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Abstract

Vertical cavity surface emitting lasers (VCSELs) are increasingly being used in various
photonic applications. In order to design an optical system which will transmit the light
emitted by a VCSEL it is necessary to model the intensity profile. The purpose of this
thesis is to apply a method of extracting the modal content from an intensity profile
assumed to be composed of Hermite-Gauss modes. This will be done for both the
simulated output of a VCSEL and for experimentally measured intensity profiles. It will
be d emonstrated that the m ethod will produce an accurate model for a V CSEL output
which is close to being ideally Hermite-Gauss. Two experimental setups used to measure
the intensity profiles will be presented. The first uses a scanning near-field optical
microscope (SNOM) to measure the intensity near the surface of the VCSEL. In the
second setup the intensity is measured at the output of a two-lens system used to image

the beam waist.
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Sommaire

\

Les lasers a cavité verticale avec émissions de surface (VCSELs) sont utilisés dans
plusieurs applications photoniques. Pour créer un systéme optique qui va transmettre la
lumiére émise par un VCSEL, il est nécessaire d’obtenir un modele de I’intensité.
L’objectif de cette thése est d’appliquer une méthode pour extraire les modes d’un
faisceau laser que 1’on croit étre composé de modes Hermite-Gauss. Ceci est fait pour un
faisceau laser simulé et pour un faisceau laser mesuré expérimentalement. Il est démontré
que la méthode produit un modele précis pour un faisceau laser qui est fortement
Hermite-Gauss. Deux systémes optiques qui ont été utilisés pour mesurer 1’intensité sont
présentés. Le premier systéme utilise un SNOM pour mesurer 1’intensité proche de la
surface du laser. Dans le deuxi¢me systeme, 1’intensité est mesurée a la sortie d’un relais

de deux lentilles.
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1. Introduction
1.1 Motivation and objectives of thesis

Vertical cavity surface emitting lasers (VCSELSs) are increasingly being used in optical
systems such as free-space optical interconnects and fiber optic links [1]. The integration
of such a device into a system requires knowledge of its operating characteristics. One of
the most important characteristics is the transverse modal content of the intensity profile.
The modal content of the beam will determine the size and shape of the beam and how it
is modified by an optical system. The ability to predict power distribution at any point in
an optical system will aid in the design of the system and allow for the system’s

performance to be predicted.

It has been demonstrated that the intensity profile of a VCSEL can be modeled using
Hermite-Gauss (HG) or Laguerre-Gauss (LG) modes [2,3,4,5,6,7]. The choice of HG or
LG functions to represent the modes will depend on the device used. This project used
VCSELs whose emissions were best characterized by Hermite-Gauss functions at certain
currents. The principle objective of this thesis is to obtain a mathematical representation
of the VCSEL’s output for a range of currents using the method for modal extraction
developed by Gori et al. [8,9]. To the knowledge of the author of this thesis, the Gori et
al. method has not been used by other researchers to extract the modal content from the
experimentally measured intensity profile of a VCSEL. Where possible, the objective is
to extract the modal content from the measured intensity profile. It will be demonstrated
that in cases were the VCSEL’s emission is not sufficiently Hermite-Gauss, and thus can
not be accurately represented by HG functions alone, a partial model of the beam can be

obtained.

The m easurement o f t he intensity p rofiles r equired the c hoice o f a m easurement s etup
capable sampling data with sufficient resolution and accuracy to allow numerical
representation of the beam. This project used two different experimental setups to
measure intensity profiles. They will be described along with the data that was measured.

The first setup consisted of a scanning near-field optical microscope (SNOM) which was



used to sample the beam near the surface of the VCSEL. The second setup used a two-
lens imaging system and intensity sampling equipment to acquire the intensity profiles.
The purpose of using two setups to conduct similar experiments was to compare the
quality data that was acquired by the two different methods. The quality of the data is
implied by the ability of the modeling process to produce accurate models. The results

obtained using the two setups were analyzed using the Gori et al. method.

1.2 Thesis organization

This thesis is structured as follows. A significant amount of information has been
published on VCSELs and scanning near-field optical microscopy (SNOM). Chapter 2
presents a literature review on these two subjects. Chapter 3 presents the Hermite-Gauss
family of functions which constitute the basis for the description of the modes of the
VCSELs used in this project. Chapter 4 discusses the Gori et al. method. Three
implementations of this method will be presented. Each method will provide a different
model of the VCSEL output from which information can be obtained. These methods are
applied to an ideal representation of a Hermite-Gauss beam in order to test the
performance of the implementations of the Gori et al. method that are used in this project.
Chapter 5 details the SNOM setup that was used to acquire intensity profiles. The data
obtained is analyzed in Chapter 6. Partial models, which had a strong agreement with the
VCSEL output, were found for several currents, and the modal content of the beam was
calculated and is presented for one current. Chapter 7 describes the experimental setup
consisting of a two-lens system and beam sampling equipment to obtain data which is
then analyzed with Gori et al.’s method. Chapter 8 presents the conclusions reached from

the work done and suggests future work.
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2. Literature Review
2.1 Introduction

The information presented in this chapter is from published sources. Its purpose is to
provide an understanding of vertical cavity surface emitting lasers (VCSELs) and

scanning near-field optical microscopy (SNOM).

VCSELs can be used in many devices such as optical fiber communications, free-space
communications, optical information storage and laser printers [1]. In order to determine
how to model the modal content of a vertical cavity surface emitting laser (VCSEL) it is
necessary to understand their principle characteristics. This includes their structure,
behaviour under various operating conditions and the typical form of their output. Section
2.2.1 discusses the structure of VCSELs and the resulting advantages. Section 2.2.2
discuses the modal properties exhibited by typical VCSELs.

There has been significant work done to evaluate the modal content of VCSELSs outputs.
One such method involves the use of scanning near-field microscopy (SNOM) [2,3,4]. An

introduction to SNOM is presented in section 2.2.

2.2 Vertical cavity surface emitting lasers (VCSELSs)

2.2.1 VCSEL structure and advantages

VCSELSs are small semiconductor lasers whose cavities are on the order of 1 um in length
[5]. The cavity length determines the operating wavelength and the shape of the cavity
can be rectangular or cylindrical. There are index-guided and gain-guided VCSELs [5].
The VCSELSs used in this project were gain guided, thus the information presented in this
chapter will focus on gain-guided VCSELs. A gain guided VCSEL uses proton
implantation to confine the charge carriers to the laser cavity [3]. The picture below
(figure 2.1) is of a proton-implanted device [6]. It is fabricated by sandwiching layers of

Indium Gallium Arsenide and A luminum Gallium Arsenide, the combination of which



will serve as a laser cavity, between p-doped and n-doped Bragg reflectors. The VCSEL
is fabricated on a GaAs substrate that will serve as the n contact and a metal p contact is
placed on the surface of the p-type Bragg reflector. The light can be coupled out of the p-
type (top-emitter) or n-type (bottom emitter) reflector. The VCSELs used in this project
are top-emitters. However, it has been observed that a bottom emitting VCSEL has better
current and carrier distribution that a top emitting VCSEL [7]. This is due to the fact that
in a top emitter, the contact pad which delivers the current to the p-mirror must have an
aperture to allow the output light to escape, thus the current is not injected uniformly into
the VCSEL [7]. Typical values for the reflectivity of the two Bragg reflectors are R; >
0.9998 R2 > 0.992, and the light is coupled out of R, [7]. An antireflection coating is
placed on the outside of the output mirror to prevent undesired back-reflections [7]. The
structure of a VCSEL’s cavity resembles the theoretical model of the spatial structure of

broad area lasers [7].

Top Muror
(99.0% Reflective) ™

Taser Cavily

ength *;f } Chain Region

Bottom Mireor
(99.9% Refleetive) ™.

Figure 2.1: The structure of a VCSEL.

The structure of VCSELs gives them many advantages over other types of lasers. They
have low threshold currents, are capable of high-speed modulation, and emit an
astigmatism free beam [1,8]. Their vertical structure makes it possible to fabricate 2-D
arrays on a single wafer. The individual devices in a VCSEL array can be tested without
cutting out all the devices as must be done for edge emitters because the contacts for the
current are on the top and bottom of the device and can be readily accessed [7]. The short

cavity results in a single longitudinal mode [1]. The output beam will be circular if the



cavity is uniform and symmetric. VCSELs have a low divergence and improved coupling
to optical fibers over other lasers [3]. However, high temperatures will cause severe
degradation in the VCSELs performance [3]. As the temperature increases the threshold
current and wavelength increases [7]. The performance of a VCSEL will also deteriorate
even if there is only small anisotropy in the VCSEL structure, due to the small size of the

device [8].

2.2.2 Longitudinal and transverse modes of a VCSEL

The output of a VCSEL consists of longitudinal and transverse modes. Longitudinal
modes refer to the number of distinct wavelengths that are emitted by the VCSEL. The
spectrum of a typical VCSEL output has several wavelength peaks. Although the
transverse modes occur at slightly different wavelengths, because the spectral width of
the output is less than 1nm, the output is said to be single mode in the longitudinal sense.
The VCSELSs used in this project have a wavelength equal to 850nm. Transverse modes
refer to the distribution of the electric field in space. In the case of lasers with uniform
cavities, they can be represented using Hermite-Gauss (HG) or Laguerre-Gauss (LG)
functions for the cases where the cavity shape is rectangular or cylindrical respectively.
However, it has been observed that if the cavity of a cylindrical VCSEL is anisotropic HG
modes can occur [8]. The mathematical representation of HG and LG modes will be
discussed in further detail in Chapter 3. The existence of HG or LG modes in a VCSEL
output is a result of waveguiding in the laser cavity [9]. The waveguiding is a
combination of index guiding, gain guiding, thermal guiding and -carrier-induced

antiguiding [9].

As the current is increased the number of transverse modes increases. The spectrum also
shifts to longer wavelengths, corresponding to lower energies, due to heating of the laser
[4]. The transverse modes occur at slightly different wavelengths. The wavelength
separation of the modes will be inversely proportional to the active area of the VCSEL
[10]. One method of evaluating modal composition utilizes the small difference in
wavelength between the transverse modes. Using a spectrum analyzer, the different

wavelengths can be isolated and the modes measured separately [11]. Higher order modes



occur at longer wavelengths than the fundamental mode [1]. The number of transverse
modes may be on the order of 10> [11]. Although the total power emitted by a VCSEL
will increase linearly with current, the power content of the individual modes does not.
Over certain ranges of current, the amount of power associated with a mode may decrease
slightly even though the current has increased [2]. The modes compete for the available
power with higher order modes generally being favoured at larger current [8]. The modal
content at a particular current is the combination that uses the available gain most

efficiently [8].

The modal behavior of the VCSEL will also depend on the size of the laser cavity. Larger
device are generally capable of delivering more power, however their outputs will also
have a larger number of modes than for smaller devices [8]. The beam waist of the
fundamental mode will increase with a square root dependence as the active area is
increased [12]. This results in more available gain media in the outer periphery of the
cavity to support multimode oscillation [10]. Thus larger VCSELs can support more
modes. At low currents the central region of the cavity will output stimulated emissions.
The outer area will emit s pontaneous emissions w hich add noise to the signal. Asthe
current is increased a larger portion of the cavity emits stimulated emissions and the noise
level in the signal will decrease [10]. Thus, when larger VCSEL are in use it is necessary
to drive them at a current large enough to emit several modes such that the signal is not
noisy. Larger VCSELs exhibit less competition between modes due to the larger amount
of available gain media and are thus less prone to mode hopping than smaller VCSELs

[10].

The modal content of the beam is also influenced by the carrier density as a function of
the transverse dimensions [1]. The carrier distribution is in turn determined by the carrier
diffusion, the leakage current and spatial hole burning [1]. Spatial hole burning is less
prominent the smaller the pump region [1]. The distribution of the charge carriers is
determined in p art by sp atial hole burning [ 13,14,15]. The ‘ donut’ mode, a ¢ ommonly
observed output of VCSELs, is a result of spatial hole burning [16].



2.3 Scanning near-field optical microscopy (SNOM)

SNOM, as the name implies, is the imaging of an object via the collection of light in the
near-field. The near-field is the region of space within A/2n of the object, where A is the
wavelength of the light used. A small optical probe is scanned over the object under study
and the image of the object is obtained by a photo-detector. The probe’s aperture will
range from 20nm to 500nm [17]. The resolution of the image is determined by the size of
the aperture in the optical probe and thus can be close to the resolution of the electron
microscope [18]. The best type of probe is a tapered single mode optical fiber [17]. This
type of probe can be constructed by etching the fiber in acid to produce a sharp tip. The
fiber 1s aluminum coated to ensure that only light sampled by the fiber tip is coupled into
the fiber [17]. The collected data is independent of wavelength when the aperture is
positioned in the near-field of the object under study. The resolution will depend solely
on the size of the aperture. This can produce images with a resolution of approximately
50nm when the probe is about 20nm from the surface [18]. By comparison a lens has a
resolution limited to 1.22* £* A / D, where f and D are the focal length and the diameter
of the lens respectively [19]. Thus SNOM, which can operate beyond the diffraction limit,
has a much better resolution than a lens based system because it can resolve smaller

details, which can be much smaller than the wavelength of the light being collected [17].

There are three methods of performing SNOM, illumination, collection and combined
illumination/collection [20]. The illumination method uses the optical probe to illuminate
a sample and the detector collects either the reflected light or the light that is transmitted
through the sample. When used in the illumination mode, as an alternative to the electron
microscope, the advantages are the use of non-destructive radiation, i.e. visible light, and
it can operate in air [18]. The collection method uses the optical probe to collect light
reflected off of the sample. SNOM can also be used in the collection mode to profile the
outputs of light emitting samples such as laser diodes [2,3,4,21]. Betzig et al. performed
the first experiments using the SNOM in the collection mode [18]. They used an
aluminum coated pipette as the optical probe. The aperture w as formed by pulling the

pipette until it split in two [18]. The combined illumination/collection mode uses the



optical probe to both illuminate the sample and collect the reflected light which is then

transmitted to the detector.

It is d esirable t o incorporate into a SNOM setup a z-control m echanism to m aintain a
constant probe to object height. This will ensure that the image is not distorted and
prevent the probe from striking the sample. Betzig et al. tested three different methods of
controlling the separation of the optical probe and the test sample [18]. Tunneling
feedback allowed the SNOM to monitor the probe distance during a scan but resulted in
images of a poor quality in addition to being slow. The second method was contact mode
tunneling under where the probe is moved toward the object until a tunneling current is
measured. However, there is no method to maintain the probe to object separation once
the scan is begun. The final method used by Betzig et al. was to perform a scan, observe
the resolution and move the probe closer if a greater resolution was required. The last two
methods require that the device under testis flat to avoid damage to the probe or the
device. There are other possible methods of implementing feedback, such as oscillating
the fiber tip at a frequency corresponding to the piezo voltage [22]. As the tip approaches
the surface the change in the amplitude and phase of the oscillation can be measured and

used as a feedback mechanism to control the height [22].

2.4 Conclusion

The objective of this thesis is to model the experimentally acquired output of a VCSEL.
The information presented in section 2.2.1 and 2.2.2 is required to understand the
behaviour of the modal content of the emissions of the VCSEL under test conditions. The
properties of SNOM make it an ideal method of obtaining intensity profiles of a VCSEL
in the near field. The optical probe used in SNOM is small enough and possesses
sufficient resolution to sample the beam within less than a wavelength of the location of
the beam waist [23]. The impulse response of a SNOM is much narrower when compared
to that of other optical systems, which will reduce distortion of the data when compared

to other measurement systems [17].
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3. Multi-transverse mode laser output characterization
3.1 Introduction

The widespread use of multi-transverse mode lasers has resulted in considerable study of
their beam characteristics. The ability to model the power distribution at any point along
the optical axis will allow a designer to optimize the performance of an optical system. It
has been demonstrated that large uniform stable cavity lasers will emit transverse modes
that are described by the Hermite-Gauss (HG) or the Laguerre-Gauss (LG) family of
functions [1]. The intensity profile that can be measured will be a linear combination of
the modes. It has further been demonstrated that these models can be applied to certain
VCSELs despite the small size of the VCSEL cavity [2,3,4,5,6,7]. A beam that is
composed solely of HG or LG modes will exhibit symmetry about the two transverse
axes, denoted as x and y. The models will characterize both single and multi-transverse

mode lasers.

This chapter is structured as follows. The Gaussian beam model is presented in section
3.2. This function is used to model the output of a laser emitting a single transverse mode.
The Gaussian function also serves as the root function of the Hermite and Laguerre Gauss
modes which are described in section 3.3. Section 3.4 defines the M? factor which

describes beam quality and is related to the modal content of the beam.

3.2 Gaussian beam model

A multimode laser operating at a low driving current near its threshold current, may emit
a beam that can be described by a Gaussian function [2]. As the current is increased the
Gaussian mode may continue to contribute to the output. The Gaussian mode is also
known by the designations HGgy and TEMg,. Consider a bias condition which results in a
purely Gaussian output. The Gaussian mode can be used to model the propagation of a
beam through an optical system as it is modified by optical components such as lenses.
The e quation r epresenting t he m agnitude and phase o fthe electric field ofa G aussian

beam is given by equation 3.1 [8]. It is not possible to experimentally measure the phase
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component of the beam, thus for the purpose of modeling the beam one will consider the
intensity function. Generally, if the basis for the model is HG the intensity is described by
a Gaussian in X, y, z, where x and y describe the transverse axes and z is the optical axis
along which the beam will propagate (Eqn 3.2). Should the geometry of the laser cavity
be cylindrical it is preferable to express the function in cylindrical coordinates (Eqn 3.3).
Figure 3.1 is a plot of magnitude of the electric field versus radial distance from the

optical axis.

IS S ANTR) exp[_(xz +y') j,{xz +y’ D Eqn3.1)

o(z) ’(z) 2R(z)
~ 2 2P —2(x* +y?
l(x,y,2)=’E(x,y,Z)‘ = ———exp (2 Y) (Eqn 3.2)
7o~ (z) 0" (z)
2P —-2r?
I(r,z) = 0 _ex Eqn 3.3
(r,2) 70’ (2) p(a)z(z)] (Eqn 3.3)
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Figure 3.1: Plot of the intensity function vs. radial distance from the optical axis. The value of the
beam waist radius is ®y = 4pm.

The Py term in the equations represents the total power contained by the beam. The

mathematical representation of a Gaussian beam is of infinite extent. In order to define a

finite definition for the beam radius the distribution of the power is examined. The power
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content of the beam within a circular area with radius R can be evaluated at a position z =

z1 by integrating the intensity function (Eqn 3.4).

= 2 -2r? — 2R’
P(r,z)=PF, f f o’ () exp(a}2 = jrdrd& = P{l - exp(a)z o ]:| (Eqn 3.4)

Substituting R = ®(z) into equation 3.4 we obtain P(r,z) = 0.865*P,. Thus 86.5% of the
power is contained within a radius equal to o(z). The parameter ®(z), known as the beam
radius, also corresponds to the radial distance from the optical axis where the intensity
has dropped to 1/6* its maximum value. At points were ®(z = 0) = o, this parameter is
also referred to as the beam waist radius or simply the beam waist and corresponds to the
minimum radial size of the laser spot. Since a theoretical Gaussian curve is of infinite
extent, the beam radius quantifies the radial extent of the beam for practical purposes.
This aids in the design of optical systems using single-mode lasers. The size of optical
components such as lenses, with respect to the size of the beam waist, will affect the
performance of an optical system. Choosing components that are too small will result in
power loss as well as distortion of the beam. The amount of captured power that is
acceptable will vary depending on the application. A useful property of the Gaussian
profile is that 99% of the power is contained within 1.5*%w(z). Another useful term,
predominantly used for multimode beams but also applies to single mode beams, is the
mode-field diameter which is simply the diameter of the beam. In the case of the

Gaussian distribution this is equal to 2*®(z).

The behavior of the Gaussian curve as it propagates through an optical system is well
understood. Equation 3.5 gives the expression for the evolution of the profile as it
propagates in free space [9]. As can be seen by the equation, ®(z) increases in size as the
beam propagates away from the optical axis. The term zr (Eqn 3.6), known as the
Rayleigh range, designates the distance from the beam waist to Where the beam is equal
to V2*wg [9]. By is the half-width divergence angle (Eqn 3.7) [9]. It gives an approximate

measure of the divergence of the beam in the far field.
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o(z) = a){l + (i] } (Eqn 3.5)
Z

2
z, =220 (Eqn 3.6)
2
7w,

In addition a Gaussian beam which is modified by a lens remains Gaussian. The size and
location of the new waist can be found by using equations 3.8 and 3.9 respectively [10].
In the equations, ®; and ®; are the initial and modified waists, z; and z, the distances
from the waists to the closest focal points, f is the focal length of the lens and zg; is the
Rayleigh range of the incident beam. Thus it is possible to model the beam throughout the

optical system.

Jo,
W, = == (Egn 3.8)
R
= > ;22 (Eqn 3.9)
1 R1

For many types of lasers, the Gaussian model is not sufficient due to the presence of
higher order modes described by the Hermite-Gauss and Laguerre-Gauss families of
functions. As is implied by the terms Hermite-Gauss and Laguerre-Gauss, the Gaussian

function is the foundation upon which the HG and LG functions are constructed.

3.3 Hermite-Gauss and Laguerre-Gauss functions

In general, because a multimode VCSEL will only emit a pure Gaussian output at low

currents insufficient power is released for most applications. Thus it is necessary to
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increase the driving currents. This causes higher order modes to be emitted. These modes
are described by the higher order HG or LG functions. For simplicity, the properties of
the HG functions can be examined for one transverse dimension and the results

generalized to 2-D. The form of the HG functions is given by equation 3.10 [11,12].

1
n 2
G,(x)= 22 s 1 *H, V2 * exp xz (Eqn 3.10)
T, 2" n! @y Wy

The term H, represents the Hermite polynomials which are a solution to the differential

equation given by equation 3.11 [13].

d}’l

H,(u)=(-1)"e" )

™) (Eqn 3.11)

Examining the inner product of two HG functions, it is observed that the Hermite-Gauss

functions form an ortho-normal basis of functions (Eqn 3.12).

O,n+#m
[ 6,06, (x)dx= { (Eqn 3.12)

Ln=m

The Hermite-Gauss functions will describe the modes of a uniform rectangular cavity
laser. However, if the cavity is cylindrical Laguerre-Gauss functions are used as the basis.
The Laguerre-Gauss equations can be obtained replacing H, by L, in equation 3.11. The
Laguerre-Gauss equations are a solution to the differential equation given by equation

3.13[12].

dn
L,u)=e"— (u"e™) Eqn 3.13
n dxn ( q ' )
Table 3.1 lists the first six Hermite and Laguerre polynomials.
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n Hn(u) Ln(u)

0 1 1

1 2u -u+1

2 4au?-2 u®-4u + 2

3 8u®-12u ¥ +9u®-18u+6

4 16u” - 48u% + 12 u* - 16u® + 72u% - 96u + 24

5 32u° - 160u® - 120u -u’ + 25u* - 200u® + 600u? - 600U + 120

Table 3.1: The first six Hermite and Laguerre polynomials.

The VCSELs that are examined in this thesis have rectangular cavities and thus will be
modeled using HG functions. Thus the focus of the remaining chapters will be on HG
modes. Figure 3.2 contains a plot of the first three HG functions. Figure 3.3 displays the
result of applying an FFT to these functions. The Fourier transform of a HG function is a
new HG function of the same order. Since beam modification by a lens can be seen as a
Fourier transform this implies that a HG beam remains HG when propagating through a
lens relay system although the beam waist parameter in the equation will be modified by
equation 3.8 and its new position given by equation 3.9. Applying a Fourier transform to
the square of a HG function will result in a LG function of the same order (figure 3.4).
This result will have implications in the extraction of the modal content of a laser and will

be examined further in Chapter 4.
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Figure 3.2: Plots of the first three Hermite-Gauss functions (Gg,G;, G;). The value of the beam waist
radius is oo = 4pum.
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Figure 3.3: Plots of the FFTs of the first three Hermite-Gauss functions (Gy,G,;, G;). The results are
Hermite-Gauss functions of the same order as the initial functions.
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Figure 3.4: Plots of the FFTs of the squares of the first three Hermite-Gauss functions (GOZ,GIZ, G, ).
The results are Laguerre-Gauss functions of the same order as the initial functions.

HG functions in two transverse dimensions are obtained by multiplying G,(x) and G(y),

where n and m are independent indices spanning the rangesn=0,1...Nand m =0,1,...M.

Each combination of n and m corresponds to a possible transverse mode (Eqn 3.14).

U (X, ) =G, ()G, (¥) (Eqn 3.14)
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The functions are orthonormal functions. Thus each mode is independent of the others
and can be scaled to represent the power it contains. The u,m(x,y) functions remain HG as
they propagate through free space or lenses. The equation representing a mode c an be
found at any point z along the optical axis by replacing o with ®(z), which is evaluated
using the Gaussian beam equation (Eqn 3.5). The intensity of the beam is found by
summing the contributions of each mode (Eqn 3.15) [14]. The total power carried by a
beam can then be found by integrating the intensity profile over area for a fixed value of

z. The coefficient ¢,y is the power content of each mode.

(%, )] (Eqn 3.15)

1 =3e,

m=0 n=0

Assuming that o9 is known through knowledge of the laser cavity or it can be evaluated,
then equations representing all possible modes u,m(X,y) are known. Given that intensity
profile is composed of HG modes, a method of evaluating the modal content has been
developed by Gori et al. [11]. This is done by extracting the c,,’s and will be discussed in
Chapter 4.

3.4 M? factor

The HG and LG models offer detailed descriptions of a laser’s output. However,
extracting the HG modes is complex. For applications where detail is not required there
exists a commonly used model known as the M? factor. The M? factor describes a beam’s
quality. Its purpose is to compare beams to a single mode beam and allow the use of the
properties and equations which have been developed for Gaussian beams. The M? factor
defines the Gaussian beam to have the highest quality with M?= 1. Multimode beams will
have a rating of M? > 1, the closer the beams propertics are to a Gaussian beam to the

closer the beam’s rating is to 1. Defined as such, the M factor is an inverse quality factor.

There are several methods which can be used to define the M? factor. The first definition

is given by equation 3.16 [1].
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2
M? :[“’OM] (Eqn 3.16)

It relates the beam waist of the entire multimode beam, woym, to the waist of the lowest
order mode for that laser, i.e. the HGy mode with beam waist . The M? factor need not
be the same for the x-axis and the y-axis. It should be noted that even in the case where a
multimode laser beam does not contain a HGyy component this definition still has value
because as noted in section 3.3, the shape of the higher order modes is characterized using
the parameter wo. It also suggests a method for modifying the Gaussian beam equations

by substituting o’ by wom*/M?* (Eqn 3.17) [15].

N | =

a)OM

wM(z)=w0M{l+[M22Mj } (Eqn 3.17)

This definition implies that a multimode beam will be larger than the corresponding
single mode beam. In addition the multimode beam will diverge more rapidly than the
single mode beam (Eqn 3.18) [15]. These properties must be taken into account when

sizing optical components for a multimode system.

O, = M0, = (Eqn 3.18)

A second definition, given by equation 3.19 indicates that the M* factor is dependent
upon the power distribution among the modes in the laser [1]. Since the M? factor is
related to the modal content it will not be a constant value for a given laser and thus must
be evaluated for all currents of interest. This relationship also indicates that the same M?
factor can be obtained for several modal combinations. For example, a beam that is 60%
HGyqo, 30% HG and 10% HG;o and another beam that is 50% HGy, and 50% HG;, will

both have M%, = 1.4 for the x-axis and M?, = 1 for the y-axis. However, these two beams
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do not have similar shapes. Thus the M* factor indicates the presence of multimode
components, but it does not provide a clear indication of which higher order modes are

present, nor does it indicate what their power contributions are.

M2 =3[ S [ *(2n +1) (Eqn 3.19)

X
n.m Cnm

n,m

The M? factor is primarily used to determine the spot size as a laser beam propagates
through an optical system when a Gaussian model is inapplicable. Before using the
Gaussian model it is necessary to verify if the beam is indeed purely Gaussian. This can
be accomplished by visual inspection when a beam is clearly not Gaussian in shape due to
the presence of high order modes. However, a beam that appears to be nearly Gaussian is
not necessarily so because certain combinations of high order modes can have a shape
which is very close to Gaussian [16]. Under such circumstances, using a Gaussian model
will results in incorrect calculated spot sizes in the optical system resulting in unexpected
system behaviour. The M? factor can be used to verify if a beam which appears to be

Gaussian 1s in fact Gaussian.

The advantages of the M? factor are that it enables the use of the properties of Gaussian
beams and it is easy to measure. It provides an approximation of the area within which
the power is contained. However, it gives no indication of the spatial distribution of that
power within that area. It can be used as a simple alternative to the determination of the
modal content, or in the event where the modal content is known, the M? factor can be
calculated from the modal weights. Although the M? factor is not sufficient to adequately
represent a complex multimode beam, it can be used in conjunction with knowledge of

the modal content to evaluate a VCSEL beam’s behaviour in an optical system.
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3.5 Conclusion

This chapter presented the commonly used models for laser outputs. The properties of the
Gaussian beam were examined. The discussion was then extended to the Hermite-Gauss
family of functions which describe the modes in a laser whose cavity is rectangular and
Laguerre-Gauss family of functions used for cylindrical cavities. It was shown how an
intensity profile is described mathematically using the HG functions. The properties of
the HG functions in an optical system were also presented. In addition, the M? factor,
which is a simple indicator of spot size and modal content was discussed. This
information is used in the next chapter to obtain numerical models of the shape of a

VCSEL’s output.
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4. Theoretical basis for the extraction of HG modes

4.1 Introduction

In Chapter 3, the mathematical representation of the modes that constitute a Hermite-
Gauss beam was presented. To obtain this model of the output of a laser, in this case a
VCSEL, it is necessary to determine the modal content of the beam. A method for
evaluating the modes has been developed by Gori et al. [1,2]. This method will be used in
Chapters 6 and 7 to model the outputs of actual VCSELs. Before proceeding with
experimental results, it is necessary to examine the theoretical method and implement it in
a form which can be applied to experimentally acquired data. In their paper, Gori et al.
developed their method for an intensity profile represented as a one-dimensional function
of the x transverse dimension. In practice, the measurement of a real laser beam requires
that the beam be impulse point sampled over an x-y plane at a fixed z-position along the
optical axis, thus resulting in a discrete-space representation of the beam. Thus, the
modeling process must be implemented in discrete-space. Conversion from an ideal
continuous-space domain to a discrete domain implies that the modeling process will
have an associated error. It is necessary to test the behaviour of the modeling process in
order to determine the requirements on the data sampling procedure in order to obtain the

most accurate results.

The purpose of this chapter is to apply the Gori et al. method to an idealized
representation of an experimentally sampled beam in order to test the accuracy of the
modeling process. The discrete profile used represents an idealized version of a VCSEL
beam that could be sampled in a laboratory, because it is noise free and is composed
solely of Hermite-Gauss modes without any distortions. This chapter is structured as
follows. The continuous domain method developed by Gori et al. is presented. This
method is then implemented using three discrete domain techniques. Each of these
techniques will construct a different model of the beam under study. The information that
these models reveal and their performance as well as limitations will be examined as the

models are applied to a beam propagating in free space. The first two techniques operate
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on a one transverse dimension representation of the theoretical beam. The third method,
operates on the two transverse dimension beam representation and will provide a
complete model o fthe beam by e valuating the modal c onstants. Having e xamined the
three techniques, this information will be used to determine requirements on the sampling
process that will be used to experimentally acquire the VCSEL output in Chapters 6 and
7. The penultimate section of this chapter discusses the determination the beam waist
radius oo from the intensity profile. The final section discusses the application of the M?

factor to the beam under study.

4.2 The method presented by Gori et al.

As described in Chapter 3, the intensity profile of a beam composed of HG modes has the
form given by equation 3.14. Gori et al. have demonstrated that it is possible to determine
the modal weights from a single intensity profile [1,2]. In developing their method, Gori
et al. chose to examine only one transverse axis at a z-position corresponding to the beam
waist. Thus equation 3.14 can be simplified to equation 4.1. The method will be

generalized to two dimensions in a following section.

G, (x)‘2 (Eqn 4.1)

0=,

Gn(x) was defined by equation 3.10. Examining equation 3.10, it is observed that the
method is applied to the beam at a z-position corresponding to the beam waist. It can be
applied at other points along the optical axis by replacing wy by w(z) which can be
evaluated for any z using equation 3.5 from chapter 3. The assumption required is that wg
can be determined. Gori et al. suggest that ®, can be determined through knowledge of
the VCSEL cavity [1]. Alternatively, w, can be determined experimentally as will be

discussed in section 4.9.

Equation 4.1 is clearly a linear combination of the G,2(x) functions. It is known that a

function, which is obtained from a linear combination of ortho-normal functions, can be
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decomposed into its basis functions by calculating the inner product of the function and
the basis. However, although the G;(x) functions are ortho-normal, their squares are not.
Thus performing an inner product on I(x) cannot extract the modal weights c,. Gori et al.
have demonstrated that performing a Fourier transform on I(x) will result in a function
that is a linear combination of Laguerre-Gauss functions, which are ortho-normal
functions. The resulting basis functions in the frequency domain can be seen in equation

4.2 [1]. The ‘F’ operator in equation 4.2 is the Fourier transform operator.
FIGI(0))(p) =¥, ("W, p*) = L,(x*w p")exp(-x"wip* 12)  (Eqn42)

The modal constants, c,, can then be extracted by performing an inner product between

the Fourier transform of I(x), denoted as 1 (p), and the new basis functions ¥, (Eqn 4.3)
[1].

¢, = 27w [ T(p)¥, ("W} p*) pdp (Eqn 4.3)

Once the c,’s are known is it possible to model the beam anywhere along the optical axis.

4.3 Performing the analysis in one-dimensional and two-dimensional
discrete space

Extraction of the modes for a Hermite-Gauss beam requires that the intensity profile be
analyzed with mathematical software. In this project Matlab was selected because of its
accuracy and ease of use. In Matlab all data must be stored in arrays. Thus the intensity
profile must be discretized. The beam must be sampled and the data stored in a two
dimensional array. The conversion from continuous two-dimensional space to two-
dimensional discrete space requires that the formulae for the extraction of the modal
coefficients must also be discretized. The accuracy of the calculations is dependent on
two principle factors. The finite discrete nature of the data in Matlab requires that there

will be a limited numerical precision which will result in a small error between the
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calculated modal coefficients and the actual coefficients. The second source of error is the

result of laboratory measurement. This will be discussed in the following chapter.

The challenge is to apply Gori et al.’s method to an actual beam. In an experimental
setting, the intensity profile of a laser beam can be obtained by impulse point sampling
the intensity over an x-y plane corresponding to a fixed value of z. Thus, it is possible to
model this profile with a 2-D matrix. This can be simulated using an idealized model by
constructing a two dimensional intensity profile in Matlab. Consider a beam with the

following modal content:

I(x,y,z)=25% ]uoo (x,y, Z)’2 +35%* ‘um (x,y, Z)I2 +35%* ’ulo (x,y, Z)'2
) s , (Eqn 4.4)
+1* [u“ (x,y, z)‘ +2%* [uoz (x,y, z)’ +2% ‘uzo (x, y,z)|

The beam described by Equation 4.4 consists of 25% HGyo, 35% HGq1, 35% HGio, 1%
HGyy, 2% HGy;, 2% HGyo. This beam will be referred to as BEAM; in the remainder of
the chapter and a surface plot of the beam’s intensity profile can be found in figure 4.1.
The first 3 modes produce a ‘donut’ shaped output, a shape that is typically observed in
multimode VCSELs at certain currents. The remaining 3 modes were added to verify
whether the modeling process can detect modes which are not lasing strongly. BEAM,
was constructed such that its properties along the x and y axes are identical. The beam
parameter mg = 4um is the same in both axes. Figure 4.2 is a plot of the beam radius as it

propagates in free space.
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Figure 4.1: Surface plot of the intensity of BEAM,.
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Figure 4.2: Plot of the beam radius vs. distance on the optical axis.

Given the above beam, three possible methods of modeling are presented in the following
sections. As stated in the introduction two of the methods operate on one transverse
dimension while the third method produces a two transverse dimensional model of the
beam. Generalizing the Gori et al. method to two transverse dimensions is simple and this
model is the most complete. However, there is value in applying the one-dimensional
methods to a sampled beam. In practice, finding a VCSEL whose output is purely

Hermite-Gauss can be challenging. The sampled beam will contain noise. It is also
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possible that non-uniformity in the cavity will result in non Hermite-Gauss elements in
the beam. In addition, the sampling process will add noise and distortion to the acquired
data. The two-dimensional modeling process will be most sensitive to these non-
uniformities and may have difficulty in evaluating an accurate model. This is one of the
challenges that will be discussed in greater detail in the chapter dealing with experimental
results (Chapter 6). Under such circumstances it will not be possible to extract the exact
modal content but if possible it is desirable to obtain a limited model of the beams shape
and behaviour. A one-dimensional implementation of the method will not be affected to
as great an extent as the two-dimensional method and will return limited but useful
information. In addition, because calculations in two-dimensions require calculation on a
2Mx2Y dimensional array versus a 2" dimensional array for one-dimension, there is a
significant increase in the required processing time and computer memory. Under certain
circumstances, the information provided by a one-dimensional model may be sufficient
and thus the added costs of the two-dimensional method are not necessary. It can be
stated with certainty that if the modeling process fails in one-dimension it will fail in two-
dimensions. Thus evaluating a model in one-dimension can serve as a test as to whether
the two-dimensional method can be used. This will be of particular importance when
applying the modeling process to an experimentally sampled beam. The transverse axes
of the measured beam may be rotated with respect to the x and y axes of the basis
functions. Under such circumstances the data must be rotated numerically, or the laser
rotated and the experiment redone. Performing a 1D analysis in x and y on the corrected

data can help determine if the correction rotation was done correctly.

In order to perform any of the three methods the beam must be sampled at a fixed
position along the optical axis, which will be arbitrarily referred to as z,. If possible, this
position should be chosen such that it is in the near-field of the beam and it may
correspond to the location of the beam waist. Because the modal content of the beam is
invariant as the beam travels through an ideal optical system, the modeling process must
return the same modal weights regardless of at which value of z it is performed. This will

be examined in the following sections for a beam which is propagating in free-space. It
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should be noted that all three methods will be applied to the same theoretical beam,
BEAM,, described by equation 4.4.

4.4 One transverse dimensional modal extraction by taking a cross-section

In certain cases, it is convenient to model a cross-section of a beam, for example in
applications where an estimate of the power distribution is needed. This method could be
used to help size lenses for an optical system. The mathematical representation of taking a
cross-section of the beam is represented by equation 4.5. Taking a cross-section along the
x-axis is the equivalent to setting y = 0 in equation 3.14. The Gori et al. method can then
be directly applied to determine the contribution of the Hermite-Gauss functions Gy(x).
Although it will not provide as complete a model as a full 2D model it has the advantage
of being much more rapid to evaluate since only an array of N elements must be sampled
and processed versus NxN elements for the two-dimensional case. Another advantage
which will be explored in further detail in Chapter 5, is that noise or slight non-uniformity

will not affect 1D calculations to as great an extent as 2D calculations.

0

G, (xz) * Z(cnm *|G,, (0,2, )[2)} (Eqn 4.5)

m=0

I(x,zl)=i{

This method can be used to verify that any rotation in the transverse axes of the measured
beam with respect to the x and y axes of the basis functions has been corrected prior to
the application of the two-dimensional method. It will indicate whether a beam is
composed of Hermite-Gauss modes if the model is a good fit to the data along the x or y-
axis. However, it is not possible to determine the exact modal weights. This drawback
occurs because taking a cross-section in x has the effect of summing all modes that have a
Gn(y) component in common. Therefore, the same intensity cross-section can be

produced by a range of different modal weights.

The modeling process was performed for the first four Gy(x) functions. The cross-section

and calculated model are stored as a 512 element array. The choice of the array length

30



will be discussed in further detail in section 4.8. Figure 4.3 plots the cross-section of
BEAM,;. The intensity profile has been normalized to a maximum intensity of 1 so that
the error between the beam and its model is plotted as a fraction of 1. The error is small

relative to the magnitude of the intensity.
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Figure 4.3: a) The x cross-section of BEAM,;. b)The difference of BEAM, and the evaluated model.
The error is very small, thus plots of BEAM, and the model are visually indistinguishable.

In addition, modes which are zero in value along both the x and y axes will not be
detected by either cross-section. For BEAM; the contributions of HG;; will not be
detected because the value of u11(x,0) =Gn(x)Gm(0) = 0 and u;1(0,y) =G,(0)Gn(y) = 0 and
thus is not present in either cross-section. Thus a method of detecting these missing

modes must be found.

4.5 One transverse dimensional modal extraction with integration

The Gori et al. method as presented in their paper considers the beam along one
transverse axis [1]. The reduction from 2D to 1D can be achieved by integrating the two

transverse dimension intensity function over y thus reducing it to a function in x (Eqn
4.6).
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I(x,zl) = Eoiic"’”

m=0 n=0

(53,2 =z[|c,, Gz * zj (Eqn 4.6)
n=0 m=0

The modal coefficients are then extracted by performing the Gori et al. method using the
one transverse dimension method described in section 4.2. The intent is to obtain a one-
dimensional model of the beam. This method will detect all the modal weights including
those missed by the cross-sectional method, but will sum the coefficients of all the
elements that have a modal component in common. In our example beam BEAM, the ¢,
coefficients for HGgy, HGo1 and HGq, will be added together because they have a Go(x,z;)
term. Similarly the coefficients for HGjo and HGj; will be summed. For BEAM;, the
calculations will return ¢y = cop + Co1 + Co2 = 62, €1 = c1p + ¢11 = 36 and ¢; = 2. However,
having found the 1D coefficients it is not possible to determine the 2D coefficients. For
example, given ¢ there is no way to distinguish between the contribution of cgg, co Or C3.
(table 4.2). The values in table 4.2 are not exact due to the discrete calculation error.
Figure 4.4 displays the integrated version of BEAM,. Because of the form that the
integrated beam takes it is not a physical representation of the beam as was the cross-
sectional model. However, this method can be used to validate the cross-section method
by verifying whether any modes were missed. The error between the integrated beam and

the model has the same form as the error for the cross-sectional method, which is to be

expected.
Modal Actual Modal Evaluated Modal
Index (n) Content Content
0 62 62.98
1 36 35.96
2 2 1.94
3 0 0

Table 4.1: The content returned by the integration method. Although this detects all modes it is not
possible to distinguish the modes individually.
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Figure 4.4: a) BEAM, after integration in y. b)The difference of BEAM, and the evaluated model.
The error is very small.

From the values in table 4.2 it is possible to evaluate the value of the M? factor using the

Gu(x) content (Eqn 4.7).

& *
2=anm*(2n+1)=62'98+3 3596 +5%*1.94

=1.79 (Eqn 4.7)
(62.98 +35.96 +1.94)

4.6 Variation of the modal content due to calculation error

Observing the values in tables 4.1 it is apparent that the values returned by the modeling
processes will not be exact. As stated previously, the modal coefficients remain constant
as the beam propagates in free-space and the modeling process should indicate this
despite the error associated with discrete mathematical calculations. There are limitations
on the experimental procedure which can cause additional error to occur. As the beam
propagates in free-space it becomes larger. Therefore if the area over which the beam is
measured is held constant a variation in the coefficients vs. z will be observed due to the
fact that the beam will be increasingly clipped. The solution to this is to increase the scan
area. This may not be possible given the sampling equipment that is used, as was the case

for the SNOM setup, which is described in Chapter 5. In these examples the scan area
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was set to 100um x 100um, and the vector length was held at 512x512. The variation in

the dominant coefficients as a result of clipping is plotted in figure 4.5.
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From figure 4.5, the error in the coefficients is severe for small power losses due to

clipping. Figure 4.6 plots the x cross-section of a beam which has had 3.3% of its power

content clipped.
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Figure 4.6: x-cross section of a beam with 3.3% of the power content clipped.
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The above results indicate that the modeling process as implemented in Matlab can be
reliably applied to one-dimensional representations of a laser beam. This allows for the

method to be generalized to two-dimensions and the modal content extracted.

4.7 Two transverse dimensional modal evaluation

The most accurate model of the beam under study can be achieved by generalizing Gori
et al.’s method to two transverse dimensions as suggested in their paper [1]. If the beam is
a perfect combination of HG functions, as in the example given by BEAM; (Eqn 4.4) the
modal coefficients can be obtained and the beam can then be modeled at any position z;.
Recalling the form of the intensity function (Eqn 4.9) the Gori et al. method can be

generalized to two transverse dimensions by using equations 4.10 and 4.11.

Uy (%, 7, 2,)| (Eqn 4.9)

I(x9y721) = chnm

m=0 n=0

Flu, ) (p.9) = FIG: G2 0))p.0) = ¥, (W p ), (27 w2g?)

=L, (7’ wyp* )L, (m*woq")exp(-n*wy p* / 2)exp(-7*wiq® / 2)

(Eqn 4.10)

cm =2 wW)) [ [ T(p,9)¥, (=" W, p")®, (x*W; p*) pgdpdg (Bqn 4.11)

BEAM,; and the evaluated model are stored in Matlab in a 512x512 array. The choice of
the array length will be discussed in further detail in section 4.8. Table 4.2 compares the
actual coefficients to those that are evaluated by the modeling process at the waist of the

beam (position z; = 0).
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Modal Actual Modal Calculated Modal

Index Content Content
(n,m)

(0,0) 25 24.95
(0,1) 35 34.98
(1,0) 35 34.98
(1,1 1 0.95
(0,2) 2 1.96
(2,0) 2 1.96
(1,2) 0 0
2,1 0 0
(2,2) 0 0

Table 4.2: Comparison of the actual modal coefficients to the calculated modal coefficients at the
waist.

Figure 4.7 plots the x cross-section of BEAM;. It has been normalized to a maximum
value of 1 so that the difference between it and the evaluated model can be plotted as a
fraction of 1. The error that is apparent is the result of the discrete mathematics that was
used in the calculations. It is very small so the model is visually indistinguishable from

BEAM,;. The error can be viewed in a surface plot (Figure 4.8).
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Figure 4.7: x cross-section of BEAM, at the location of the waist.
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Figure 4.8: The surface plot of the difference between BEAM, and the calculated 2D model.

In section 4.5 the M? factor was evaluated. Now that the full modal content is know this
result can be verified using equation 4.12. Thus the two-dimensional form of Gori et al.’s

method can be used to solve for the M? value.

M?!=>b,, *(2n+1)

_ (24.95+34.98+1.96) +3*(34.98+0.95)+5%1.96

24.95+34.98+1.96 +34.98 +0.95+1.96
=1.799

(Eqn 4.12)

Figure 4.9 displays the variation due to beam clipping of the modal coefficients as the
spot size increases. As was the case for the 1D case, it is observed that the 2D case will

return incorrect values for the modal coefficients for small power losses due to clipping.
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Content of basis functions vs clipping as a percent of total beam power
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Figure 4.9: The calculated modal coefficients change due to beam clipping as the sampled beam
becomes larger.

4.8 Properties of the measured data and their effect on calculation accuracy

In order to proceed with the modeling process on experimental results in Chapter 6 and 7,
it is necessary to determine the sampling criteria that is needed to allow an accurate
representation of the beam and correct calculations. For example, sufficient zeros must be
present in the data to allow for accurate calculations and the beam must not be clipped

severely.

Due to the nature of the fast Fourier transforms that are available in Matlab it is best to
use arrays that are 2" for the one-dimensional methods or 2™x2" for the two-dimensional
method. This does not require that the sampled data be an array whose size is a power of
2. The data can be padded with zeros to be extended to an array whose size is a power of
2. The result of the FFT will also be an array of 2™x2", and its frequency axes span the
range -7 to w. However from equation 3.14 it is seen that the integration is performed on
both axes for 0 to 7. Thus only a quarter of the FFT array is used, i.e. a 2™'x2""! array. In
order to determine what the best array size is for the calculations a test using the two-
dimensional modeling method of section 4.7 was conducted for BEAM; using 2"x2"

arrays for N =6, 7, 8, 9 and 10 to represent BEAM,. In all cases the array spans an area

38



of 100um x 100pm and the z-position was chosen to correspond to the beam waist. The

resulting modal content is tabulated in table 4.3.

Modal  Actual Array size Array size Array size Array size Array size
Index  content 22N = 2MxoN = 2NN = 2M2N = NxN =
(n,m) 64x64 128x128 256x256 512x512 1024x1024
(0,0) 25 11.01 24 .95 24.95 24.95 24.95
0,1 35 36.12 34.99 34.98 34.98 34.98
(1,0) 35 36.12 34.99 34.98 34.98 34.98
(1,1) 2 0.00 0.95 0.95 0.95 0.95
0,2) 1 11.26 1.92 1.96 1.96 1.96
(2,0) 1 11.26 1.92 1.96 1.96 1.96
(1,2) 0 10.47 0.0000 0.00 0.00 0.00
2,1) 0 10.47 0.0000 0.00 0.00 0.00
(2,2) 0 6.27 0.0000 0.00 0.00 0.00

Table 4.3: Modal content as affected by array size.

From table 4.3 it can be seen that the minimum value for N is 128. When N is too small
the beam is under-sampled. The FFT of the beam for N=6 is plotted in figure 4.10. The
FFT is incorrect due to the limited resolution of BEAM; and thus the modeling process
fails. Increasing the size of the array describing BEAM, to N=9 (figure 4.11) results in an

accurate representation of the FFT and allows for modal extraction.

FFT of the beam

Magnitude of FFT

Spacial frequency g
Spacial frequency p

Figure 4.10: The portion of the FFT of BEAM,; (64x64) from 0 to = which is used to evaluate the
modal content. The low resolution of BEAM; causes this FFT to lack sufficient detail to allow modal
extraction.
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Figure 4.11: The portion of the FFT of BEAM, (512x512) from 0 to = which is used to evaluate the
modal content. The FFT is accurate and modal extraction is possible.

The choice of N must be made from an integer between 7 and 10. Choosing N greater
than 10 will result in long computation time and large memory usage for no appreciable
gain. From table 4.3 the choice of N = 7 or 8§ would have also been acceptable in this
case, however using a larger value of N will result in greater accuracy as the beam
diverges in free space. N = 9 was chosen because it struck a balance between accuracy

and calculation time and memory usage

4.9 Determination waist parameterawy

In the above computations it was assumed that @, is known. This parameter may be
estimated if sufficient knowledge of the laser cavity exists [1]. In most instances this is
not possible and o must be determined experimentally. Direct measurement of ®, can
only be achieved if the laser is biased such that only the lowest order mode is emitted
under which circumstances @y will correspond to the location of the 1/¢* points. If no
prior knowledge of the modal behaviour of the laser exists, one cannot guarantee that the

output is pure HGq and thus ®, can not be determined directly from the measured data. A
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parameter that can be evaluated regardless of the modal content of the beam is the

variance (o%) (Figure 4.12).

10 Variance of BEAM, vs. position on the optical axis
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Figure 4.12: Plot of the variance of Beam, vs. position on the optical axis. The result is a parabola.

Performing a polynomial fit on the measured variance one obtains an equation of the form
of equation 4.11 [3]. Therefore 6*(z) is a parabolic function in z as is the case for wy>. The
effective Rayleigh range (zg .fr) can be evaluated and used to solve for wg (Eqn 4.12) [3].
Knowledge of wy is sufficient to solve for «w(z) at any point in free space. This provides

the information required to use the modeling process described previously.

2
o2(z) = 02 (z,)| 1+ — (Eqn 4.11)
ZR_eﬁr
Az
Wy = | —=L (Eqn 4.12)
/4
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An added result of the measurement of the variance of the beam is that it is possible to
obtain the multimode waist radius from the variance (Eqn 4.13). The factor of 4 in
equation 4.13 is due to the fact that the variance is taken of the intensity, which is the
square of the magnitude of the electric field. From the variance we can compute the

multimode beam waist radius to be 5.367 pm.
Wy, =40’ (Eqn 4.13)

The proper determination of the value of @, will determine whether the modeling process
determines the correct modal content. To test the dependence on o, the two-dimensional
method of section 4.7 was applied to BEAM,. BEAM; was held to be constant, that is the
value of g and the modal composition was not changed. However the value of w used to
construct the basis functions unm(X,y,z1) was varied from 3.5um to 4.5um. Recall that the
correct value of wg is 4pm. As is observed in figure 4.13, the result is a large variation in
the computed modal weights. This variation can be explained as follows. When the value
of o used for the basis functions is less that 4pm the Gaussian modes are too small in
size. Since higher order modes are larger in size than lower order modes, they have a
better fit to BEAM; and thus their contribution is overestimated while the percentage of
the loWer order modes is underestimated. The reverse occurs when the value of oy used
for the basis functions is greater that 4um. Under these circumstances the lowest ordered
modes are large and fit well to the size of BEAM; and are thus overestimated while the
higher order modes are too large to fit BEAM,; and are underestimated. Thus proper
determination of @ is necessary before performing beam modeling. From figures 4.14
and 4.15 the error that occurs due to the incorrect modal composition can be evaluated.

The error is plotted as a fraction of the maximum intensity of BEAM;.
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Figure 4.13: Effect on the modal coefficients if the incorrect beam waist is used. The correct values of
the coefficients are found only when o for the basis functions is correct (i.e. 4um).
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Figure 4.14: Surface plot of the error when ©,=3.5um.
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Figure 4.15: Surface plot of the error when 0,=4.5pum.

Figures 4.14 and 4.15 it is determined that using an incorrect value for oo will result in an
incorrectly shaped beam model. A further test is to compare the power contained in the
model with the power in BEAM,. Using ®¢=3.5um will result in the model containing
94% as much power as BEAM, and using ©y=4.5um will result in the model containing
122% as much power as BEAM,. This compares to the model containing 99.8% of the

power of BEAM; when the correct value (mo=4pm) is used.

4.10 Determination of the M? factor

The value of the M? factor for the beam was evaluated in previous sections to be 1.8.
However from the definitions presented in chapter 3 it is known that there are methods to
evaluate the value of M? that do not require knowledge of the modal content. The M?

value can be computed directly from the variance of the beam (Eqn 4.14).

2

4r*o?

M= Lo | 77 0. (20) (Eqn 4.14)
, l*ZR_eﬂ
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Since M? can be evaluated with or without knowledge of the modal content it can be used
to verify the accuracy of the three modeling processes of sections 4.4, 4.5, and 4.7. If the
if an error has occurred in the modeling process the value of M* computed from the

modal content and the value calculated from the variance will be different.

4.11 Conclusion

This chapter presented the Gori et al. method for multimode beam evaluation. Three
implementations of this method were examined. The cross-sectional method was seen to
produce a good model of the beam shape along both the x and y axes. It was also
indicated that this method can be used to verify that a beam is indeed composed of HG
modes before proceeding to the more complete two transverse dimensional method. The
integration method was then presented, which allowed for the detection of modes which
the cross-sectional method missed. It was also seen that this method allows for the
evaluation of the M? factor. The two transverse dimensional method was implemented
and tested for accuracy. This method allowed for the extraction of the modal content of
the beam and the construction of a complete model. The knowledge gained from this in
turn allowed for the determination of the properties that an experimentally sampled beam
should possess in order to be properly modeled with one of the three methods. The
determination o f the b eam waist r adius ¢ and its e ffect on the m odal e valuation w as
examined. Finally, the evaluation of the M* factor was performed using the method to

evaluate wo.
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5. Experimental SNOM setup

5.1 Introduction

The modeling methods presented in Chapter 4 require that the intensity profile of the
VCSEL under study be measured at or near the beam waist. Thiscanbe achieved by
either measuring the intensity near the surface of the VCSEL or by imaging the waist by
using a lens relay system. The lens method will be examined in Chapter 7. In this chapter,
the intensity is sampled near the VCSEL surface using scanning near-field optical
microscopy (SNOM). SNOM was selected to acquire the intensity profiles because of its
ability to resolve small details in the near-field of the VCSEL. There have been several
published examples of SNOM being used to measure a VCSEL’s output [1,2,3]. This
chapter presents the characteristics of the components of the optical system and the

acquired data before modal extraction.

5.2 Beam sampling setup

In order to perform modal extraction on the output of a VCSEL, as explained in chapter 4
and as will be done in chapter 6 and 7, an experimental setup must be assembled to
measure the VCSEL’s intensity profile at several currents and at different positions along
the optical axis. The setup must not introduce significant noise or distortion to the
measured data. In an ideal setup, an optical probe would be used to impulse point sample
the beam in the near-field over an area large enough such that the intensity profile has
decayed to a near-zero value. The sampling criterion is that the spatial frequency of the
sampling process be at least twice that of the maximum spatial frequency in the output of
the VCSEL. This allows the intensity profile to be reconstructed from the measured data.
The numerical examples in Chapter 4 are the equivalent of the ideal representation of this
sampling process. In practice, there are certain limitations which make a real system non-
ideal. One such limitation is that it is not possible to measure the intensity with infinite
spatial resolution, rather it is the power over the area of aperture the optical probe that is

acquired. If the area of the aperture is too large, then a significant portion of the intensity
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is integrated. Features in the output which are due to high spatial frequencies will be
averaged out of the sampled data. For example, consider an instance where a VCSEL is
emitting in the ‘donut’ mode due to presence of HGg, HGy1, and HGyo. When the modal
content is e valuated, the ¢ ontribution o f the H Goo mode will be o verestimated and the
contributions of HGgg and HGgg underestimated which will result in a smaller dip at the
center of the beam. Thus one of the first considerations is the choice of a device which
can perform a good approximation of impulse point sampling. The SNOM is a good
device for this task because of the small aperture of the optical probe which results in a
narrow impulse response [4]. The fibers used were produced by the McGill Physics
department. The fabrication process resulted in an aperture that ranged between 50nm and
200nm [5]. Since the aperture is very small, a good approximation of the intensity at any

point can be acquired by dividing the power values by the area of the probe’s aperture.

The experimental setup (figure 5.1) consists of the following principle components: the
SNOM, a VCSEL, a current source, a power meter, and the piezo-control/data acquisition
system. The following sections describe the characteristics of each device and how these

affect the performance of the measurement system.

Piezo-controlf
data acquisition
system

Current
source

A —1| Power
]

y = meter

VCSEL Fiber mounted
on piezo
X,y,Zz stage

Figure 5.1: Schematic of the experimental setup used to measure the near-field intensity profiles of
the VCSEL.
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5.2.1 SNOM

The components of the SNOM setup are as follows: a tapered fiber (figure 5.2), a fiber
holder, a piezo tube (figure 5.3) and a piezo x-y-z stage (figure 5.4). The fiber is a
multimode glass fiber with 50um core. The fiber has been adiabatically tapered using
hydrofluoric acid and aluminum coated so that the aperture size of the fiber is 50nm to
200nm. The fiber is glued onto the fiber holder which is mounted on the piezo tube. The
piezo has a nominal x-y travel range of 131um x 131um. However, it was found that
distortions occurred in the scans at if the maximum area was scanned and thus the scans
were limited to 61um x 100pum. The z travel range of the piezo is 0 to lum in 25nm steps.
The SNOM is mounted on a manual x-y-z stage to provide a greater range of motion to
aid in the alignment process. The feedback component of the SNOM has been disabled
due to concerns that it would cause distortions in the sampled data. For this reason it was
not possible to determine exactly how close the probe was to the VCSEL surface when

the scans were taken.

H

125 pm

Figure 5.2: The aluminum coated fiber. The end has been etched in hydro-fluoric acid to produce a
sharp tip.

e

16.83 mam

Figure 5.3: The fiber is glued on a fiber holder which is then mounted onto the piezo tube.
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Figure 5.4: The SNOM and the VCSEL mounted, aligned and ready for a scan.

5.2.2 Piezo-control/data acquisition system

The piezo-control/data acquisition system consisted of a breakout box and a computer
with the control/measurement software. The breakout box routed the control signals from
the computer to the piezo stage and the data from the power meter to the computer. The
control software allows the user to position the fiber using the piezo and perform a scan.
The scans were performed at 1Hz per line and an array of 256x256 data points collected.

The data is stored in an ASCII file for transfer to Matlab.

5.2.3 Current source

When operating a VCSELs in an optical system two signals may be used, a bias signal
and a modulated signal containing the information to be transmitted. To measure the
modal content of the beam it is necessary to observe the VCSEL under steady state
conditions, thus only the bias signal is needed. A dc current source was used to drive the
VCSEL directly. The current source contains feedback electronics to ensure that the
current remains constant, thus the output power and modal content will not change. The

current source used was an [LX Lightwave LDC3752.

5.2.4 Power meter
The fiber was attached to a bare fiber holder which was connected to a photo-detector
module attached to the power meter. The device used is the Newport 2832-C power meter

(figure 5.5). The photo-detector converts incident light into a current that is measured by
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the power meter. In order to ensure proper conversion of the current readings into optical
power the wavelength must be known since the responsivity of the photo-detector varies
with wavelength. Since only a small portion of the beam is sampled at any point by the
optical probe the data points are in the nano-watt range. The power meter is set to read a
range of power from 0 to 900nW based on the magnitude of the largest measured data
point. The power meter outputs a voltage in the 0 to 5V range, which is then read by the
data acquisition system. The power is mapped onto the voltage linearly. Care must be
taken when choosing the upper value of the power range. A value that is too large
compared to the magnitude of the samples results in insufficient resolution. A value for
maximum power that is too small will cause the meter to saturate and an erroneous profile

will be obtained.

Figure 5.5: The Newport 2823-C power meter with fiber attached connector/photo-detector.

5.2.5 VCSEL

The device used is a GaAs VCSEL with a nominal output wavelength of 850nm (figure
5.6). It is fabricated by Honeywell and the m odel number is HFE4080-321. T able 5.1
contains the principle characteristics of the VCSEL as indicated on the device

specification sheet provided by Honeywell [6].

Figure 5.6: VCSEL mounted on a PCB.
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VCSEL Parameter Test condition Min. Typ. Max. Units

Peak operating current 12 20 mA

Optical power output I =12mA 0.9 1.8 3.6 mw

Threshold current 1.5 3.5 6 mA

Threshold current T=0Cto70°C  -1.5 15 mA

temperature variation ‘

Slope efficiency Py =1.3mW 0.1 0.25 0.4 mW / mA

Slope efficiency T = 0°C to 70°C 05 % /°C

temperature variation

Peak wavelength | = 12mA 0.06 nm/°C

temperature variation

Spectral Bandwidth, _

RMS I =12mA 0.85 nm
Prebias above

Rise and fall times threshold, 20%- 100 300 ps

80%

quatwe intensity 1 C_SHz BW, 128 122 dB / Hz

noise 1=12mA

Beam divergence (1/e°) 5 15 20 degrees

Table 5.1: Principle characteristics of the VCSEL (HFE4080-321) as indicated on the device
specification sheet provided by Honeywell.

Examining the information from table 5.1, some of the characteristics that were reported
in Chapter 2 can be observed. The spectral bandwidth is 0.85nm. Recall that each
transverse mode will occur at a slightly different wavelength. Because the bandwidth is
very small when compared to 850nm, the peak wavelength of the laser, the VCSEL can
be considered to lase at a single longitudinal mode. The change in the emitted wavelength
as a function of temperature is also quite small. The temperature also has the effect of
raising the threshold current of the laser [7]. The beam divergence, defined in this case as
the angle between the 1/¢” points, is given as a range from 5° to 20°. As the current is
increased the beam divergence will increase as higher order transverse modes begin to

lase.

Figures 5.7 and 5.8 are plots of the current versus voltage and the power versus current
for the V. CSEL under test. As expected the current has an exponential b ehaviour with
respect to voltages above the threshold voltage and the power increases linearly with
current above the threshold current. From the L-I curve, the following values are found
for threshold current and slope efficiency, respectively, Iy, = 3.1mA and n = 0.4mW/mA.
These results are within the nominal ranges reported in table 5.1 for this HFE4080-321
VCSEL model.
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Figure 5.7: Measured current vs. voltage.
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Figure 5.8: Measured power vs. current.

The VCSEL is packaged in a protective casing with a metal cap containing a plastic
window to allow the light to escape. It was found that the window distorted the beam’s
shape. It also prevented the optical probe from approaching the surface of the VCSEL.
Thus, the cap was removed. Scans were then performed within approximately 100um of

the VCSEL’s surface (figure 5.9). The VCSEL was mounted on a plastic circuit board
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which contained the wires connected to the current source. The PCB was mounted on a

manual x-y-z stage to aid in the alignment of the system.

Figure 5.9: The SNOM fiber is positioned for a scan of the VCSEL.

5.3 Measured data

The setup described in the previous section was used to sample the output of the VCSEL
at 4 z-positions for currents of 4, 5, 10 and 12mA. The intensity profiles presented in this
section were measured in July 2002 by Camille Bres and Carole Haddad. The profiles are
plotted in figures 5.10 to 5.13. As the current is increased the size of the beam increases

and the presence of higher order modes can be deduced from the shape of the beam.
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Figure 5.10: Intensity profile at I = 4mA. a) angled view and b) top view.
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Figure 5.11: Intensity profile at I = SmA. a) angled view and b) top view.
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Figure 5.12: Intensity profile at I = 10mA. a) angled view and b) top view.
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Figure 5.13: Intensity profile at I = 12mA. a) angled view and b) top view. Note that the intensity is
not to the same scale as the previous 3 plots because the z-position is different for 12mA, than for the
other currents.

The shape of the intensity profiles emitted by the VCSEL suggests that HG modes are the
appropriate model to be used. However, the outputs have non-symmetric elements. In the
absence of significant distortions caused by the sampling process it can be deduced that
the variation from an ideal HG beam is caused by the anisotropy in the VCSEL structure
[8]. Thus it must be recognized that the numerical models that are computed in chapter 6
are approximate at best. It must be emphasized that for VCSEL to have well defined HG
modes it must be of high quality. Half a dozen VCSELSs, of two different model types,
were tested using the SNOM and the device with the most ideal output was selected. It
can be expected that as VCSEL technology continues to advance the match of the actual

modal content to ideal HG modes will improve.

Since modal extraction requires that complex calculations to be performed on the
experimental data certain corrections must be made. Observing the orientation of the
symmetry in the plots it is observed that the transverse axes of the data are rotated with
respect to the x and y axes of the scans. Thus a correction rotation is applied to the data
before modal extraction is p erformed in chapter 6. M ost o f the noise contained in the
acquired data was on the outer periphery of the data, which suggests that it is due to
spontaneous emissions from the outer edges of the cavity [9]. Some of the noise that

exists along the outer edges of the scans can be removed. The zero value of the data must
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also be verified. It is possible that dark current in the photo-detector will cause a slight
offset in all the data [10]. To increase the accuracy of the calculations extra zeros can be

added in Matlab to the exterior edges of the data.

Despite the adjustments that can be made there are some issues that can not be
compensated for and thus will hinder evaluation of the modes. A difficulty in performing
scans was the impossibility of knowing the exact z-position due to the absence of
feedback in the SNOM. The scan at I = 12mA was taken slightly further from the VCSEL
than those at I = 4, 5, 10mA which accounts for the lower peak intensity observed for
12mA in figure 5.12. However, this does not influence the modal content. The intensity
profiles are a time average measurement because the scans take a few minutes to
complete. Thus, if there are any changes in the output of the laser during a scan the
acquired data will be distorted. Thus, the temperature and biasing of the VCSEL must be

stable to ensure that the experiment is repeatable.

256 x 256 points were sampled in x and y and the scan area was 61pum x 100um. This
resulted in a sample spacing of 239nm in x and 392nm in y. The limits on the scan area
was imposed by the behaviour of the piezo translation stage. The scans at 10mA and

12mA were thus clipped in the x direction due to the lack of range.

5.4 Conclusion

This chapter presented the experimental setup constituting the SNOM and its associated
equipment. The data presented exhibits sufficient characteristics to suggest that an
attempt to evaluate a Hermite-Gauss model can be made in the following chapter. The
accuracy of any model will depend on the quality of the experiments that were performed
to acquire the data. Although there are issues that presented themselves in the course of
experimentation, it will be demonstrated in chapter 6 that pertinent information can be

evaluated from the intensity profiles obtained from the SNOM.
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6. Extraction of HG modes from experimental data acquired by
SNOM

6.1 Introduction

In Chapter 4, it was demonstrated that the modes in the simulated output of a multimode
VCSEL could be extracted. The challenge is to apply the theoretical approach to an actual
VCSEL. There are several factors that will determine whether it is possible to apply the
Gori et al. method to a particular VCSEL. It must be determined whether Hermite-Gauss
or Laguerre-Gauss functions are the appropriate basis functions. For the VCSEL under
study, a Hermite-Gauss basis is chosen based in part on the knowledge that the cavity is
rectangular. Since the cavity is very small, small non-uniformities in the cavity can
greatly affect the laser’s output [1]. In the case where large stable cavity lasers are under
study, it is reasonable to assume that the modes will be close to the ideal Hermite-Gauss
modes. Finding a VCSEL which is close to the ideal case can be more difficult.
Individual VCSELs of the same model type may have outputs which can be quite
different, although as fabrication techniques continue to evolve it can be expected that

more VCSELs will exhibit HG outputs.

In this chapter, the intensity profiles measured with the SNOM (Chapter 5) will be
analyzed using the Gori et al. technique [2,3]. The objectives of this chapter are twofold,
to demonstrate that a consistent model of the laser output can be constructed and to study
the modal behaviour versus current. The purpose of the modeling process is thus to verify
ifa VCSEL, which appears to exhibit an o utput resembling that o f a superposition o f
Hermite-Gauss modes, can be effectively modeled by Hermite-Gauss functions. In order
for the modeling process to be successful, the model must match the expected behaviour
of the beam as it propagates through an optical system. This chapter is structured as
follows. The cross-sectional method is used to model the x and y axes cross-sections of
the beam. The integration method is used to calculate the summed modal content and the
M? factor. The two transverse dimensional method is then used on an intensity profile and

compared to the integration method.
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6.2 Modeling of a VCSEL'’s output

6.2.1 Cross-sectional method

The output of the VCSEL under study was sampled using the SNOM at currents of 4mA,
5mA, 10mA, and 12mA. For each current the output was sampled at four positions
separated by 10um. The purpose of calculating the model at several z-positions was two-
fold. Because this experiment was a test of the modeling process it was necessary to see if
a constant model could be evaluated as the beam diverged in free space. The second
reason, is that when constructing a model it is best to take an average of the modal
percentages over several z-positions to minimize the effect that measurement error may

have.

The purpose of commencing with the one-dimensional method is that it is inherently
simpler to construct a one transverse dimensional model than a two transverse
dimensional model. Of the three methods presented in chapter 4, the cross-sectional
method is least sensitive to distortion in the beam. Thus, if the modeling process fails in
one-dimension it can not succeed in two. Examining the cross-section of the beam is also
important to allow for the determination of the orientation of the x and y-axis. The x and
y axis of the VCSEL must correspond exactly with the x and y-axis of the scanning stage.
If a rotation exists, either the VCSEL must be rotated or the acquired data must be rotated
numerically in Matlab. Examining the x and y cross-sections and computing a one-
dimensional model can aid in the alignment of the system. If the cross-sections are found

not to be HG, this can indicate that the choice of x and y-axes was poorly made.

In this section the cross-sections of the intensity profiles in x and y are decomposed using
the HG basis functions for one dimension (Eqn 6.1). As discussed in chapter 4, this
allows for the construction of a limited model of the beam. The mathematical form of the
cross-section (see Eqn 4.5 reprinted below for convenience) indicates that it is not
possible to determine the exact modal content. However, the model will provide an
accurate description of the beam shape along the axes and serves as an indicator of what

modes exist.
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I(x,z,) = §[|G,, (x,z,)[ * i(cm *1G, (0,2, )} (Eqn 4.5)

There are 8 tables in this section (tables 6.1 to 6.8). Each table corresponds to the one-
dimensional model (in x or y) for one of the four currents (4mA, SmA, 10mA or 12mA).
The tables contain the percentage contribution of each basis function to the total model.
The indices, n for x and m for y, indicate the order of Gu(x,z1) or Gu(y,z1). As was stated
previously, the modal content is constant over distance and thus the calculated
percentages should reflect this. For each index value, the percentages in that row of the
table should be the same. Looking at the tables one observes that there are small
differences in the modal content as the z position is changed. There are several reasons
why this occurs. Firstly, since w(z) must be determined experimentally its value will not
be exact. This in turn will result in some error in the model. The second error type is due
to random noise that is present in the acquired data will result in small changes in the
shape of the beam over time, which in turn will change the model slightly. The third
source of error will occur if the beam begins to be clipped significantly. If a significant
portion of the beam is lost insufficient information exist to allow for an accurate model to
be evaluated. The fourth source of error results from distortions in the measured beam
shape at different z-positions. This will be a factor because the sampling equipment will
not be perfectly aligned with the VCSEL and thus the beam will not be measured at the
exact position and angle that is assumed by the mathematical model. Figures 6.1 to 6.8
plot the cross-section of the VCSEL beam. The intensity profiles have been normalized to
a maximum intensity of 1 so that the error between the beam and its model is plotted as a

fraction of 1.
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The examination of the results begins with the tables for the x and y cross-sections at

4mA (tables 6.1 and 6.2).

Modal G,(x) content G,(x) content G(x) content G,(x) content  Average Standard
Indexn atposition atposition  at position  at position deviation as

rAl z+10pm Z,+20um z4+30pm a % of the

mean

0 61.9% 61.7% 57.7% 58.8% 60.0% 3.5%

1 23.4% 24.1% 25.4% 25.0% 24.5% 3.7%

2 8.9% 9.1% 10.8% 10.0% 9.8% 9.0%

3 3.7% 3.4% 4.4% 4.2% 3.9% 11.7%

4 1.5% 1.3% 1.5% 1.4% 1.4% 6.7%

5 0.6% 0.3% 0.2% 0.1% 0.3% 72.0%

Table 6.1: Modal content in x for I = 4mA.
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Figure 6.1: a) x cross-section of the beam and the evaluated model for z-position z,. b) The error was
computed by subtracting the cross-section and the model.

Modal Gm(y) Gmly) Gm(y) Gn(y) Average Standard
Index m content content content content deviation as
at position  at position  at position  at position a % of the
Z4 z1+10um z2+20um 21+30um mean
0 95.3% 90.8% 88.6% 92.8% 91.9% 3.1%
1 0.0% 1.6% 6.0% 3.2% 2.7% 94.8%
2 4.3% 5.5% 3.0% 2.1% 3.7% 40.0%
3 0.0% 1.5% 1.5% 1.9% 1.2% 68.4%
4 0.1% 0.2% 0.8% 0.0% 0.3% 130.7%
5 0.2% 0.3% 0.0% 0.0% 0.1% 120.0%

Table 6.2: Modal content in y for I = 4maA.
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a) y cross-section of scan 1 at 4 mA
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Figure 6.2: a) y cross-section of the beam and the evaluated model for z-position z, . b) The error was
computed by subtracting the cross-section and the model.

The experimental data is not perfectly Hermite-Gauss because it is not perfectly
symmetric about the origin. However, the model is perfectly symmetric since it is purely
HG, this results in a non-symmetric error curve (figures 6.1 (b) and 6.2 (b)). The
evaluated model has a reasonably good fit to the experimental data (figures 6.1 (a) and
6.2 (a)) and the error is small relative to the scale of the intensity profiles (figures 6.1 (b)
and 6.2 (b)).

From tables 6.1 and 6.2 it is noted that the dominant contribution in both axes comes from
co. The largest variation in the modal percentages also occurs in ¢o. For the x-axis the ¢
modal content ranges from 57.5% to 61.9% and for the y-axis the ¢y modal content ranges
from 88.6% to 95.3%. From the plots of the beam at the different positions it can be
determined that the beam has not been clipped nor is noise a significant factor.
Furthermore, there does not appear to be significant distortion in the beam shape at any of
the four z-positions. Thus the choice of w(z) will be the greatest cause of the variation of

the modal percentages.
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Comparing the results for the x and y cross-sections reveals two details of note. The beam
waist parameter ®, is not the same in x and y. When VCSELs are manufactured the
cavities are designed to be square. However, due to the small size of the laser it is to be
expected that the cavity will not be perfectly square. Thus the wy’s for x and y will be
close but not identical. Anisotropy in the cavity due to strain or non-isotropic injection of
current into the cavity will also influence the beam shape. The second observation is that
the modal content is not the same in both x and y. At 4mA the y cross-section is nearly
perfectly Gaussian while the x cross-section has a larger contribution from higher order

components.

Tables 6.3 and 6.4 contain the x and y models respectively for the VCSEL output when
biased at SmA.

Modal Gg(x) content Gy(x) content G,(x) content G,(x) content  Average Standard
Indexn atposition atposition  atposition at position deviation as
Z4 z21+10um Z+20um z+30um a % of the
mean
0 55.2% 54.6% 53.2% 53.8% 54.2% 1.6%
1 28.9% 29.7% 29.7% 30.1% 29.6% 1.7%
2 11.1% 11.4% 12.4% 12.8% 11.9% 6.8%
3 3.4% 3.5% 4.2% 3.4% 3.6% 10.7%
4 1.2% 0.8% 0.6% 0.0% 0.7% 76.9%
5 0.2% 0.0% 0.0% 0.0% 0.1% 200.0%

Table 6.3: Modal content in x for I = SmaA.
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Figure 6.3: a) x cross-section of the beam and the evaluated model for z-position z,. b) The error was
computed by subtracting the cross-section and the model.

Modal Gp(y) conten G.,(y) conten G(y) conten G(y) conten  Average Standard
Indexm atposition atposition at position  at position deviation as
Z4 z4+10um z,+20um z,+30um a % of the
mean
0 55.2% 53.1% 50.2% 53.8% 53.1% 4.0%
1 39.7% 42.7% 44.0% 42.8% 42.3% 4.3%
2 0.0% 0.0% 2.4% 0.0% 0.6% 200.0%
3 3.8% 1.5% 0.0% 1.1% 1.6% 99.9%
4 1.3% 2.0% 2.5% 1.1% 1.7% 37.4%
5 0.0% 0.6% 0.9% 1.2% 0.7% 75.9%

Table 6.4: Modal content in y for I = SmA.
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Figure 6.4: a) y cross-section of the beam and the evaluated model for z-position z,. b) The error was

computed by subtracting the cross-section and the model.

Comparing I = SmA to I = 4mA for both x and y reveals the following. The increase in
bias current results in increased output power. There is also an increase in the
contribution of the higher order modes to the output. Comparing x and y, the change in

modal content is most pronounced in y. The presence of higher order modes results in the

a dip in the center of the y cross-section.

Tables 6.7 and 6.8 contain the x and y models respectively for the VCSEL output when

biased at 10mA.

Modal Gi(x) content Gn(x) content G(x) content G,(x) content  Average Standard
Indexn atposition atposition  atposition  at position deviation as
Z4 z1+10um Z1+20pm Z;+30um a % of the
mean
0 26.4% 242% 22.5% 20.9% 23.5% 10.0%
1 62.0% 60.6% 58.4% 61.9% 60.7% 2.8%
2 11.4% 15.2% 19.1% 17.2% 15.7% 21.0%
3 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
4 0.2% 0.0% 0.0% 0.0% 0.1% 200.0%
5 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

Table 6.5: Modal content in x for ] = 10mA.

66



a) x cross-section of scan 1 at 10 mA
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Figure 6.5: x cross-section of the beam and the evaluated model for z-position z,. b) The error was
computed by subtracting the cross-section and the model.

Modal Gml(y) Gmly) Guly) Gm(y) Average Standard
Index m content content content content deviation as

at position  at position  at position  at position a % of the

Z4 24+10um Z1+20um Z+30um mean

0 13.7% 13.0% 10.0% 11.9% 12.2% 13.3%

1 54.4% 59.2% 54.8% 59.2% 56.9% 4.7%

2 19.0% 18.0% 23.6% 20.2% 20.2% 12.1%

3 7.7% 6.0% 7.2% 5.5% 6.6% 15.5%

4 2.3% 2.2% 2.8% 2.3% 2.4% 11.3%

5 3.0% 1.7% 1.7% 0.8% 1.8% 50.3%

Table 6.6: Modal content in y for I = 10mA.
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a) y cross-section of scan 1 at 10 mA
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Figure 6.6: y cross-section ofthe b eam and the e valuated model. b) T he e rror w as computed by
subtracting the cross-section and the model.

At 10mA Gi(x) and Gi(y) dominate the laser emission. The error between the cross-
section and the model is much larger (figures 6.5 (b) and 6.6 (b)). One reason for this is
that the beam is becoming increasingly non-symmetric about the transverse axes. The

Hermite-Gauss model can not produce non-symmetric shapes thus the error is large.

Tables 6.9 and 6.10 contain the x and y models respectively for the VCSEL output when
biased at 12mA. Note that the initial z-position is denoted as z, (as opposed to z; for the
other currents) because the initial 12mA scan was taken at slightly different initial
position. However, this does not affect the comparison of the models since the G,(x) and

Gm(y) contributions are tabulated as percentages.

Modal Gy(x) content Gy(x) content G,(x) content G,(x) content  Average Standard
Indexn atposition atposition at position  at position deviation as
2 Z>+10pm Zo+20pm Z,+30um a % of the
mean
0 25.2% 23.7% 20.9% 17.8% 21.9% 14.9%
1 67.5% 61.0% 61.6% 63.3% 63.4% 4.6%
2 7.3% 15.2% 17.5% 17.9% 14.5% 34.1%
3 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
4 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
5 0.0% 0.0% 0.0% 1.1% 0.3% 200.0%

Table 6.7: Modal content in x for I = 12mA.
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a) x cross-section of scan 1 at 12 mA
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Figure 6.7: cross-section of the beam and the evaluated model for z-position z,. b) The error was

computed by subtracting the cross-section and the model.

Modal Gmly) Gn(y) Gmly) Gm(y) Average Standard
Index m content content content content deviation as
at position  at position  at position  at position a % of the
Z; Z,+10um 2,+20um Z,+30um mean
0 28.4% 27.4% 27.0% 26.2% 27.3% 3.4%
1 68.6% 70.6% 70.9% 71.9% 70.5% 2.0%
2 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
3 2.8% 0.0% 0.0% 0.0% 0.7% 200.0%
4 0.1% 2.0% 21% 1.8% 1.5% 62.8%
5 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

Table 6.8: Modal content in y for I = 12mA.
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a) y cross-section of scan 1 at 12 mA
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Figure 6.8: cross-section of the beam and the evaluated model for z-position z,. b) The error was
computed by subtracting the cross-section and the model.

The results at 1 2mA show a greater v ariation than for the other currents. B ecause the
beam has grown in width due to the larger contribution of high order modes it surpassed
the scanning range of the SNOM. Therefore the beam was clipped during the beam

sampling process.

The preceding results indicate that a consistent one-dimensional model can be computed
for the VCSEL at multiple output currents. Thus, the choice of beam waists in x and y, as
well as the orientation of the basis axes appear to be sufficiently accurate. The tables in
this section contain the standard deviation as a percentage of the mean. This measurement
helps quantify the stability of the sampling and modeling process for different z-positions.
It is observed that the deviation for the dominant basis functions is small. Determination
of the non-dominant basis functions is less accurate. This will not have significant effect

on the model because the contribution of those functions to the overall model is small.

6.2.2 Integration method

As was stated in Chapter 4, the integration method reduces the intensity to a one

transverse dimensional function by integrating it in x or y. Thus all the modes whose
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modal coefficient (cnm) share a common index (n or m if integration is done in x or y
respectively). Therefore, if it is desired to examine the intensity in the x-dimension, the
intensity profile is integrated in y and is reduced to equation 4.6 reprinted below for

convenience.

I(x,z,) = fwiicnm

m=0 n=0

U (%, 9,2,)| Ay =Z('Gn (xz) *Y cnmj (Bqn 4.6)
n=0 m=0

The individual modes can not be distinguished, only the summed values are seen.
However, the M? factor can be evaluated. Table 6.9 tabulates the percentage that each
Gy (x) makes to the total power of the beam. The values in the table are the average of the
values found at the four z-positions for each current. Table 6.10 contains the data for the y
dimension. The values of I = 12mA were excluded because the severe beam clipping

prevented an accurate model from being evaluated.

Current Modal Modal Modal Modal Modal Modal )
(MA) Content Content Content Content Content Content Y
n=0 n=1 n=2 n=3 n=4 n=5
4 64.6% 22.1% 8.2% 3.4% 1.3% 0.4% 212
5 59.2% 26.3% 9.8% 3.4% 1.1% 0.1% 2.23
10 46.5%  31.9% 16.3% 5.1% 0.1% 0.0% 2.61

Table 6.9: The percentage of each G,(x) to the beam’s power.

Current Modal ~ Modal ~ Modal ~ Modal ~ Modal ~ Modal R
(MA) Content Content Content Content Content Content M,
m =0 m =1 m =2 m=3 m=4 m =5
4 906%  0.0% 7.9% 0.5% 1.0% 0.0% 1.43
5 55.7%  36.55 3.0% 2.6% 1.3% 0.8% 2.19
10 315% 380% 187% 7.5% 2.5% 1.7% 3.33

Table 6.10: The percentage of each G,(y) to the beam’s power.

From the tables it is observed that the values for M’ and M?, are not the same. This is
expected since the contributions of the Gn(x) and Gn(y) basis functions are not the same
and the beam is not perfectly circular. The value of M” increases with current as the

higher order modes begin to lase and the laser spot size increases.
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6.2.3 Two transverse dimensional method

In order to determine the modal content it is necessary to perform the analysis using basis
functions in x and y. From the preceding sections it was found that it becomes
increasingly difficult to model the beam with HG functions as the current increases. The
two transverse dimensional model fails to produce meaningful results once the non-

symmetry in the beam becomes very pronounced. The best result was obtained for I =

4mA. The modal content is tabulated in table 6.11.

Mode Modal Mode Modal Mode Modal
(n,m) Content (nm) Content (n,m) Content
(0,0) 55.1 (3,1) 0.8 (4,4) 0.0
(0,1) 0.0 (2,3) 0.0 (0,5) 0.3
(1,0) 20.8 (3,2) 0.6 (5,0) 05
(1,1) 0.0 (3,3) 0.0 (1,5) 0.0
0,2) 22 (0,4) 0.0 5.1) 0.6
(2,0) 7.9 (4,0) 1.3 (2,5) 0.0
(1,2) 21 (1,4) 0.3 (5,2) 0.2
2,1) 0.5 4,1) 0.8 (3,5) 0.0
(2,2) 1.2 (2,4) 0.1 (5,3) 0.1
0,3) 0.8 4,2) 0.3 (4,5) 0.0
(3,0) 3.3 (3.4) 0.1 (5.4) 0.0
(1,3) 0.0 (4,3) 0.1 (5,5) 0.0

Table 6.11: Modal content for I =4mA at position z;.

Figure 6.9: Comparison of the cross-sections of beam and the evaluated model in (a) x and (b) y.
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Figure 6.10: Difference of the actual beam and the model.

The values for the M? factor in x and y were found to be sz =2.48 and sz =1.45. The
valuesintable 6.11 canbereduced to values close tothoseintables 6.9 and 6.10by
summing the modes with m in common for x and n in common for y. In the ideal case the
values would be identical. The values of M? computed by both methods should be very
close (identical if the beam was ideally HG). Comparing to the value in tables 6.9 and
6.10 for I = 4mA, it is found that there is a good agreement between the values of sz,
but the two sz have a 17% difference. The model contains 98.5% as much power as the

real beam.

Modal Modal Modal Modal Modal Modal
Axis Content Content Content Content Content Content M?
n=0 n=1 n=2 n=3 n=4 n=>5
X 58.30 23.16 9.75 4.86 2.57 1.33 2.48
y 88.90 2.73 6.54 1.00 0.53 0.30 1.45

Table 6.12: The percentage of each G,(x) or G,(y) to the beam’s power.
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6.3 Conclusion

This chapter demonstrated that the VCSEL under study could be modeled by Hermite-
Gauss functions for low currents. As the current is increased the beam becomes corrupted
by non-HG elements which hinder modal extraction and make it impossible to accurately
model the beam using purely HG functions. The integration and cross-sectional methods
provided limited models of the beam in one transverse dimension. These models were
stable as the beam propagated in free space. The two transverse dimensional method
returns the modal content of the beam. If the VCSEL emissions are very close to ideally
HG, as was the case for [ = 4mA (section 6.2.3) this model will be accurate and will allow
for the determination of the beam’s evolution with distance as it propagates through an

optical system.
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7. Modal extraction using a two-lens system

7.1 Introduction

In Chapter 5, SNOM was used to measure the intensity profiles of a VCSEL. This method
produces high quality images. Another method is to image the beam waist using a lens
relay system and to acquire the intensity profiles using an optical probe mounted on an x-
y-z stage or a CCD camera [1,2,3,4,5,6]. The addition of lenses into the experimental
setup will introduce distortion into the imaged beam which will interfere with beam
analysis. In addition the imaging system will be diffraction limited. However, there are
some benefits to creating a new beam waist. The probe will be able to scan through the
position corresponding to the imaged beam waist. This will make it possible to measure
the beam evolution in free space and will increase the accuracy of the determination of g

using the method described in section 4.9 [7].

The intent of the experiments in this chapter was to evaluate the modal content using a
two-lens relay system and compare the performance of the lens relay system to that of the
SNOM. A different VCSEL was used than in the previous chapters. The device used was
in a 20x16 array with device spacing equal to 125um (figure 7.1). Only one VCSEL in
the array was used. The experiments in this chapter were performed before the SNOM
equipment became available. It was expected that it would be of greater difficulty to
evaluate the modal content from these experiments because of distortion introduced by
the lens system. The advantage of this system is that it had a much larger x-y-z range than
the SNOM which allowed for intensity profiles to be measured at more z-positions.
Although the two-lens system modifies the laser beam and creates a new beam waist

neither the modal content nor the value of the M? factor is changed by the optical system.
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VCSEL

Figure 7.1: The VCSEL array and the first lens in the lens relay system.

7.2 VCSEL properties

The wavelength o fthe VCSEL emissions is 8 50nm. The I-V and L-I curve plotted in
figures 7.2 and 7.3 respectively. The threshold current is Iy, = 1.35mA and the slope
efficiency is 1 = 0.25mW/mA. The beam is only reasonably symmetric in x. There is a
significant variation in beam shape in y which suggest anisotropy in the VCSEL cavity
[3]. For this reason the modeling process will only be performed on a cross-section along
the x-axis using the method presented in section 4.4. The other two methods will not

produce useful information due to the lack of symmetry.

Current (mA)

Voltage (V)

Figure 7.2: Current vs. voltage.
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Figure 7.3: Power vs. current.

7.3 Evaluation of the M? factor and the modified beam waist w,’

The setup depicted by figure 7.4 was used to measure the variance of the beam from
which the M factor and beam waist radius o’ can be computed. A new beam waist was
created by refocusing the laser beam through a two-lens system. The first lens was a
microscope objective with magnification of 10. The second lens was a plano-convex
doublet with focal length equal to 30mm and diameter equal to 12.5mm. When a lens
relay is used it must be determined if the properties of the optical system will distort the
beam in a manner that will result in an erroneous model. Issues that must be addressed are
misalignment, clipping and power transmission. To align the system components the
propagation of the beam through the system was verified by measuring the beam profile
and position at several points in the system and comparing to the expected results. For
example if the beam’s center is not on the optical axis at all points in the system this can
indicate that the surface of the VCSEL is not perpendicular to the optical axis of the lens
relay or that the center of the beam waist is not exactly on the optical axis. To address
beam clipping, the focal lengths of the lenses and the component spacing were chosen to
produce spots on the surface of the lenses which were small enough to avoid beam

clipping. Furthermore, the absence of Airy disk patterns, which are introduced when a

77



beam diffracts through a circular aperture, suggests that no significant beam clipping
occurred. Only 40% of the power was transmitted through the system due to reflections at
the lens surfaces, but no significant distortion was observed in the output of the lens relay.

Thus despite the power loss the modal content of the beam is unchanged and can be

evaluated.
Current x-y-z stage
source X

| Data aquisition
., Software

Microscope  [ens BEAMSCAN
objectice

Figure 7.4: Schematic of the setup used to measure the variance of the beam in order to evaluate M*
and .

The device in figure 7.5 at the output of the lens relay is used to measure the variance of
the beam. The M? factor was evaluated for currents of 2.0, 2.5, 2.8, 3.5 and SmA using
the method presented in section 4.10. Figure 7.6 is a plot of the measured beam variance
and the results of the M calculations are tabulated in table 7.1. As is expected the value
of M? increases with current which indicates the increase in higher order modes and the
corresponding increase in beam size [8]. The variance data was used to compute the beam
waist radius parameter, ®y’° = 4.5um, of the modified beam which was then used to
evaluate the beam radius at the positions for which the model is found in the following

section (section 7.4).
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BEAMSCAN

Lensl Lens2

Figure 7.5: A new beam waist is created by the 2-lens system. The BEAMSCAN device at the output
of the second lens is used to measure the variance of the modified beam.

X 10" Variance vs. distance from lens

25

S e 2mA

' (=S + 2.5mA
—- 2.8mA
--- 3.5 mMA
e 5mA

Figure 7.6: The variance was sampled at 15 z-positions around the beam waist. The z-distance is
measured from the location of the new waist.

Current 2
| (mA) M
2.0 2.81
2.5 3.94
28 4.45
3.5 493
50 4.96

Table 7.1: The value of the M* factor is found from the variance curves in figure 7.6.
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7.4 Modal extraction

The setup depicted in figure 7.7 was used to acquire the x cross-section of the beam. The
beam-profiling device was removed from the system and replaced with a photo-detector
mounted on a motorized x-y-z stage. A 10um pinhole was placed on the photo-detector in
order to sample only a small part of the beam at any point. A scan is performed at a fixed
y and z to obtain the cross-section of the beam by sampling the intensity at points along
the x-axis. The profile was then reconstructed from the acquired data. Profiles were
obtained for several z-positions and currents. The following section compares the models
for scans at I = 2.5, 2.8 and 3.5mA. In this section, two scans are presented per current,
corresponding to positions z = 1 and 1.5mm from the new beam waist. It is expected that
the value of the computed percentage of any Gy(x) will be very close for the two z-

positions since modal content remains constant as the beam propagates.

Motorized Control and
xv-z stage ontrol an
Current v g data aquisition
source sofwvare
Power
meter

Microscope Lens
objectice

Photo-detector

Figure 7.7: The setup used to measure the VCSEL emission.
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Motorized
X-y-Z stage

Lens Photodetector
relay

Figure 7.8: The setup used to acquire the intensity cross-section along the x-axis.

Table 7.2 tabulates the model for I = 2.5mA. Figure 7.9 plots the x cross-section of the
actual beam and the difference between the two for z = Imm. The intensity profiles have
been normalized to a maximum intensity of 1 so that the error between the beam and its
model is plotted as fraction of 1. As was the case in chapter 6, the error curve is non-
symmetric about x = 0 because while the model is symmetric the actual beam is not
ideally HG and not p erfectly symmetric. T he p ercentage o f the Gp(x)’s for the two z-

positions are relatively close.

Gn(x) Gn(x) Gn(x) Gn(x) Gn(x) Gn(x)
Content Content Content Content Content Content

(mm) n=0 n=1 n=2 n=3 n=4 n=5
1 0.0 47.5 447 7.8 0.0 0.0
1.5 0.0 46.2 428 11.1 0.0 0.0

Table 7.2: The model of the beam at I = 2.5mA, as computed at z=1 and 1.5mm.
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Figure 7.9: a) x cross-section of the beam and the evaluated model for z-position 1mm. b) The error
was computed by subtracting the cross-section and the model.

Table 7.3 tabulates the model for I = 2.8mA. Figure 7.10 plots the superposition of the
model and the actual beam and the difference between the two for z = Imm. With the

increase in current the contribution of the higher modes becomes more pronounced.

Gn(x)  Ga(x)  Gn(x)  Gux)  Gu(x)  Gulx)

(mzm) Content Content Content Content Content Content
n=0 n=1 n=2 n=3 n=4 n=>5
1 0.0 35.9 47.3 16.9 0.0 0.0
1.5 0.0 34.2 437 19.1 3.0 0.0

Table 7.3: The model of the beam at I = 2.8mA, as computed at z=1 and 1.5mm,
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Figure 7.10: a) x cross-section of the beam and the evaluated model for z-position 4mm. b) The error
was computed by subtracting the cross-section and the model.

Table 7.4 tabulates the model for I = 3.5mA. Figure 7.11 plots the superposition of the
model and the actual beam and the difference between the two for z = Imm. The output
of the VCSEL used in this experiment remained relatively similar in shape over the range

in current examined.

Gn(x) Gn(x) Gn(x) Gn(x) Gn(x) Gn(x)

(mzm) Content Content Content Content Content Content
n=0 n=1 n=2 n=3 n=4 n=5
1 0.0 31.6 48.9 19.6 0.0 0.0
1.5 3.3 27.6 38.1 24.8 6.1 0.0

Table 7.4: The model of the beam at I = 3.5mA, as computed at z=1 and 1.5mm.
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Figure 7.11: a) x cross-section of the beam and the evaluated model for z-position Imm. b) The error
was computed by subtracting the cross-section and the model.

7.5 Conclusion

In this chapter a two-lens system was used to create a new beam waist so that the variance
of the beam could be measured directly at the beam waist. This information allowed the
computation of the M? factor and the evaluation of the beam waist radius parameter wo. A
model of the cross-section of the beam was evaluated using o to define the Gn(x) basis
functions. The ability to scan through the position of the waist (section 7.3) simplified the
determination of wy and M? from the variance compared to the SNOM experiments. The
larger range of the x-y-z stage used in this setup prevented the beam clipping which
occurred for large beam sizes with the SNOM. However, it was much more difficult to
align the system due to the larger number of components. The resolution of the probe
used to acquire the intensity profiles (section 7.4) was poor compared to that of the
SNOM probe because the size of the pinhole was 10um. For this reason it was necessary
to measure the beam at a distance of about 1mm or greater from the imaged beam waist in
order to get an accurate profile. This obstacle could be overcome by using a smaller
aperture on the photo-detector used. Nevertheless, it is clear that the resolution of the
measurements that can be acquired with SNOM is far superior to those using a lens relay

system and this will in turn result in a more accurate model for the beam.
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8. Conclusions

The intent of this project was to model the output of a VCSEL beam using the method
developed by Gori et al. under the assumption that the intensity profile could be
accurately represented using Hermite-Gauss modes. The purpose of computing a model is
that it will allow the prediction of the beam evolution through an optical system with
greater accuracy than other methods such as M”. To achieve this the Gori et al. method
was applied to VCSELs whose outputs could be best characterized by Hermite-Gauss
functions at certain currents. The cross-sectional method and integration methods
described in Chapter 4 produced accurate models of the beam for several currents. As was
stated previously, the models that were computed varied slightly with the change in z-
position along the optical axis. This was due to several factors such as slight
misalighment in the measurement system or small variations in the VCSEL output with
time. For data measured with the SNOM, the cross-sectional method produced models
which did not deviate greatly with z distance along the optical axis. For example for
Gn(x)’s whose content was 50% or greater of the model, the standard deviation due to the
change in z was less than 5%. The standard deviation for G,(x)’s whose content was less
than 1% was greater than 100% in some cases. However, since the contributions of these
modes are so small the model remains accurate. These models provided information on
the beam shape and modal content, but could not isolate the individual modes in the
output. Based on these models the modeling process was performed using the two-
transverse dimensional method in order to extract the modal content. It was found that the
VCSEL output could be effectively modeled at a current of 4mA because its output was
strongly Hermite-Gauss. However, the exact modal content could not be obtained for

larger currents because the VCSEL’s output became increasingly non-symmetric.

Two experimental setups were used to acquire the intensity profiles. The SNOM setup
proved to be superior to the two-lens system. It provided a much higher resolution image
of the intensity and was significantly faster. The alignment of the SNOM to the VCSEL is
more accurate than for the lens system. Only the SNOM probe must be aligned to the
VCSEL surface. In the lens relay system, the two lenses and the probe must be aligned.
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Perfect alignment of either system is not possible, but the greater number of elements in
the lens system resulted in greater distortion of the intensity profile. The added accuracy
of the SNOM is required to obtain consistent models because the acquired data is being
mathematically decomposed into basis functions. Small distortions introduced by the

measurement setup can result in erroneous determination of the modal content.

There are several issues that arose during the course of this project which suggests the
possibility of future work. The application of the two-transverse dimensional modeling
method to the experimentally acquired VCSEL output proved to be difficult. The limiting
factors were the quality of the VCSEL output, i.e. the VCSEL did not emit a perfectly
Hermite-Gauss beam, and the experimental setup that was used to acquire the intensity
profiles. Possible future work would involve developing a mathematical representation of
this output. This would require the use of additional functions which would be non
Hermite-Gauss, to model the non-symmetric elements in the output. However, it must be
determined if these non-symmetric elements can be represented with orthogonal
functions. If they can not, then a unique solution for the modeling process may not be

possible.

Another possible future project would be the implementation of a feedback mechanism in
the SNOM setup. This would result in greater accuracy because it would maintain a
constant probe height above the VCSEL. This would also allow for the probe to be safely
placed closer to the VCSEL surface. The smaller mode-field diameter near the surface of
the VCSEL would eliminate the clipping of the beam which occurred at high currents,

such as 12mA (Chapter 6), thus allowing for a larger range of currents to be modeled.
The significant amount of research on VCSELs suggests that they will continue to play a

role in future optical systems. Advances in VCSEL technology will ensure further study

of VCSEL’s characteristics such as their structure, performance and their modal content.
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