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ABSTRACT

Polarization control of long-wavelength vertical cavity surface emitting laser

(VCSEL) fabricated by orientation-mismatched wafer bonding

by

Yae Okuno

This thesis explores fabrication and investigation of controlling polarization

of light output of a long-wavelength VCSEL.  The conventional VCSELs are

fabricated on symmetric (001) crystal plane which does not have fundamental

polarization selection rule.  Unstable polarization of the VCSEL limits its use as a

transmitter and application to other polarization-sensitive scheme.

In order to achieve a polarization-controlled VCSEL, we fabricated its active

region on (113)B plane.  The (113) and other planes of (11n) family are asymmetric,

which leads to asymmetric stress and anisotropic optical gain.  A large dichroism

such as anisotropic gain is expected to be most effective in stabilizing polarization.

The active region for 1.3-µm wavelength VCSEL was grown on (113)B InP

substrate by metal-organic chemical vapor deposition (MOCVD).  Since this plane is

asymmetric, it is more difficult to grow on than (001) plane.  The growth condition

was optimized to low-migration condition in order to achieve flat surface
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morphology and good crystalline quality.  We also observed that the doping

efficiency of both n-type and p-type impurities was higher than that on (001) surface.

To complete the VCSEL, the active region on (113)B InP was integrated to

(001) GaAs-based distributed Bragg reflectors (DBRs) by wafer bonding technique.

Only by this technique, we can integrate such materials with different

crystallographic orientations without degrading material qualities significantly.  The

VCSEL had maximum output power polarized at [33
−
2 ] axis, while minimum power

was orthogonal at [
−
110] axis.  An index-guiding mesa structure was fabricated in an

asymmetric shape.  Depending on its orientation of asymmetry, the index-guiding

either enhanced or distracted the polarization originating from gain anisotropy.

Statistical data showed that with appropriate index-guiding structure, the VCSEL

polarization can be stabilized with high yield over a wide operation range.  We also

performed high-speed modulation on the VCSEL.  The bit error rate (BER) was the

same on 2 types of the measurement links with and without having a polarization-

sensitive part.  This result is a strong proof that the polarization of this VCSEL is

stable under practical operation.
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Chapter 1 Introduction

It has been ten years since the first report of an electrically-pumped long-

wavelength vertical-cavity surface-emitting laser (LW-VCSEL) fabricated by wafer

bonding technique [1].  This report was made by my predecessor from our group, and

led to a success of the first above-room-temperature operation of the LW-VCSEL,

and also led to some start-up companies in the last decade.  A number of performance

requirements are important, including high temperature, high power, and high-speed

operation.

This thesis investigates another important aspect, polarization control.

Polarization control has been investigated actively in short-wavelength VCSELs, but

little has been done with LW-VCSELs.  This work is one of the first to deliberately

investigate and achieve the polarization control on an LW-VCSEL.

In this chapter, as an introduction, I would like to begin with reviewing the

existing techniques for the polarization control and those for fabrication of LW-

VCSELs, followed by an explanation of the VCSEL investigated in this thesis.
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1.01 Polarization control of VCSEL

[1] Overview of polarization characteristics

The polarization we discuss here is specifically the direction of the electric

field (E-field) of the output light from a laser.  The polarization-uncontrolled laser has

problems such as increased RIN as I will explain later, while polarization

insensitiveness is a virtue for some other devices such as an optical amplifier.

Another similar aspect of the laser is a number of operating modes, which is not a

focus in this thesis.  It is a common sense that a single-mode operation is desirable for

a laser to achieve better performance as a transmitter, but the VCSEL we aim can be

either multi-mode or single-mode.  The polarization will be discussed by total power

from all modes at each polarization axis, unless otherwise stated.

Polarization control is usually not a problem on edge-emitting lasers.  Figure

1-1 compares edge-emitting laser (EEL) and VCSEL by macroscopic and

microscopic structures.  Both lasers are fabricated on conventional (001) substrates.

The EEL on the left side has a gain region of a narrow stripe buried by some method.

Its light-emitting surface is yz-plane which is (110) plane in this case: it can be either

(110) or (
−
110) plane, and the discussion hereafter is relevant in both cases.  As the

light travels in the gain medium which is a rectangular waveguide, the light is either

TE or TM mode.  TE mode is defined to have the E-field along y-axis which is

±[
−
110], and TM mode has its E-field along the z-axis which is ±[001].  If we compare

atomic structures in [
−
110] and [001] axes, we can see that these two axes are totally
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Figure 1-1 Comparison of edge-emitting laser and VCSEL

different.  By this structural asymmetry and by the physics, we can fix the

polarization of EEL by choosing strain in the gain medium.  If the medium is

compressively-strained we get TE mode operation, and if the medium has tensile

strain larger than certain amount, we get TM mode operation.  Around the boundary

of these two conditions, that is, with the gain medium having a small tensile strain,

both TE and TM mode can co-exist in the EEL.

In contrast, a VCSEL has a very different geometry, which affects not only

the polarization behavior but also other characteristics such as single longitudinal

mode operation.  Since the VCSEL on the right side of Fig. 1-1 is fabricated on (001)
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substrate and therefore, its light-emitting surface is (001) plane which is also the xy-

plane.  As can be seen on atomic structure, this (001) plane has 4-fold symmetry so

that any two axes with 90° crossing angle (such as [110] x-axis and [
−
110] y-axis) are

equivalent.  Adding strain in the gain medium does not change this symmetry as long

as it is a conventional biaxial strain (*refer to Fig. 2-3).  Therefore, we cannot choose

one particular axis which is different from the others.  Another aspect is that a typical

VCSEL is fabricated in a symmetric circular shape, and this is another reason why the

most VCSELs do not have controlled polarization output.  In reality, VCSELs have

two possible polarization axes orthogonal to each other, and the lasing modes are

commonly TEMl,m modes whose E-field can be expressed as:
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To illustrate unstable polarization and its effect, I show a sketch of Light

output power - Pump current (L-I) curves of a polarization-unstable device in Figure

1-2.  The curves are for total output power, power at polarization axis #1, and power

at another polarization axis #2.  The VCSEL starts to lase with #1 polarization right

above threshold current Ith, but around the current Isw, #2 polarization starts to lase

and the lasing mode switches from #1 to #2 polarization.  The switching can occur

more than 1 time between these 2 axes as pumping power increases.  As explained

above, these two equivalent axes are at 90° crossing angle, and they are generally

[110] and [
−
110] axes if the VCSEL is on (001) substrate.  These two polarization

states usually have slightly different lasing wavelength, which results in jitter and eye

closure after transmission through a fiber with dispersion.  An early work clearly

showed that when polarization was switching or unstable, the RIN increased [2,3],

leading to a deterioration of BER [4,5].  Also, there are many applications of lasers

which are polarization sensitive, such as external modulated systems, polarization-

coherent transmission and magneto-optic disks, and it is obvious that the polarization-

unstable VCSELs cannot be used for such applications.  There are numerous

publications on unstable polarization behavior [6-9].

[2] Approaches for polarization control

The definition of “polarization control” is, in fact, not consistent.  There are

many publications from the past which didn’t even specify at what pumping level the

polarization data was taken. .  Some would claim “complete polarization control” by
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data taken at low pump power (Ith < I < Isw in Fig. 1-2), which is not accurate.

However, what matters is that the polarization is fixed during practical operation.

Hence, if the Isw is well beyond the practical usage range, the author may be entitled

to claim “complete polarization control”.  Therefore in this section, I am not going

into detail of results but just explain the ideas behind each approach.

As stated before, the main cause of unstable polarization of the VCSEL is its

macroscopic and microscopic symmetry.  Therefore, the basic idea of various

approaches suggested for control of polarization is to break that symmetry.  Table 1-1

summarizes the major approaches reported in the past.  The case (a) is most easy and

common approach [11-15].  By introducing macroscopic asymmetry in the VCSEL

transverse geometry, anisotropic loss and anisotropic effective index are introduced.

For a rectangular-shape VCSEL, an axis ratio of 6:5 was sufficient to control

polarization axis parallel to the longer perimeter at 100%, however, increasing the

asymmetry lead to increasing threshold current density [16].  It was also theoretically

shown that the optical gain decreases as the asymmetry increases [17].  The approach

of (b) is similar to (a): the tilted pillar results in the asymmetric resonant cavity.

On the other hand, the approach (c) is about breaking microscopic symmetry.

That is, if the strained gain medium is on asymmetric plane, the optical gain becomes

anisotropic.  As shown on Fig. 1-1, (001) plane is symmetric, but the other plane

expressed as (11n) or tilted plane have asymmetric lattice structure (except (111)

plane).  There have been both theoretical [18,19] and experimental papers on this

approach.  It was reported that VCSELs on (113) GaAs substrate had successful
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stable polarization control [20,21].  Also, it was shown that a small tilt of 2° from

(001) plane was able to control polarization to a good extent [22].

A major disadvantage of this technique is that it is difficult to perform crystal

growth on largely tilted substrate.  In fact, the growth on (001) plane is the easiest

because it is symmetric.  Therefore, by breaking the crystallographic symmetry

drastically with this approach, we have to sacrifice the ease of crystal growth.

Another disadvantage is that non-(001) substrates are still uncommon, which results

in higher prices.  The detailed polarization control mechanism of this approach is

explained in Chapter 2.

Table 1-1 List of polarization control approaches

Anisotropic gain

Crystalline ordering

Asymmetric stress

Anisotropic transverse cavity

Fabricate on (11n) substrate

Tilted substrate/ growth condition

Add external asymmetric stress

Fabricate in elliptic/rectangle shape

Asymmetric current injection One-dimensional injection 

Tilted pillar Fabricate pillar in tilted way

Quantum dot Asymmetric shape by nature

Photonic crystal Asymmetric air holes

(a)

Anisotropic loss Grating-like polarizer on DBR

birefringence

dichroism

dichroism

dichroism

dichroism
birefringence

birefringence

birefringence

dichroism

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Scheme Method Mechanism

dichroism
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The approach (d) is about creating anisotropic loss.  A grating of dielectric

material was formed on top of the DBR, so that the reflectivity becomes different

between direction parallel to the grating and perpendicular to the grating [23].

Spontaneous crystalline ordering of (e) is a well-known phenomenon which is

mostly observed in InGaP alloys grown on slightly misoriented GaAs substrates.

What occurs in an ordered InGaP alloy is that the group-III atoms, In and Ga, don’t

mix randomly, and (111) planes become alternately enriched by In and Ga, resulting

in periodic order of lattice planes such as In/P/Ga/P/In/P··· in [111] direction.  When

the substrate is tilted toward (110), the ordering happens in (111)B planes ((1
−
11) and

(
−
111) planes) [24].  This will break the symmetry in the emitting surface of the

VCSEL, enhancing character of [110] direction since it is orthogonal to both (111)B

planes.  As a result, the optical gain becomes anisotropic and hence, it leads to a

polarization control.  There are both theoretical [25] and experimental [26] papers on

the VCSEL with ordered material.  A problem on this approach is that the degree of

ordering is the highest on alloys with equal number of group-III atoms, such as

In0.5Ga0.5P and In0.5Ga0.5As.  Therefore, to achieve strong ordering, there is little

freedom of material choice.  Also, the degree of ordering is sensitive to growth

conditions, so that it may be difficult to control the ordering precisely and with

reproducibility.

Another common and easy method is to add an external asymmetric stress,

shown as (f).  The asymmetric stress creates birefringence due to photoelastic effect

and anisotropic gain.  It was reported that a pressure applied unintentionally by a
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measurement probe tip affected the polarization characteristics [27].  There have been

experiments to add uniaxial stress by depositing a SiN strip in one direction [28] or

by applying mechanical stress using screws on specially designed VCSEL holder

[29].  On the other hand, the idea behind approach (g) is that by injecting current in

one direction, a birefringence is generated by the electro-optic effect [30].  However,

this could result in non-uniform pumping of the VCSEL.

The last two approaches on the Table 1-1 are related to new techniques.  The

quantum dot (QD) of (h) has become a solid candidate for next generation laser

material, due to its characteristics associated to one-dimentional confinement.  For

VCSEL, the QD gained attention as a material for LW-VCSEL which can be

fabricated on GaAs substrate.  It was reported that the QD grows in a uniform

asymmetric shape on (001) substrate [31], resulting in anisotropic gain.  Hence, the

VCSEL with such QD gain medium will have polarization preference.  The research

on photonic crystal (PC) of (i) has been active in recent years due to development of

nano-processing technology.  For a VCSEL, the PC is used to create transverse

confinement.  That is, an area surrounded by nano-holes has higher refractive index.

The polarization control on PC-VCSEL was reported by making these holes in an

asymmetric shape [32].

Even though the importance of polarization control has been pointed out for a

long time, in reality, no particular technology has been implemented in commercial

VCSEL fabrication.  This is because most VCSELs end up having accidental

asymmetry by various reasons.  For example, a slight error in fabrication process
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results in cavity asymmetry.  On a VCSEL with an AlAs oxidation layer, it is

reported that the oxidation proceeds in an asymmetric way, resulting in an

asymmetric aperture shape [33].  Also, it is usual to have contact metal pads in an

asymmetric shape, and even though those pads may be away from the VCSEL cavity,

an asymmetric pressure from a probing needle can influence the polarization.  In

electrically-pumped VCSELs, there is a birefringence generation due to an internal

vertical E-field, which I will explain in Chapter 2.  These asymmetries are small for

complete polarization control, but enough to make a polarization selection close to

threshold.

1.02 Long-wavelength VCSEL

The various fabrication techniques of LW-VCSEL are well documented

[34,35], so here I just make a brief summary and give an update for recent trends.

Figure 1-3 summarizes the material systems for LW-VCSELs.  The techniques on

GaAs substrate have been successful for fabricating 1.3 µm-wavelength VCSEL, but

it has been difficult to push the wavelength limit beyond 1.3 µm and up to 1.55 µm

wavelength.  On InGaNAs material, it was shown that adding a small amount of Sb

improves material quality, since Sb works as a surfactant [36].  The QD VCSEL has

received attention not only as a LW material, but also for 1D properties and

polarization control, as mentioned earlier.  Still, the InP approaches have been more

successful so far.  There have been several start-up companies on VCSEL based on

InP techniques [37-39].
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Figure 1-3 Summary of material systems for LW-VCSEL on InP and GaAs

A recent trend in LW-VCSELs is tunable devices.  In fact, all the start-up

companies mentioned above are in the tunable VCSEL business.  This is not

surprising since the market trend of LW devices has been shifting toward wavelength-

division-multiplexed (WDM) communication systems.  All the devices employ the

same tuning technology of altering cavity resonant wavelength by moving a micro-

mechanical membrane.  This trend coincides with the advance of MEMS technology.

Another new aspect in LW-VCSEL is the use of tunnel junction (TJ).  There

are many benefits of incorporating the TJ in a VCSEL structure.  Firstly, we can

reduce the amount of free-carrier absorption by p-doped material.  Also for InP-based

LW-VCSELs, it is very useful since we can pattern the TJ to create carrier
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confinement structure.  That is, GaAs-based VCSELs can use AlAs oxidation layer

for carrier confinement, but there is no material on InP which can be oxidized easily.

In fact, most of the recently reported LW-VCSELs with high performance have a TJ

in their structure [38-40].  The detail of the TJ will be discussed in Chapter 4.

1.03 Scope of this thesis

[1] Polarization control technique

As mentioned earlier, goal of this thesis is to investigate and demonstrate LW-

VCSELs with controlled polarization.  The main focus is how to add polarization

control function to a wafer-bonded VCSEL.  Referring to Table 1-1, those techniques

are distinguished by the two polarization selection mechanisms: birefringence and

dichroism.  Dichroism means strength of anisotropic gain/loss on the VCSEL

polarization discussion.  The details will be explained in next chapter, but the bottom

line is that dichroism works more efficiently than birefringence.

Among the techniques with the dichroism, approach (a) produce anisotropic

scattering loss as large as 1% [15,17].  However, to produce such a large dichroism,

the cavity shape has to be largely asymmetric, which will lead to threshold increase

and beam shape distortion.  Also, the shape asymmetry has different influence on

different modes [14].  It was already implemented on LW-VCSEL by other

researchers (although their publication came out after this thesis research started)

[41].  The approaches (d) and (f) produce only small dichroism.  The QD of (h) is

attractive not only from research point of view, but also for developing next
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generation device, however, this technique is based on GaAs and does not have any

merit from wafer bonding.

Fabricating on a (11n) substrate of (c) is most promising, because it is

expected to give the best performance.  This technique produces dichroism as large as

4%, which is most efficient for polarization selection.  Also, this is the only technique

that has shown stable polarization under high-speed modulation of the VCSEL, which

is the most important aspect for practical application [42,43].  Hence, the purpose of

this thesis is to implement this technique on InP-based VCSEL for the first time, and

to investigate the performance of the VCSEL fabricated by this technique combined

with the wafer bonding technique.

Figure 1-4 shows a sketch of our VCSEL design and fabrication process.  The

double-bonded VCSEL is basically the same as that has been fabricated previously,

except that its InP active region has its crystallographic orientation of (11n).  The

fabrication starts from growing this active region on a (11n) InP substrate, which will

be done by MOCVD.  As I wrote earlier, crystal growth on (11n) substrate is more

difficult than that on (001) substrate.  However, the major advantage of our approach

is that we only need to grow a thin layer of active region on (11n) substrate.  It is

much more diffulcult to grow a thick layer, because, if the growth condition is not

perfect, growth problems will become more prominent as the layer thickness

increases.  One DBR is as thick as 5-7 µm, while the active region is around 1 µm or

less, so that the total VCSEL structure thickness is as much as 15 µm.  With our

approach, we can grow the DBRs conventionally on (001) GaAs substrates by MBE.
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The rest of fabrication process is to wafer-bond this (11n)-InP active region twice to

(001)-GaAs DBRs, in the same way as an ordinary wafer-bonded VCSEL.

Figure 1-4 Structure of VCSEL to be fabricated in this thesis and its fabrication process
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[2] Choice of VCSEL wavelength

The choice of lasing wavelength is not critical to this thesis: it can be 1.3 or

1.55 µm, both of which are commercially important and ideas presented here can be

applied to either wavelength range.  We chose to fabricate in 1.3 µm range based on a

prospect that the materials for 1.3 µm-wavelength VCSEL are easier to grow than the

others.  This prospect is from miscibility gap consideration of the material.  Figure 1-

5 is a diagram of InGaAsP systems showing miscibility gap range for different

temperature, together with bandgap/lattice constant, after Ref. 44.  A straight line

from InP means that materials on this line are lattice-matched to InP.  There is also a

Figure 1-5 Diagram of miscibility gap for InGaAsP compounds
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line for GaAs.  The dotted lines show bandgaps of 2.0, 1,5, 1.0, and 0.5 eV.  The

elliptic miscibility- gap lines are obtained from Enthalpy calculation, and they mean

that the materials inside the ellipses are unstable above the temperature designated for

each curve, so that the materials could cause phase separation.  However, the absolute

value of the temperature is irrelevant here.  That is, it seems most of InGaAsP

compounds are unstable over 400 °C from these curves, but that does not mean that

such compounds cannot be grown at temperature around 400 °C.  It does tell that in

relativistic scale, if one material is in inner ellipse than another material, the inner

material is less stable.  There are marks for quantum well materials for 1.3-µm and

1.55-µm MQW.  Both have lattice-mismatch of about +8000 ppm with InP, and well

thickness is 50 Å for both MQWs.  We see that the well for 1.55-µm is at inner

ellipse than the 1.3-µm well.  This means that to obtain good material quality, 1.55-

µm well needs to be grown at higher temperature than 1.3-µm well.  On our particular

case, the MQW was grown on (113)B InP substrate at relatively low-temperature, as

it will be explained in following chapters.  Therefore, it is predicted that 1.3-µm

MQW is safer to grow at low temperature on (113)B substrate.

[3] Contents

We have many new issues to develop and investigate to accomplish our

approach.  The majority of this thesis work is spent on developing growth technique

on (11n) InP substrate, and wafer bonding of (11n) InP and (001) GaAs wafers.  In

this Chapter 1, I have reviewed polarization problems for VCSELs and approaches
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for polarization control, and explained the approach investigated in this thesis.  Next

in Chapter 2, I will summarize the physics of various aspects related to this thesis,

beginning with theoretical analysis of VCSEL polarization.  The rest of Chapter 2 is

spent to describe properties of (11n)-oriented materials and defects.  In Chapter 3, I

summarize experimental procedures used in this thesis work, mostly MOCVD and

wafer bonding.  Our initial research was conducted on (111) InP substrates, however,

since the (111) InP has inherent difficulties, this is described in Appendix E.  Chapter

4 summarizes all MOCVD growth work on (113)B InP substrates.  Then in Chapter

5, I show the results related to wafer bonding of (113)B InP and (001) GaAs wafers.

The next 2 chapters are on results on 2 generations of VCSEL.  Chapter 6 is about the

primary results from the 1st generation devices.  Chapter 7 is the core part of this

thesis, which is the summary of results from 2nd generation VCSEL with statistical

data and high-speed modulation.  Chapter 8 summarizes this thesis, then it concludes

with future work.
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Chapter 2 Theoretical analysis

In this chapter, I would like to go through various theoretical aspects of

VCSEL polarization and material properties related to this thesis work.  This chapter

is to help understanding the experimental results explained later in this thesis.  Also, I

believe that the contents of this chapter are new to the most of the readers, and I hope

that this chapter will be a good reference to other researchers.

In the first section, I will show how the VCSEL polarization is affected by

properties such as birefringence, and how the dichroism is effective to control the

polarization.  I will also mention the electro-optic effect as a polarization control

mechanism on (001)-based VCSEL.  In the second section, I will summarize various

stress, strain, and other related characteristics of (11n)-oriented materials.  This

section is very useful throughout this thesis.  The third section is about optical gain on

(11n)-oriented materials, and I will show how the gain is expected to be anisotropic

on such materials.  Lastly on fourth section, I will cover properties of defects, and

then investigate stress in wafer bonded structure from defects and thermal expansion

mismatch.
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2.01 Polarization characteristics of VCSEL

[1] SFM model

In 1995, a group from University of Arizona published a paper which

introduced a four-level model describing VCSEL polarization [1].  This model was

named as SFM model after the initials of 3 authors, and was extended by the original

author and a group of Dr. M. P. van Exter from Leiden University in Netherlands.

Here I am going to summarize their works and show the physical insight of VCSEL

polarization [2-8].

The different polarizations of light are associated with different spin sublevels

of the lasing transitions between conduction and valence bands.  Figure 2-1 depicts

the band structure of compressively strained material near its band gap.  Among the

valence bands, we neglect light-hole and split-off states as they can be disregarded in

such case.  Near the band gap, the electron states of the conduction band have z-

direction angular momentum quantum number Jz=±1/2, and heavy hole state has

2
1=ZJ 2

1−=ZJ

2
3=ZJ 2

3−=ZJ

CB

VB-hh

E+E-

γs

γ γ

fast

Figure 2-1

Band structure with conduction

band (CB) and heavy-hole valence

band (VB-hh)
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Jz=±3/2.  For light emission with transverse electric field in xy-plane of Fig. 1-1, the

quantum allowed transitions are to have ∆Jz=±1.  Then there are 2 possible transitions

with opposite spin values: from Jz=1/2 to Jz=3/2 which is associated with left

circularly polarized light having E-field of E-, and from Jz=-1/2 to Jz=-3/2 for right

circularly polarized light with E+.  These fields satisfy Maxwell-Bloch equations, and

rate equations developed are:

�
EiENNi

dt
dE

pad )()1)(1( γγακ −−−±+= ±
± 2-(1)

])()()[( 22
−+ −+++−−= ENNENNN

dt
dN

ddµγ 2-(2)

])()[( 22
−+ −−+−−= ENNENNN

dt
dN

ddds
d γγ 2-(3)

N: normalized total carrier number

Nd: difference in the carrier numbers of the 2 magnetic sublevels

(
2

−+ += NNN  
2

−+ −= NNNd )

κ: field decay rate α: linewidth enhancement factor

µ: injection current normalized to threshold

γ : decay rate of the total carrier population

γs: decay rate of the total carrier population difference through

     spin-flop relaxation process

γa: dichroism

γp: birefringence
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The 2 orthogonal linear polarization modes Ex and Ey can be written in terms of the 2

circular modes E±:

2
_EE

Ex

+
= +

2
_EE

iEy

−
−= + 2-(4)

And the Eq. (1)-(3) can be written as

xaxpydx
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dt
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)]()([ **22
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d EEEEiNEENN
dt

dN
−++−−= γγ 2-(8)

The 2 terms, γa and γp, contribute to the polarization selection, and they are both in s-1

unit.  The birefringence reflects difference of refractive index, and it corresponds to

half of a frequency splitting between 2 linearly polarized modes.  It is set in a way

that x-polarized mode has higher frequency if γp is positive.  The dichroism represents

strength of anisotropy in gain, loss, and/or confinement factor, and is expressed by a

difference of FWHM of FP spectra from 2 polarization modes, i.e. [9],

})(){(22 yxa FWHMFWHM −= πγ 2-(9)

Also, it can be put to a difference of gain/loss ∆a as [9]

gr

a

V
a

γ2
=∆ Vgr: group velocity in the gain medium 2-(10)



31

The axes for birefringence and dichroism can be different, and in that case, we get

elliptically polarized light emission.  If the axes coincide, which is the case for most

of real-life VCSELs, we get linearly polarized emission.

An arbitrary steady state solution of Eq. 2-(1)~(3) can be expressed as

)( ϕω ±±
±± = tieQE 0NN = 0

dd NN = 2-(11)

where ϕ is a relative phase angle, 0N  and 0
dN  are the values at threshold, and ω± is

frequency difference from cavity resonance.  If we don’t have any anisotropy, i.e., γa

= γp= 0, we get steady-state solution as

   
2

1−=±
µQ 0=±ω 10 =N 00 =dN

∴ ϕµ cos1−=xE ϕµ sin1−=xE 2-(12)

Hence, Ex and Ey are equal in amplitude and frequency but just π/2 out of phase.  If

γa, γp≠ 0, the x- and y-polarized modes have different threshold conditions:

txi

x

x
x e

N
N

E ωµ
0

0−
= (ϕ=0) apx αγγω += 2-(13)

tyi
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y
y e

N

N
E ωµ

0

0−
= (ϕ=π/2) )( apy αγγω +−= 2-(14)

κ
γa

xN +=10

κ
γa

yN −=10 000 == dydx NN 2-(15)

Hence, if both γa and γp are positive, the x-polarized mode has higher threshold carrier

density and higher frequency than the y-polarized mode.  While the threshold



32

condition is affected by the dichroism only, both birefringence and dichroism

(together with α) influence the frequency splitting between 2 polarization modes.

This model, however, is not appropriate for a system with large γa orγp, such

as the VCSEL in (11n) substrate [10].  From Ref. 11, anisotropic gain of a strained

MQW on (112) InP substrate was calculated to be about 200 cm-1 at high injection

carrier level (we later obtain similar estimate on (113) substrate).  Using Eq. 2-(10)

and with ngr =3 for simplicity, this gain difference corresponds to a dichroism:

GHz 1000 
2
10200

2

10
=×=

∆
= gr

a
aV

γ 2-(16)

By Eq. 2-(13) and Eq. 2-(14), 2αγa should contribute to the frequency difference

between 2 polarization modes.  For 1.3-µm wavelength and with α =3, this dichroism

corresponds to a wavelength difference of 5.4 nm, which is too large.  Also from Eq.

2-(15), normalized threshold current is changed by ±γa/κ.  The value for κ is about

250-300 ns-1, then this amount of change becomes as big as ±4, which is too large for

a change from 1.  Nonetheless, the model gives an idea of how birefringence and

dichroism affect polarization behavior when their values are small.

[2] Mechanism of polarization switching

On the outcome of Eq. 2-(13)~(15), the lower frequency of y-polarized mode

means the mode has higher effective index and hence, it is better confined than x-

polarized mode.  Together with lower threshold carrier density, the model predicts

that the y-polarized mode is the stronger lasing mode, while x-polarized mode is
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weaker non-lasing mode.  However, this model does not include frequency

dependence of material gain.  In real device, a frequency shift accompanies a change

in optical gain, and the gain-cavity mode offset varies not only between devices, but

also as the operating temperature changes.  Hence in real cases, polarization stability

is affected by various factors, and I would like to show some examples next.

Figure 2-2 illustrates possible relation between material gain and mode

frequencies for 3 different cases (after Ref. 12).  All cases are to have frequency

splitting between 2 modes, with y-polarized mode always having lower frequency.

Also, they are set for a typical design in which, at the room temperature, the cavity

mode ω0 is set at lower frequency (=longer wavelength) side than material gain peak.

This is a well-known design rule to achieve the best gain-cavity mode overlap over a

wide range of operating temperature.  As the device temperature increases, both

material gain and cavity mode shift to lower frequency, however, the material gain

shifts much larger by temperature (0.5 nm/°C) than the cavity mode (0.1 nm/°C).  The

graphs at left side of Fig. 2-2 are at temperature T1 which can be around room

temperature, and right side ones are at T2 which is higher than T1.

The case (a) is that the material gain is the same between x-polarized and y-

polarized modes, which is the case for most of VCSELs on (001) substrates.  In this

case, x-polarized mode which has higher frequency can be the lasing mode at T1, if its

gain is larger enough than that of y-polarized mode.  As temperature increases, the

cavity mode moves to higher frequency relative to the material gain curve.
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Figure 2-2 Example of relation between material gain and mode frequencies for 3 different

cases (after Ref. 12).  Closed marks indicate lasing modes.
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At T2, y-polarized mode has higher gain so that it is the lasing mode.  The switching

from x- to y-polarized mode happens at a temperature lower than T2, depending on

gain and confinement conditions.  The case (b) is that the material gain is slightly

different between 2 modes: In this particular case, y-polarized mode has higher gain.

This can be the case equivalent for the scheme (a) of Table 1-1, a VCSEL with

asymmetric cavity shape, on which the optical loss is anisotropic.  As can be seen, the

polarization switching can occur in the same way as the case (a) with no gain

difference.  Hence, a small amount of gain/loss difference is not necessary enough for

stable polarization.  The case (c) has a large difference between material gains of 2

modes, which can be a case for the scheme (c) of Table 1-1, i.e., a VCSEL on (11n)

substrate.  In this case, the polarization can be stable for a wide range of operating

temperature.

Of course, these depictions do not apply to all the VCSELs.  For example on

case (b), if the x-polarized mode has higher gain, the polarization can be stable at x-

polarized mode up to T2 (but will become unstable somewhere above T2).  Also, the

graphs are not in scale.  In real cases, frequency splitting is on the order of 50 GHz.

Nonetheless, the bottom line from the depiction of Fig. 2-2 is that dichroism is much

more effective than birefringence, if we want to ensure stable polarization over a wide

range of operation power and temperature.  Also, by the same analogy as Fig. 2-2,

one can easily see that if there is only the dichroism but no birefringence, the

polarization will be stable for entire range.  Therefore, as stated in Chapter 1, we have

employed the scheme of fabricating on (11n), since we can expect large dichroism
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with it.  It was shown that when the dichroism γa is present, an intensity ratio between

2 polarization modes can be expressed as [7]

DI

I
M a

eglanon

egla γ
==

−−

−

modsin

modsin 2- (17)

κ
number)photon (

factor)emission  us(spontaneo=D

where D corresponds to the noise strength.

[3] Birefringence by electro-optic effect

On electrically-pumped VCSEL, birefringence γp is generated due to electro-

optic effect of z-direction E-field, Ez.  The refractive indices are given by [13]:

12 01010041
0

001010100 =+
++

nnEr
n

nnn
z 2-(18)

where    nklm: refractive index in [klm] axis

      n0: optical index without electric field

     r41: electro-optic coefficient

By performing rotation of coordinates by 45° about the z-axis, we can rewrite the

equation as:
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where notations are modified as: nx: n110 ny: n1-10 nz: n001
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The r41 value for InGaAsP compound is reported to be about 1.2×10-12 m/V [14], and

Ez is estimated to be on the order of 10 V/µm = 107 V/m.  Since n0 is about 3.5, we

can use an approximation of r41Ez << 1/n0
2, and we obtain:

zx Er
n

nn 41

3
0

0 2
−≈     zy Er

n
nn 41

3
0

0 2
+≈ 0nnz = 2-(20)

Therefore, we have a birefringence expressed as:

zxy Ernnn 41
3

0=− 2-(21)

Thus, the index is maximum in [1
−
10] direction and minimum in [110], and their

difference is about 4×10-4 with n0 ≈ 3.5.  In order to obtain frequency splitting due to

this birefringence in an approximate order, we simplify the situation by neglecting

material variation on refractive index and r41, and resulting equation is [15]:
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where ngr is group refractive index, and the brankets mean spatial averaging in the

longitudinal direction.  To get an order of the difference, we simplify by ngr = n0 and

use values noted earlier, then for 0.85 µm wavelength, we obtain

GHz 5010102.15.3
1085.0

103 7122
6
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≈××××

×
×=− −

−yx νν 2-(23)

As mentioned earlier, this is close to the values observed on real VCSELs [13,15].

This value is much smaller than the dichroism on (11n) plane from Eq. 2-(16), but for

a general VCSEL on (001) substrate, the dichroism is about 1GHz [7,9], and this

birefringence will be an important source of polarization.
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2.02 Properties of strained materials on (11n) substrate

Nowadays almost all semiconductor optical devices could have strained layers

in their structure.  Since the semiconductor devices are generally made on (001)

substrate, strain/stress effects on (001)-oriented semiconductor crystal have been well

investigated and documented.  However, as the research on non-(001) crystals are

minorities, works on strain/stress on such misoriented crystals are few and not well

summarized.  So my goal here is make this section a good summary of strain/stress

associated properties of non-(001)-oriented III-V semiconductors.  However, I don’t

treat any arbitrary crystal orientations, but only treat orientations that can be

expressed as (11n), where n is a real number between 0 to ∞.  Thus I cover

orientations such as (111) and (113) which I actually worked on in this thesis, and I

also include (001) (n=∞) so that I can make comparison of (11n) crystals with the

common (001) case.  To be precise, the (11n) planes should be distinguished by

(11n)A and (11n)B planes, however in this chapter, the difference of A/B planes does

not affect on properties we investigate.  Hence, for example, properties of the (111)

plane we discuss in this chapter apply to all {111} planes.  They are (111), (1
−
1

−
1),

(
−
11

−
1), (

−
1

−
11) which are A planes, and B planes are (

−
111), (1

−
11), (11

−
1), (

−
1

−
1

−
1).

[1] Strain/stress notations and strain energy density

We consider a case that a layer is epitaxially grown on a substrate with a small

mismatch of lattice constants between them.  The substrate has its surface plane
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orientation (11n), and the epilayer retains the same crystal orientation as substrate’s

[16].  The epilayer thickness is thin enough that there is no dislocation generation due

to the lattice mismatch (means it is less than a critical thickness), and the substrate is

much thicker that the stress/strain in the substrate can be neglected.  This is a case so-

called biaxial strain, which means that the stress is applied only on two faces of

crystal cube (x and y) and there is no stress applied to the z face (Fig. 2-3, middle).

The epilayer has to plastically deform in all dimensions to accommodate the lattice

mismatch.  Due to the atomic structure, the amount of such 3-dimentional

deformation depends on which crystal plane the epilayer is grown on.  So we are to

summarize dependence of stress and strain components on (11n) plane.

Figure 2-3 Classification of strain/stress
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