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ABSTRACT

Remarkable improvements in vertigavity surfaceemitting lasers (VCSELS) have been
made by the introduction of modeand currentonfining oxide optical aperture now used
commercially.However, theoxide apertureblocks heat flow inside the device, causing a larger
thermal resistancendthe internal strain caused by the oxide can degrade device relisddgiby
the diffusion process used for the oxide formation can limit device uniformity and scalability.

Oxidefree lithographic VCSELs are introduced to overcome these device limitations,
with both the mode and current confined within the lithographically defingdcavity mesa,
scaling and mass production of ainsize devicecould be possibleThe 3  edmameter
lithographic VCSEL shows #hreshold currenof 260 €A, differential quantum efficiencpf
60% and maximum output power density of 65 kW/dnand show singlemode single
polarization operation witBideemodesuppressiomatio over 25 dB at output power up to 1 mW.
The device also shows reliable operatiloming 1000 hours stress test with higjectioncurrent
density of 142 kA/crh The lithographic \CSELs have much lower thermal resistance than
oxide-confined VCSELs dueot eimination of the oxide aperture. Thenproved thermal
property allows the device to have wide operating temperature range of up to 190 € heat sink
temperature, high output powdensity especially in small device, high rollover current density
and high rollover cavity temperaturResearchs still underway to reduce the operating voltage
of lithographic VCSELs for high wall plug efficiengyand the voltage of 6 pmdevice at

injection currentdensityof 10 kA/cnf is reduces to 1.83 V with optimized mesa and DBR mirror



structure. The lithographic VCSELS are promisirtg becomethe next generation VCSEL

technology.
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CHAPTER 1: INTRODUCTI ON AND OUTLINE

Remarkable improvements in vertigavity surfaceemitting lasers (VCSELS) have been
made since the introduction of epitaxial mirrors, cur@tfining proton implantations, and the
mode and currentonfining oxide optical aperture now used commercidigch advance in
new VCSEL technology has brought increased speed and efficiency. The VCSELs now are
mainly limited by selheating and device size. Further reduction of both can be expected to lead
to continued increases in data speed and efficiency $feall VCSELs in the nanoscale could
dominate much of future Si photonics because of their thermal properties.

In the current oxide VCSEL technology an intracavity oxide aperture is used to confine
current to the lasing mode. The oxide aperture howelomk$® heat flow inside the device,
causing a larger thermal resistance than possible if the oxide is eliminated. In addition, the
internal strain caused by the oxide can degrade device reliability. Finally the diffusion process
used for the oxide formatiazan limit device uniformity and scalability.

Oxide-free lithographic VCSELs are introduced to overcome these device limitations, and
pave the way for nanoscale VCSELs. With both the mode and current confined within the
lithographically defined intracawitmesa, scaling and mass production of small sized efficiency
nanolasers could be possible. The research and development of the lithographic VCSEL are
described in thiglissertation

In chapter 2, the motivation and the basic principle of lithographic \IG$&Eintroduced.

A brief review of VCSEL technology is first given in this chapter, and different current and

mode confinement structure is introduced. Oxide VCSELs have been the most successful and



domi nant technol ogy i n tessamyinitatiomoboxitee/CSELsasn d b o
discussed. Lithographic VCSELs are developed to overcome the limitation of oxide VCSELs,

with both optical mode and current confined by the lithographically defined intracavity phase
shifting mesa.

In chapter 3, the rgwth and fabrication process, as well as device characteristics of
lithographic VCSELs are presented. The processing steps including first grovesa
patterning, regrowth and metal deposition, the lithographic process allows the ability to fabricate
smadl devices with good uniformity. The lithographic VCSELs show good lasing characteristics
including low threshold current, high slope efficieranyd highoutput pwer densityespecially
for small devices. The 8 m d i adeved ghows single mode singlelgrization operation
due to the elliptical shape phase shifting m8dee deviceshows no degradatian stress test
after 1000 hours operation under extremely high injection current density.

In chapter 4, the thermal performance of lithographic VCSEIdissussed. Both output
power and modulation bandwidth of VCSELSs is limited by internal temperature rise due to self
heating, and it is important to manage the heat flow inside the device. The thermal property of
oxide VCSELs is fundamentally limited byeloxide aperture which blocks heat flow, while the
lithographic VCSELs have efficient heat flow due to the elimination of the oxide aperture, and
they show much lowethermal resistance than oxide VCSELs. Even without optimization for
high temperature opation, the lithographic VCSELs show wide operating temperature range,
high rollover current density and high rollover cavity temperature.

In chapter 5, the work on reducing the operating voltage of lithographic VCSELSs is

introduced. The high resistance Ihigperating voltage of lithographic VCSELs limits the wall
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plug efficiency, and leads to more self heating, and the major resistance source is the intra cavity
mesa and DBR mirror. By optimizing the mesa material and as grown/regrowth interface, the test
structure without DBR mirror demonstrates low voltage through the mesa. The operating voltage
of the lithographic VCSELs is also reduced by adding grading layers and current spreading

layers in the n mirror.



CHAPTER 2: INTRODUCTION OF LITHOGRAPHIC VCSELS

2.1 Brief review of VCSELSs

Vertical-cavity surfaceemitting lasers (VCSELS) agetype of semiconductor laser diode
with optical light output emitted vertically from the surfab&;SELsaretypically composed of
an optical cavity spacer of one or multipldfiveavelengths thick with quantum well active layer
in the center, sandwiched by two distributed Bragg reflector (DBR) mirrors with very high
reflectivity, usually higher than 998 VCSELs offer many advantages over the traditional
edgeemitting lasers. fiey can be tested amafer without cleaving, and precisely arranged dense
two-dimensional arrays can be fabricated. The circular output beam shape and small divergent
angle make their optical output easily and efficiently coupled into optical fibers. VCCSEEL
being manufactured with high volume and low cost, and they are considered one of the most
important components in parallel fibeptic data communications.

VCSELs were first prop@sl and demonstrated by IgH jn 1979, the first device used
GalnAsH InP material as the active layer and metallic mirrors, it operated under pulsed mode at

77K, with a threshold current density of KA/em*and | asi ng wavel engt h

0 |

decadeds research, cont i fklsovarsdewonstrat inrl9B8%H t e mp e

The inclusion of distributed Bragg reflector (DBR) mirrors grown by MBE or MOCShAad

made possible the significant improvement of VCSELSs since the late 1980s, various emaent
modeconfinement structures were developed, and lowsHule current, high wall plug
efficiency and high modulation speed are achieved. Proton implanted VCSELs were first
commercialized in the mid990s, with oxide confined VCSELs first being demonstrated as the

4



proton implanted VCSELs were being commercializ€he oxideconfined VCSELs replaced
the proton implanted VCSELs in the late 1990s in most commercial applications. The oxide
confinement still dominates the commercial VCSEL technology.

With the advent of high quality epitaxial mirrors, the primary comée VCSEL design
is transverse currenand mode confinement within the optical cavity, carriers need to be
efficiently injected into a small volume active region, and the optical field needs to be confined
within the optical cavity to maximize the olegp with the gain regiord]. The first demonstrated
VCSEL used a full planar ring electrode structure {Feg-1(a)) [1], current flow is limited in
the vicinity of the ring contact, and light is emitted from the circular window. It is very easy to
fabricate, but the transverse current confinement is very poor due to carrier diffusion, and the
optical confinement is also poor, causing high threshold current and low efficiency.

Figure 21(b) shows the etchegabst structureq], in which a deep mesa is foed by
etching away the top DBR mirror, and usually stops right above the active layer in order to avoid
nonradiative surface combination of carriers. Optical confinement is provided by index guiding,
due to the large refractive index difference betwéennesa and air, and current is confined by
the transverse shape of the mesa, but carriers can still diffuse laterally in the active region. This
structure suffers from surface recombination and optical scattering loss due to the roughness of
the mesa aimterface, which causes dramatic increases in threshold gain, especially for small
devices 6].

Figure 21(c) shows the proton implanted gain guided structure. The proton implantation
creates defects in crystal thus making semiconductor-issuoiating, ad provides a good

current confinement. Optical confinement mechanism is gain guiding, which relies on the lateral
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refractive index variation caused by thermal lensing effégtsThis structure is fully planar, it

has good thermal conductivity anmdliability, and fabrication is straightforward. The major
problem of this structure is the lack of index guiding, the thermal lensing effects result in
increased threshold current, unstable mode profile, and long turn on delay in pulsed operation
[8]. Another problem is that, the implanted aperture size and position, as well as the implantation
depth are difficult to control.

Remar kabl e I mprovements in VCSELsSDO perfor
introducing a thimative oxide aperturé] (Figure 21(d)). The high Al content AlGaAs layer is
converted to native oxide by reaction with(Hat elevated temperatur&Q, good current
confinement is achieved because oxide is insulator, and optical confinement is provided by index
guiding, due to the high refctive index contract between the oxide (~1.7) and semiconductor
(~3.0). Oxideconfinement has been the most successful structure and has been widely
commercially wused, t hr e s blpil dwalcplug effeienty highfer 2 0 ¢
than 60%[13, 14], and modulation speed higher than 40 GBI516] are a few of the

achievements made by oxidenfined VCSELSs.
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Figure2-1: Schematics of different VCSEL structures. (a);tgae VCSELSs; (b), etched post VCSELSs;
(c), protonimplanted VCSELs; (d), oxideonfined VCSELs17]

2.2 Limitation of oxideVCSELs

Despite all the advantages and achievements of -@ddéned VCSELs, severa
drawbacks are assiated with the oxide aperture, and limit the device performance.
Oxide formation is a diffusion process, which is strongly depends on processing

conditions like Al content in the AlGaAgyer, water vapor content, furnace temperatund a



crystallography, this makes the lateral geometry and size of the oxide aperture difficult to
control and causevariation in device size throughout one wafer, and from one wafer to another.
The absolute variation is shown to be at leastmlin welldeveloped commercial manufacture
procesg 18], which limitsthe manufacturgield, especially for small devices.

During the oxidation processpoint defects and dislocatiorese generated at the oxide
and semiconductor interfacalso the oxide rad semiconductor hadifferent thermal expansion
coefficient internal strain is formed when the device is operating and internal temperature goes
up. The strain field can drive the point defects and dislocations to migrate towards the active
region, evendally causes device failure, thus the device reliability is degraded.

The oxide layer hasvery low thermal conductivity (0.7 W/nK) compared to
semiconductor(~20 - 50 W/nK) , which blocks the heat flow inside the device, and cause
increase in thermal resance. As a resulthe maximum outpt power as well as modulation

bandwidth of oxide VCSELs are fundamentally limitkee toearlythermal rollover.

2.3 Introduction of lithographic VCSELS

To solvethe problemsof oxide VCSELs an oxidefree all-epitaxial Ithographically
defined VCSELstructure has been proposetB]| which provide simultaneous modeand
currentconfinement.The device structure is shown in Figur2,2he device has the same n and
p type DBR mirror and cavity spacer with QWs active regoonxde VCSEL, but instead of the

oxide aperture, both optical mode and current is confined by the lithograptdeéithed intra



cavity phase shifting mesa. The lithographic process allows for accurate control of device size
and shape, makes possible abdity to very small device size and good uniformity across the
wafer and from wafer to wafer. Heat barrier is removed in the draédestructure, and more
efficient heat spreading decreases thermal resistance. Also point defects and dislocations in the
oxide-semiconductor interface are eliminated, which benefits device reliability especially for

small devices.
Intra cavity

p-mirror// phase shifting mesa

1 Cavity spacer with
QW active region

p contact

n-mirror

n+ GaAs substrate
> ncontact

Figure2-2: Device schematic for lithographéCSELSs

The mechanism ofpiical mode confinement provide lilge intra cavity phase shifting
mesais illustrated in Figire 2-3, Fabry Perot cavity is formed by high reflective DBR mirrors,
and the cavity is divided into two regions with different cavity length: the phase shiféag m
region A00 with |r]<w/2 supporting the | asi
[r|>w/2 supporting the waveguide mode, note that the lasing mode size can be different from the

mesa size W. The resonance wavelength of theaond offmesa regins is different, and both



the height and placement of the phase shifting mesa need to be carefully designed to achieve low

optical loss.

r2=x24y2 y

Confined
Resonance

Figure2-3: Schematic illustration of optical cavity withtracavity phasehifting mesa

Standing wave is formed in the direction normal to the mirrors, only discrete values of the

vertical component of the wave vector are allowed, given by:

- P

k ,= m 21

SRl (2.1)
in region A006, and

P

K,, = m, 2.2

W (22)

in regi onmiB poditive imdyers, imn=1, 2, 3.., Uis the permittivity of the cavity

region, andpandL,ar e the cavity | ength of region fA00O0

10
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From Maxwell 6s equations, and wusing cylind

k=" k2 +k’ 23)

c

where k, is the wave vector in the lateral direction,is the angular frequency, amdis the

speed of light in vacuum.
Considering cylindrical coordinate, the field solution of the on mesa region is assumed to
take the form of Bessel funot of the first kind, so the lateral component of the wave vector in

region A0OO0O can be approximated to be:

4.81°
kr,O = 2
aw,

(2.4)

where W is lateral mode size. Egtion 2.3 and 2.4 lead to the relationship between the

wavevectors of onand offmesa regions:

2
L %w;e = k2 #k2, 2.5)

C 0

Since the omimesa region has a longer cavity length than thenef$a region, i.e.o>L1,
from Equation2.1 and 2.2, for the sameode numbem,, we havek; <k This indicates that,
for a sufficiently large mode sizék, k, , need to be imaginary, therefore the optical mode
outside the mesa will become evanescent and the eigenmode is confined inside the mesa region
[20].

While the diffraction loss is effectively eliminates by introducing the pishgéng

mesa, scattering loss is caused due to theontiwgonality of the longitudinal modes between
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the on and offmesa regions. The scattering loss is characterized byotinealized overlap of
the longitudinal resonant electrical fiel(z) in the onmesa region withe;(z) in the offmesa

region [19]:

o - 7 (DE; (2)02

) 26
o (2 Ey (2)dzfF, (2)E, (2)dz (2.6)

where |30 1, Z&=nlchappefis|when the height of the phsisi& mesa is zero,
indicating that there is no scattering loss, but the mode confinement is lost. Both the placement
and height of the phashifting mesa need to be carefully designed; the scattering loss increase
as the step height of the phasdefting mesa increases, atite mesa need to be placed close to

the optical cavity [17].
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CHAPTER 3: EXPERIMENTAL RESULTS OF LITHOGRAPHIC
VCSELS

3.1 Introduction

In this chapterwe will demonstrate the growth and fabrication steps of lithographic
VCSELs, and discuss the device characteristics. The growth starts with n type mirror and cavity
spacer, then the phase shifting mesa with various size is lithographically defined, aadethe
is reloaded into the growth system and the p type mirror growth is finigtiesd,that the n and p
metal contact are deposited. The lithographic process allows the ability to fabricate small devices
with good uniformity. The lithographic VCSELs®hks good lasing characteristics including low
threshold current, high slope efficiency and high output power density, especially for small
devices due to more efficient three dimensional heat spreading, which is important to reach high
modulation bandwidit. The 3¢ m d i adewce shows single mode single polarization
operation due to the elliptical shape phase shifting mesa. Stress test shows no defpadation
3 ¢ ndeviceafter 1000 hours operation under extremely high injection current densityhend
lithographic VCSELs are expected to have better reliability due to the elimination of internal
strain caused by the oxide layer, and more importantly the small devices are capable of reliable

operation.
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3.2 Growth and fabrication

The main growth and falwmation steps of lithographic VCSELs are illustrated in Figure
3-1. The devicesare grown by solid state molecular beam epitaxial (MBE), the growth is
performed on n+ GaAs substrate.

The growth startsvith 21.5 pairs ofSi dopedn-type AlAs/GaAs quarter weelength
bottom DBR mirror, followed byonewavelengththick undopedAl,1Ga As cavity spacer
three60 A thick Ing,GaygAs quantum wellsvith 100 AGaAsbarrier layer in between aptaced
at the centeof the cavity spaceas the active regigmwith emission wavelength of 980 niithe
first growth ends at the first quarter wavelength of the gappe DBR mirrors,as shown in
Figure 31(a).

The wafer is then taken out from the growth system,pdrage shifting mesagith various
diameters are patterned using lithographic, and formed through wet etching, as shown in Figure
3-1(b). Devices with mesa diameterying from 3 pm to 20um are made to study the scaling
property of lithographic VCSELSs, as shown in Figu2 3

The sample is then reloaded into the growth syssem thermally cleaned before trest of
the 20 pairsof Al /Gay 3As/GaAsBe dopedp-type top DBR mirroraregrown, shown in Figure
3-1 (c). The regrowth is performed at 520 €, and the relatively low growth temperature is used
to keep the shape of the mesa.

Following the growthGe/Au n metal contact is deposited on the back side of the wafer a

annealed at 400 € for 30 @nd ring shape ICAuU p metal contact is deposited, as shown in

14



Figure 31 (d). Finally each individual device is isolated by deep wet etching through the active

region. The picture of single device with metal contaistshown in Figure 2.

mesa

_

n-mirror ‘ n-mirror

n+ GaAs substrate n+ GaAs substrate

(a) (b)

p metal l

p-mirror p-mirror
n-mirror n-mirror
+ GaA bstrat n metal
n aAs substrate n+ GaAs substrate
(d) (c)

Figure3-1: Growth and fabrication steps of lithographic VCSELSs, including: (a), first growth; (b), mesa

formation; (c), regrowth; (d) n and p metal deposition.

15



Figure3-2: Image ofthe lithographicallydefined mesas

3.3 Devicecharacteristics

The devices are test on a metal staganonanting wire bondingor heat sinkingorocess
is used, and a needle probe is used to address each individual device. Lasing characteristics,

polarizationcharacteristics and stress test results are demonstrated and discussed in this part.

3.3.1 Lasingcharacteristics

Figure 33s hows the | ight output versus current
|l ithographic VCSEL. The device has a threshol
WI/A, corresponding to 60% differential quantum efficiency, and the peakphaglleficiency is

20%. The maximum output power limited by thermal rollover is 4.5 mW at an injection current

16



of 10 mA and current density of 142 kA/cm2, which corresponds to 35 times of the threshold

current. The high drive levels and output power is due tathepr ove ment s

n

t

thermal resistance by eliminating the oxide layer. The inset shows the lasing spectrum of the

device at injection current of 1 mA, it shows single mode operation with lasing wavelength of

971.4 nm.

5
3 Um diameter
Lithographic VCSEL
4 4
= L-I at 300K
=
E
= 37 1,,=290 pA
% ns =0.75 W/A
o Ng = 60%
"é_ 2 nwp:-Igc%J I = 1mA
S
o
1 _
970 971 972 973
Wavelength (nm)

6 8

Current (mA)

10

he

Figure3-3: Light versus current har act er i st ilthogoaphic¥CSEIm di amet er
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Figure 3-4 shows the output power density versus injection current density for de¥i8es
4, 6, 8 and 1@ mn diameter The curves fodifferentsize devices followthe similar slope just
above threshold, indicating that they have similar slope efficiency, however, the output power
density saturates at higher injection level for smaller device. The highest output power density of
t he 3 ¢ nmeackies 85kWcat atrinjection current density of 142 kA/ émand more
i mportantly it is more than three times that
same current density, less current paserough the DBR mirror for smaller devgewhich
leads to less he@enerationand also due to more effectivedBnensional heatlissipationfor
the smaller size device. Since resonance frequency is proportional to the square root of
stimulated emission rate, thus power density, the high powsesity lithographic VCSELs
especially the small devices are expected to have more high intrinsic modulation speed. High
output power density of an individual device combined with better heat dissipation will also lead

to production of high power densityoskely packed-D VCSELs array.
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Figure3-4: Output power densityersusinjection current densitfor different size lithographic VCSELs

3.3.2 Polarization characteristics

VCSELs only have one longitudinahode, because the separation between two
longitudinal modes is very large due to the short cavity length, and only one mode can exist in
the reflection bandwidth of the DBR mirror. However, VCSELs can have multiple transverse
modes, which are defined byethateral size and shape, and VCSELS with Large lateral size can
support more transverse modes. As the lateral size gets smaller, the separation between

transverse modes gets larger, and the loss of higher order transverse mode gets larger, which will

leadto single mode operation.
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In some demandingpplications where polarizati@ensitive components are involved, like
spectroscopy, atomic clocks and long hull optical fiber communications, smagle single

polarization VCSELs are highly desired. It isokwn that the VCSELs emit a linearly polarized

fundamental mode along [011] or [D]Lcrystalline axis, but the polarization direction is random
from device to device, and the higher order modes tend to be polarized orthogonally to the
fundamental mode, shamg a very unstablpolarization characteristi@ll]. Lack of polarization
selection mechanism in ordinary VCSELs is due to the almost complete isotropy of
semiconductor material, and symmetrical, usually circular structure, so in order to achieve
singlepdarization operation with high stability and controllability, some kind of anisotropy need
to be introduced to some part of the structure.

Several methods have been used to achieve single polarization opedagmethod is
using nor(100 oriented sulisates, like (411)A22], (311)A [23] and (311)B GaAs substrate
[24], it is based on the anisotropic optical gain in lateral directions for VCSELs with strained
guantum wells 25], stable polarization operation witirthogonal polarization suppression ratio
(OPSR) up to 25 dB is achievedSurface grating can be used to generate difference in
reflectivity between optical mode polarized parallel or orthogonal to the grating grooves, which
causes difference in gain and make one polarization state preferred. rassigp ratio of 15dB
is achieved, and the polarization can be pinned parallel or orthogonal to the gnodicasing
that the polarization behavior igery sensitivelydepend on grating parametegf]. External
optical feedback can also be used to aahipolarization control, using liquid crystdl27],

amorphous silicon subwavelength transmission graf@8sare a few examples.
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Another technique is using anisotropic transverse geometries, either by makicigcular
etched post mes&29)|, or an elliptical oxide aperture near the active redBh, or an elliptical
surface etched mesaing surface relief techniqu&]]. The polarizations selection mechanism
of the elliptical mesa is that the E field polarized along the longer axis hagea taflectivity
thanthat along the shorter axis, the difference in threshold gain will make the longer axis the
preferred polarization stat87)]. There are some difficulties in making the anisotropic transverse
geometries, the dimension and shape ofotkide aperture is hard to control because of the wet
oxidation process, and elliptical surface etched mesa lacks of good mode and current alignment
since the current confinement is achigbg theoxide aperture not the elliptical mesa.

The polarization lsaracteristic of the lithographic VCSEL is studied, and the-sidde
suppressiom ati o ( SMSR) for a 3 em VCSEL at uwle ffere
3-5. The device shows a highest SMSR of over 30 dB at output power of 0.5 mA, and remains
higher than 25 dB for power levels of up to 1 mW. The SMSR is lower for higher power levels
since output of orthogonal polarization has an increasing fractional power with increasing
current. The mechanism fathe single polarization operation is due to éfigtical shape of the
phase shifting mesa originated from #@sotropyin the regrowthprocessas shown in Figure
3-6. The lithographic processolves the difficulties in control the anisotropic transverse
geometries, and it is an easy process andinegino extra fabrication steps. This procagsws
us to easily and precisely engineer the geometry and size of theamésa expect the SMSR

remains high for higher output power through further optimization.
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singlemode singlepolarization emission.

Figure3-6: AFM i mage of VGSELksmowing anisotopic farmaiion of the device after
regrowth.
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3.3.3 Stress test

The reliability performance of VCSELs or any other devices is very critical for long
operation lifetime, commercial devices usually requires a lifetime di000, hours or more.
There is no straightforward definition of reliability, and ways to measure reliability, since the
lifetime of a device depends on many factors, including ambient temperature, humidity,
packaging, and how the device is driven. Reliability test is usuaifprmpeed by driving large
number of devices, even thousands of, at extreme conditions, like high temperature, high
humidity, and high injection current, for sufficiently long time, even for years. The output power
of the devices under test is monitored, #mel number of failed devices is recorded during the
test, and a typical criterion of device failure is 2dB change in output power. Reliability test is a
time, labor and cost consumption process, and it is usually pedoimge commercial
manufactures3s3, 34].

A stress test of the lithographic VCSELs is performed and the results are showmren Fig
3-7 [35]. The 3 em diameter device iIis test wunder
device is driven to thermal rollover with 4.5 mW of output powenjattion current level of 10
mA (35 times the threshold), which corresponds to extremely high injection current density of
142 kAlcnf. Figure 3-8 shows the output power variation during the 1000 hours test time, the
output power dropped ~ 1.7 % after 10@8urs operation, however, 0.7 % of the power drop
happens in the first 20 hours, and the additional 1.0% happens in the first 500 hours, and after
500 hours, the output power has some fluctuation, but tends to be stable. The device is tested on

an electrtal probe station without any bonding or packaging, and current is applied though a
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needle probe, the whole setup is not very stable, so this small change in output power may come
from any of the electrical connection and does not necessary mean a degrafitie device

itself. Figure 38 shows the L curve of the 3 em diameter de\
hours stress test, there is no degradation in terms of threshold current and efficiergyod he

reliability of the lithographic VCSELSs can abiute to several reasons: 1), high crystal quality in

the growth, the regrowth interface is free of dislocations. 2), the elimination of point defects and
dislocations on the oxideemiconductor interface. 3), low thermal resistance and less thermally
induced strain.

Reliability study of oxide VCSELs shows that the ultimate failure mechanism is due to
presence or generation of dislocations, and smaller oxide VCSELs are less reliable due to
localized heating and thermally induced strain caused by the therisraatch of the oxide with
the surroundingemiconductor material 8. In contrary to the oxide VCSELSs, the lithographic
VCSELs may have higher reliability for smaller devices, because the strain in the lithographic
VCSELs is only due to the thermal exysion of the active region, and smaller devices have
smaller active region, so the total volume strain is less. Thus our initial test and analysis indicate
that lithographic VCSELs will produce devices that are more robust over thermal excursions and
more robust under high operating current density than the oxide VCSELs, and small size devices

with long lifetime can be produced.
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3.4 Summay

Lithographic VCSELs are developeddgercome the drawbacks of oxide VCSELSs, both
optical mode and current is confined with the lithographically defined phase shifting mesa. The
lithographic process provide size scalability to small device size with good uniformity, devices
with sizeof3to2 0 e m i n di ameter are fabricated. The
280 mA, and slope efficiency of 60%, and output power density of 65 kiV@imgle mode
single polarization operation is achieved with elliptical shape phase shifting mesa, $iteiSM
over 25 dB at output power of up to ImW. Stress test shows no degradation in terms of output
power, threshold and efficiency after 1000 hours test time with very high operating current
density of 142 kA/crh The lithographic VCSEL technique makes gibke fabrication of high
reliability small devices with high output power density, for application in data communication,

2D array and optical sensor.
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CHAPTER 4: THERMAL PERFORMANCE OF LITHOGRAPHIC
VCSELS

4.1 Introduction

Even with optimized design of cavity, mirrowaveguide etc., the performance of

VCSELs and any other semiconductor laser is fundamentally limited by temperatuteeise

self heating inside the devicAs internal device temperature goes up, both output power and
modulation bandwidth will satate due to increased loss and decreased differential gain. In this
chapter, we will introduce temperature model of VCSELs and how self heating affects device
performance. We will compare heat dissipation in oxide VCSELs and lithographic VCSELs, and
demongtate the decrease in thermal resistance for lithographic VCSELSs due to elimination of the
oxide aperture. Thermal performance of lithographic VCSELs will be discussed, showing wide

operatingemperature rangdigh rollover current density and high rollowavity temperature

4.2 Temperature model of VCSELS

As current flows through reflector stacks and active regiside a VCSEL the device
temperature increases due to $elating effects, including mirror resistance, junction resistance
and free carrier aworption Most heating may occur in the active region and p side mirror just
above the active region due to current crowding, and this leads taniform temperature
profile inside the devicesigure 4-1 shows several important temperatures inside a \\CSke
heat sink temperature is the environment temperature where the VCSEL is operating, for

commercial VCSELSs, the heat sink temperature is typically between 0 to 85 €, and the required
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temperature range is even wider for military use. The cavity texyerdescribes the average
temperature of the whole optical cavity, it can be measured by trackirlgsthg wavelength

shift. The junction temperature is the temperature of the QW active region, it determines the
bandgap energy. The carrier temperatigréhe temperature of the electrons and holes in the
active region, it can be higher than the lattice temperature, due to low decay rate of optical
phonons into acoustic phonor39], andthe hot carrier effects can cause additional broadening

of carrier dstribution.

—— ————

p-mirror ————

K Tcarrier = Theat sink + At(:arrier
n-mirror

~—_ _
Tjunction - Theat sink + ATjunc:tion

— Tcavity= Theatsink+ AT«cavity

Substrate

Heat sink P Troatsink

Figure4-1: Device schematic showing different temperature parameters inside a VCSEL

Several effectsoccur at elevated temperatut@rst of all, hermal expansion makes the
cavity resonance wavelength shift to longer wavelength, and optical gain spectrum is also shifted

to longer wavelength due to decrease of bandgap energy, the spectrum shift is much faster
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(typically 0.27 nm/€) than wavelength #h (typically 0.07 nm/C). This leads to a
misalignment of the optical gain spectrum and cavity resonance in elevated tempeasture
shown in Figure €, and as a result, the device needs to be pumped harder to maintain the same
threshold gain.

Becauseof the cavity mode/gain misalignmernhe Fermi level is shifted relative to the
energy band of the QWSs, can becomes closer to the barrier state, also combined with elevated
temperature,carriers can be thermally ejected out of the quantum wells intob#neer,
decreasing injection efficiencyilso, the Fermi distribution of carriers broadens as temperature
increases, leading to a decrease of carrier population in the lower energy states, and thus a
decrease in differential gaias shown in Figure-3. Additionally, nonradiative recombination
rate and gets larger at higher temperature, resulting in moreAbsbese effects result in a
reduction of optical gain and differential gain as the temperature increases, and lead to increase
in threshold cuent, saturation in output power (known as thermal rollover) and saturation in

modulation bandwidth.
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4.3 Low thermal resistance of lithographic VCSELs

The very low thermal conductivity of ZDy (0.7 W/nK) compared to semicondtars
(~20 - 50 WInK) makes heatspreading a fundamental issue limiting the temperature
performance of oxide VCSELSs. Various methods have been used to reduce the thermaleresistanc
of oxide-confined VCSELSs, and it has been demonstrated that the output power and modulation
bandwidth can be increased significantly bplgimg effective heatsinkingg[/].

Figure 4-4 compares the heat flow between the oxide and eixete lithographic
VCSELs[38]. In both cases we expect the dominant heat sources to come from the electrical
resistance due to current crowding in theige of the mirror just above the active region, and
from free carrier absorption due to holes in the upper mirror. Téwgtagrfree carrier absorption
will be closer to the cavity spacer where the field intensity is larger. Heat flow in the oxide
VCSEL has been modeled in some detadl] [2lthough heat flow depends on mirror materials,
that modeling indicates that at higla® the active region can be as much as 50 € higher than
the surrounding cavity region, and the carrier temperature can be 20 € higher than the lattice
temperature. The oxide effectively blocks the heat flow downward and forces the heat generated

in theupper pmirror to flow into the VCSEL active region as shown inukaggd-4 (a).
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Figure4-4. Schematics showing the heat spreading in oxide V@@ Land lithographic VCSEL(b)
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For theoxidefree lithographic VCSELs the heat can effectively spread in three dimensions
and flow downward ird the substrate as shown in Figdrd (b). Combined with the ability to
scale mode size and threshold, the improvement in heat flow could becomemhpwiimprove
VCSEL performance in a range of application

The thermal resistance of VCSEIRy, defined as the ratio of device temperature rise over

the increase in the dissipated powBR,., and itis determined by measuring thenigsion
wavelength shift as a function dfd increase in dissipated power:

DT _ D//DP,
DP

diss

DT/ D/iss 4

Rn =

where DT is the device temperature rise, abd is the wavelength shift, and the relationship
b qal 0. 0 7s usedag the wavelength shift dependence on temperatidfe [3

Figure 45 shows the lasing wavelength shift as a function of dissipated powe3fpma
diameter lithographic VCSELThe data shows perfect linear relationship between wagt
shift and dissipated power, in the full operation range from threshold up to thermal rollover, with
pa P ap 129 nm/mw, and the value of the thermal resistance is found1@4H&/MmW using
Equation 4.1.

Figure 46 shows the thermal resistancegdtod VCSELs with mesa diameter ranging from 3
em to [P d¢Mme 3 em devi ce BAEMW, dnd thenlagér deviees 1 st an
have lower thermal resistance. We also compares our results on thermal resistance to the data in
the literature obtaied for oxideconfined VCSELs by various groups7340, 41, 42, and also

commercial device that measured by the author. The lithographic VCSELSs without any heatsinks
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have lower thermal resistance than the lowest thermal resistance oxide VCSELs achieved by
using copper plated heatsink&/], which shows the significance of the-apitaxial structure in

terms of getting better heat spreading.
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Figure4-5: Lasing wavelength shift versus dissipated power for the 3 um diameter lithographic VCSEL
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Figure4-6: Thermal resistance versus device diametéittafgraphicVCSELs and comparison to oxide
confined VCSELSs.

4.4  Thermal characteristics of lithographic VCSELS

Figure4-7s hows the | ight vs. current curves for
different heat sink temperatures. The device is able to lase lglasas 190 € heat sink
temperaturg¢38]. The measured cavity temperature at thermal roll®valso shown in Figure-4
7, andfor the 190 € heat sink temperatyréhe rollover cavity temperatuis 217 €, which
suggests the maximum operating temperature is > 200 €, which is larger than we can access

with our experimental setufthe high temperature lasing is comparable to oxide MGS#th
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gain‘cavity modeoffset intentionally designed to produce minimum thoédlat 65 € and larger

guantum well barrier layers [37].
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Figure4-7: Light versuscurrent curves and rollover cavity temperaturefa m di amet er
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VCSEL at different heat sink temperature

Figure 48 shows the threshold current versus heat sink temperature) greltemperature
rangwe studied(20 to 190 ), the threshold current of the device increases witheasing heat
sink temperature. Although data for threshold current at temyperdbwer than room
temperature is not available at this point, we estimate thanithienum threshold temperature of

this device is lower tha@ € from the spectral gain offset with the cavity modée operation
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temperature of the lithographic VCSELsndae extended to wider range wihir/cavity mode

offsetdesigned for a minimum threshold current at higher temperature.
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Figure 49 shows the rollover current density of the lithographic VCSELSs, also compared to
commercial devices and high speed VCSEL reported in literature [16, B3;H&8lithographic
VCSELs show higher rollover current density due to lower thermal resistance, which allows
small er temperature rise at given heat dissip
density of 142 kA/cr due to more effective-8imensional heat flowThe resonance frequency

of a VCSEL is given by:
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] T =y (4.2)

wheret is the photon lifetime— is the differential gain, and S is tp&oton density, showing

the stimulated emission rate. The differential gain is maximum at threshold, and the maximum
stimulated emission rate is obtained at thermal rollover, and the maximum modulation speed is
achieved somewhere in between. Be fact tlat the lithographic VCSELs are capable of
operating at higher injection level indicates they could have potential for higher speed

modulation, especially the small devices.
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Figure4-9: Rollover current densityersusdevice diameter for lithographic VCSELSs and high speed
VCSELs.
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In Figure 410 we plot thermal rollover temperatures for different lithographic VCSEL sizes
and compare these to commercial and high speed VCSELs opera8b@ am [16], 980 nm
[41], and 1.1 pm B3]. Despite noroptimum spectral gain offset for high temperature operation,
the lithographic VCSELs produce higher thermal rollover cavity temperatures than reported

elsewhere.

.Figure4-10: Rollover cavity temperaturfer lithographic VCSELSs and high speed
VCSELs
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