(1,k).*d(1,k)./lambda;

end

for f=1:length(lambda);
ml(:,:,H)=[10;0 1];

end
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for p=1:length(n);
for j=1:length(lambda),
m(:,:,j)=[cos(delta(p,j)) i.*sin(delta(p,j))./n(1,p);1.*...
sin(delta(p,j)).*n(1,p) cos(delta(p,j))];
end
for g=1:length(lambda);
ml(:,:,q)=ml(,:,q)*m(:,:,q);
end

end

for f=1:length(lambda);
yG,:HFmlC,:H*[1nm];

end

%%% equivalent Layers

% consider combinations of the form ABA
clear

clf

disp(‘'This samll program will help you calculate the optical thickness )
disp(‘of equivalent layers of the form ABA !")

disp('****************************************************')

ne=input('Please enter the refractive index of the equivalent layer: ');
na=input('Please enter the refractive index of material A: ');

nb=input('Please enter the refractive index of material B: ');
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deltaA=0.5*acos((nb"2+na*2)*(ne"2-na™2)/((nb"2-na"2)*(ne"2+na"2)));
deltaB=atan(2*na*nb/(na"2+nb”2)/tan(2*deltaA));

disp(['the optical thickness of A is: 'num2str(deltaA/2/pi)])
disp(['the optical thickness of B is: 'num2str(deltaB/2/pi1)])

%%% triple-layer AR-coating calculation
clear
clf

lambda0= ; % design wavelength(nm)

n0=1.0; % refractive index of the ambient

m= % refractive index of the substrate(the
%effective refractive index of the ridge
%waveguide laser structure)

mr=0.0001; % design reflectivity

n=[ 1; % refractive index sequence, start with the film
% next to the ambient(=1.0)

detuningfactor=0.03;

% central design wavelength(one point) refining
lambda=lambda0; = %scanning range
k=1; %initial of matrix(w)
for w1=0.1945:0.0001:0.1955;
for w2=0.2385:0.0001:0.2395;
for w3=0.7415:0.0001:0.7425;
w=[wl w2 w3]; %confinement factor

d=w.*lambda0./4./n; %film thickness, (quarter
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%wavelength)*(refinement factors)
be=bcfunction(n,d,lambda,nm); %calculate [b;c],
%of which y=c/b
y=bc(2,1,:)./be(1,1,:);
if real(y-n0)<detuningfactor
if imag(y-n0)<detuningfactor
wopt(:,:,k)=w;
k=k+1;
end
end
end
end

end

% design reflectivity(rr) refining
s=size(wopt);
lambda=1300:1600; %scanning range
=L
q=0; %initial number of point, of which reflectivity<rr
for g=1:s(1,3)
w(:,:)=wopt(:,:,8);
d=w.*lambda0./4./n; %film thickness, (quarter wavelength)
%(refinement factors)
be=bcfunction(n,d,lambda,nm); %calculate [b;c], of which y=c/b
roh=(n0-bc(2,1,:)./bc(1,1,:))./(n0+bc(2,1,:)./be(1,1,:));
for f=1:length(lambda);
r(1,f}=roh(1,1,%);
end

reflectivity=r.*conj(r);
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m=0; %number of point of which reflectivity<rr for a certain
%combination of [w]
for k=1:length(reflectivity);
if reflectivity(1,k)<rr;
m=m-+1;
end
end
if m>30
woptl(j,:)=w(:,:);
Jj=j+1 %as an indicator
end
if g<m
q=m;
whin=w(:,:);

end

end
woptl=woptl % output woptl

wfin=wfin %output wfin
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