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Chapter 1
Introduction

1.1 Overview
The advancement of technology to more sophisticated and useful inventions has
rested on scientists' and engineers' abilities to combine different building blocks in
more sophisticated and complex manners. Development of the building Blocks,
whether they be pre-assembled components or raw materials, has occurred at the
same time as the advancement of the state of the art in technology. For example, as
calculating machines advanced, so that a computer which once filled a room the size
of a small house shrank to the size of today's more powerful hand-held calculator,
the workhorse component in these machines advanced from vacuum tubes to
discrete transistors to integrated circuits.

Equally important as the development of more sophisticated basic components
has been the development of more advanced ways to combine those basic
components. The basic components of the transistor are materials with different

majority carrier conduction types. Since the initial demonstration of the
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wansistor!+2, more sophisticated methods in the form of epitaxial growth techniques
have been developed for semiconductors. These growth techniques ease the
combination of materials of different conduction types and of different energy gaps.
This has allowed the creation of heterostructure semiconductor lasers, where the
optical mode and injected carriers are confined by materials of different energy gap.
The ability to combine different materials has not been without its limits, however.
In general, the possible material combinations have been limited to those which
have the same lattice constants. In order to grow high quality crystals without a
high concentration of defects, it has been necessary to use materials of the same
lattice constant.

With the recent advent of wafer fusing and other bonding techniques, however,
this last restraint to the ability to combine materials has been removed. In
particular, the combination of GaAs- and InP-based materials using wafer fusion
has led to the creation of the long-wavelength vertical-cavity surface-emitung lasers
(VCSELSs) which I will discuss in this thesis. In this chapter I will discuss the need
for vertical cavity lasers. Then I will review briefly the background of the long
wavelength VCSEL field and show the advances that have been made possible by
using high reflectivity GaAs/AlAs mirrors in long wavelength VCSELs. Finally I

will give an overview of the dissertation.

1.2 Advantages of VCSELs
As fiber optic networks begin their second quarter century of existence, it is clear
that they are no longer a laboratory curiosity but are a vital and growing tool for

informnation transmission. The large bandwidth and high speed available with
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optical fiber technology make it attractive for applications from short-distance
computer data-links to long-haul, intercontinental telephone transmission. A key
component of these fiber optic networks are lasers which operate at 1.3 and/or
1.55 pum wavelength. These wavelengths are important in that the zero in pulse
dispersion and minima in optical loss in silica fibers occur at these wavelengths.

VCSELSs due to their unique geometry offer a number of practical advantages
for sources in optical fiber networks. Unlike an in-plane laser, light is emitted out
of the top of the chip through a lithographically defined emission window. The
resulting circular beam output and narrow beam divergence make the light much
easier to couple into optical fibers than it is from an in-plane laser. A major cost
and an area in which the ultimate performance of finished semiconductor lasers
often degrades is in packaging. A large part of the packaging cost is incurred in
aligning the light output with an optical fiber. The ease of fiber coupling from
VCSELs should substantially reduce the cost of packaged semiconductor lasers.

In addition to the shape of the optical mode, VCSELSs present other advantages
for high volume, low cost manufacturing. Because the light is emitted out of the
top of the chip, facets do not need to be cleaved prior to testing the devices. This
should reduce the failure rate due to cleaving. Perhaps more importantly, however,
this aspect of the VCSEL's geometry allows on-wafer testing using high speed,
automated techniques that are impossible to use with in-plane lasers. During the
testing, bad devices can be marked on the wafer and discarded before further
money is spent dicing and packaging them.

Another advantage of the VCSEL is that it is ideal for use in applications which

require one- or two-dimensional arrays. VCSELs for implementation in a parallel
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fiber data link which uses fiber ribbon cables are easily designed so that the spacing
between devices exactly coincides with the fiber-to-fiber spacing in the fiber ribbon
cable. Although this can also be done with in-plane lasers, the VCSEL has the
advantage that light from a VCSEL can be more readily coupled into the fiber. The
VCSEL has a particular advantage in applications requiring a two dimensional array
of devices. Instead of stacking individuals laser bars on top of each other as would
be the case for in-plane lasers, all of the VCSELS required for the application could
be placed on the same die. The emitters from each VCSEL could be placed as
closely together as desired without the constraint of the substrate thickness imposed
on the two-dimensional array of in-plane lasers. Because the lasers are close
together on the die, growth uniformity and the resulting uniformity in output
characteristics is inherently better in the VCSEL two-dimensional array than in the
in-plane laser array. Growth non-uniformity can be intentionally added to the
process, allowing the creation of two-dimensional arrays with different
wavelengths ateach source 3. This is an ideal source for WDM systems4:3, either
for long haul telecommunications purposes where sources at 1.3-1.55 pum are
necessary due to fiber loss (Fig. 1.1) or for shorter haul, metropolitan- and local-

area networks.
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Fig. 1.1 One possible application for the wafer fused VCSELSs is in wavelength
division multiplexed (WDM) networks such as the one illustrated here. Both the
transmitter (T) and the receiver (R) can be made using similar processes which
utilize wafer fused GaAs/AlAs mirrors. A tunable filter at each receiver allows
reconfiguration of the network and a fiber amplifier (FA) boosts the signal.

In addition to the technological applications, the geometry of VCSELSs leads to
several exciting fundamental scientific reasons for studying VCSELs. The VCSEL
is an almost ideal semiconductor medium for studying cavity quantum
electrodynamics. Because of the reduced cavity size from a typical in-plane laser,
VCSELs have fewer cavity modes. Thus, the fraction of spontaneously emitted
photons which go into the lasing mode increases. This has led to the prediction of
several interesting effects in microcavity lasers, including "thresholdless” lasing or
lasing without inversion, reduced intensity noise, and narrower linewidths6:7:8,9,

Thus, the VCSEL is the forerunner of microcavity lasers that have potentially

exciting effects.
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1.3 Long Wavelength VCSELSs

Although the first room temperature, CW operation of a GaAs-based VCSEL
occurred more than five years ago 10, at this time room temperature CW operation
has not occurred in the long wavelength InGaAsP material system. The long
wavelength system faces challenges not seen in GaAs, including increased Auger
recombination, lower material gain for a given carrier density, and lack of a mature,
readily accessible epitaxial mirror growth technology. Despite these difficulties,
progress has been made in long wavelength VCSEL research. To see how the
progress was accomplished and to place the results of this dissertation into the

proper context, this section describes the evolution of long wavelength VCSELs.

Early work by Iga’s group

Fifteen years ago, Keniichi Iga and co-workers at the Tokyo Institute of
Technology first discussed their idea for a semiconductor laser which emitted light
perpendicular to the surface of the substrate. In that paper!!, the authors described
the first long wavelength VCSEL which was composed of an InGaAsP double
heterostructure grown by LPE, had a 90 pm long cavity and used two metal
reflectors. It lased under pulsed conditions at 77 K with a threshold current of
0.9 A. This is 2-3 orders of magnitude higher than the current room temperature,
CW thresholds of GaAs VCSELs! No work on long wavelength VCSELs was
reported by groups outside of the Tokyo Institute of Technology for the next
decade. This may have been a measure of the severity of the problem in the long

wavelength system, as several groups were working on GaAs VCSELSs during that
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period. During that time period, Iga’s group made several improvements on their
initial structure, including the use of a shorter cavity to decrease free carrier and
diffraction losses!?, the introduction of multilayer dielectric13 and epitaxial
mirrors!4 for higher reflectivity, and the implementation of a buried heterostructure
for better current confinement!5. One interesting note from this work is that the
total growth time of the first InP/InGaAsP mirror!4 grown at Tokyo Institute of

Technology was only 90 seconds16!
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Fig. 1.2 Maximum operation temperature, Tpax, achieved in a 1.3 or 1.55 pm
wavelength VCSEL.

Room temperature operation

Figure 1.2 shows the increase in maximum operation temperature of long
wavelength VCSELs as the device technology has matured. The first room
temperature, pulsed operation of a long wavelength VCSEL was reported by

Kasukawa et al. at the 1990 Device Research Conference in Santa Barbaral7. This
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device used an MOCVD grown InP/InGaAsP mirror along with a Si/SiO2 mirror.
Although our group at UCSB had achieved some success with an optically pumped
devicel8, we had not been able to achieve similar results with an electrically injected
laser.

At the 1991 DRC, we reported the highest temperature operation to date (Fig.
1.2) of a VCSEL with a maximum operation temperature of 66 °C 19. This etched
well device employed two dielectric mirrors and utilized a hole etched in the
substrate to form the short cavity12:19, Because of the improvement in the current
confinement over that of Kasukawa's laser, the threshold current decreased from
225 mA to 50 mA, and the threshold current density decreased from 124 kA/cm? to
78 kA/cm2. With the use of two dielectric mirrors, the device by necessity had two
ring contacts as the electrodes. Further studies showed that the devices suffered
from serious problems with non-uniform current injection20 which could not be
easily solved. We felt that to improve on these results would require a dramatic
change in the research direction.

The year after we presented our results at the DRC, Tadokoro and co-workers
from NTT presented their room temperature pulsed results using an InP/InGaAsP
multilayer reflector and a Si/SiO; reflector enhanced with gold2!. This device
achieved the lowest threshold current density (21 kA/cm?2) reported to date (Fig.
1.3), but still had a very high threshold current of 260 mA. Around the same time,
Kubota and colleagues at Tokyo Institute of Technology reported the first room

temperature, pulsed operation from their group with an etched well structure 22
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Fig. 1.3 Minimum room temperature, pulsed threshold currents and threshold
current densities achieved in 1.3-1.55 pm wavelength VCSELs.

In the fall of 1992, we reported the first results of our new research direction,
namely combining non-lattice matched GaAs/AlAs mirrors with InP/InGaAsP

laser structures?3. This represented a dramatic change in the design and fabrication
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of long wavelength VCSELs. The high reflectivity GaAs/AlAs mirrors allowed
optically pumped, wafer fused VCSELs to operate at temperatures as high as
144 °C, which is the highest operation temperature of a long wavelength VCSEL at
the date of this writing. The following spring, Baba and co-workers at Tokyo
Institute of Technology reported record high temperature CW operation at 14 °C
(57 °F) in an electrically injected, etched well device24. The etched well device
used an optimized one-step LPE regrowth process in order to achieve low thermal
resistance and more uniform current injection.

The same year at the DRC in Santa Barbara, I reported our first electrically
injected, wafer fused VCSEL results. These lasers had a room temperature
threshold current of 9 mA and threshold current density of 9 kA/cm2 under pulsed
operation25, These record low thresholds established the credibility of using wafer

fusing to make long wavelength VCSELSs.

1.4 Summary

This thesis looks at the critical problems in the development of practical, room
temperature long wavelength VCSELs and demonstrates an effective solution to
these problems. The increased Auger recombination, lower material gain, and lack
of a mature epitaxial mirror growth technology have made the development of long
wavelength VCSELs more difficult than that of (In)GaAs VCSELs. The lack of
high reflectivity epitaxial mirrors at 1.3 and 1.55 jim wavelengths presents
particularly onerous obstacles to the realization of these devices, as the choice of
mirror affects the fundamental device design. Development of a readily achievable

epitaxial mirror would address several basic issues, including those of current
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crowding, active region heating, and optical loss. This dissertation studies these
problems and presents a practical solution to them through the use of wafer fused
GaAs/AlAs mirrors.

In particular, Chapter 2 discusses the design of quarter wavelength mirrors
(QWMs) used in VCSELSs. It addresses the issues of peak reflectivity, diffraction
and absorption losses, and thermal resistance. The bandwidth and the peak
reflectivity of a QWM can be related with a simple analytic expression which allows
us to characterize various mirrors with a single parameter. This is applied to long
wavelength VCSELs, where it is shown that GaAs/AlAs mirrors have wider
bandwidths and higher reflectivities than the more common InP/InGaAsP mirrors.
It is also shown that the thermal resistance of structures employing GaAs/AlAs
mirrors are less than half of those using InP/InGaAsP mirrors or two dielectric
mirrors, even when the structures are mounted epitaxial side down onto a heat sink.

Chapter 3 discusses the wafer fusing process in detail. It compares wafer
fusing with other semiconductor bonding techniques. The chapter includes detailed
characterization of the fused interface, including measurements of the optical,
mechanical, and electrical properties of the interface. These measurements lead to a
better understanding of the mechanisms involved in fusing and give important
design rules for use when making fused devices. A model is proposed for the
interactions occurring during fusing, which predicts the necessary conditions to
achieve good fusing using other materials.

Chapter 4 summarizes the proof of concept experiment for the wafer fused
VCSELs. The design of the optically pumped laser as well as the test set up are

described. The results of the experiment, including room temperature
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measurements, spectral and threshold measurements at high temperatures, and high
speed measurements are detailed.

Chapter 5 describes the electrically injected, wafer fused VCSEL results. The
design of the lasers is discussed, with particular emphasis on the effects on the
device performance of heating in the active region and of detuning of the mirrors.
The fabrication procedure including diagnostic testing is outlined. Next, the room
temperature characteristics of the devices are studied, including the
light-current-voltage characteristics, the polarization, the near field pattemns, and the
far field patterns. Finally, the temperature dependence of threshold current and the
effects of non-uniform current injection are studied.

Chapter 6 summarizes the dissertation. Suggestions for further improvements
in long wavelength VCSEL design are presented, and other opportunities for using

and studying wafer fusing are suggested.
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Chapter 2
Mirror Design

2.1 Choice of Mirrors

One of the most important choices to make in designing a VCSEL is that of what
materials to use in the mirror. The device structure will be designed with this
choice in mind, influencing such device properties as current injection efficiency
and thermal resistance. The threshold current and resilience of the cavity mode to
variations in growth thicknesses are also greatly influenced by the choice of mirror
materials. In this chapter we discuss several different material combinations which
have been used or proposed for long wavelength VCSEL mirrors. We discuss
which of the material combinations is best under the criteria of reflectivity,
bandwidth, and thermal resistance. To incorporate the mirror into a device design,
we must take into account all of these criteria. We discuss trade-offs to achieve the
best device design, concluding that the GaAs/AlAs combination is the best possible

mirror for long wavelength VCSELs.
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Fig. 2.1 Common device structures for long wavelength VCSELSs prior to the
work done in this dissertation. Figure 2.1 (a) shows an etched well device which
uses two insulating mirrors, and Fig. 2.1 (b) shows an epitaxial mirror device
which utilizes one InP/InGaAsP mirror and one insulating mitror.

Influence on Device Design
The different materials which have been used in long wavelength VCSEL
mirrors fall into two broad categories: those which are epitaxially grown and are

electrically conductivel, and those which are deposited (e.g. with e-beam
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evaporation or reactive sputtering) and are electrically insulating2. I will refer to
these two classes of mirrors as conductive and insulating mirrors. Using at least
one conductive mirror in the device simplifies the device design and fabrication, as
can be seen in Fig. 2.1. The top structure utilizes two insulating mirrors3-4, and
has historically been the most common structure. In order to form the short cavity
in the structure, a hole is etched through the substrate down to an etch stop layer.
This hole is typically 500 um in diameter, while the cavity thickness is 3-5 pm.
Thus, the devices are mechanically fragile and difficult to handle.

Current flow in structures using two insulating mirrors is also different from
that of structures using at least one conductive mirror. Because current cannot be
injected through the insulating mirrors, current must flow through thin distributed
resistive layers into the active region. This causes problems with non-uniform
carrier distributions which leads to poor overlap between the optical mode and the
injected carriers and to spatial hole burning3. With the use of at least one
conductive mirror, however, one can reduce the non-uniform carrier injection
problem. In this case, current is injected directly through the mirror instead of
through thin distributed layers, leading to more uniform current injection. This
could also lower the resistance of the device. However, the mirror design and

growth must be optimized in order to achieve this.

Reflectivity
The reflectivity of a quarter wavelength stack is a function of the complex dielectric
constants of the materials used in the mirror. The common materials used for

mirrors in 1.3 and 1.55 um VCSELs include «-Si, SiO2, Ti;O3, InP, and
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InGaAsP. Table 2.1 divides several possible materials into two groups: those used
in insulating mirrors (above the dotted line) and those used in conductive mirrors.
The loss in the low refractive index SiNx, SiO7, and MgO are assumed to be zero.
While there will always be some level of scattering loss in the films, the assumption
of no loss is reasonable because these films are usually combined with a-Si layers
in insulating mirrors to achieve a small refractive index ratio. The loss in those
mirrors is dominated by the loss in the a-Si layers. The loss in TipO3 was
exwapolated from measurements of a Ti203/SiO2 mirror in which all of the loss was

assumed to be in the high index Ti203 layers.

wavelength refractive loss
material (Lm) index (cm1) reference
o-Si 1.3 33 800 6.6
SiNy 1.3 2.0 0 7
Si0y 1.3 1.45 0 7
TipO3 1.3 2.47 20 8.6
MgO 1.3 1.72 0 8
GaAs 1.3 3.41 10 9,10
1.55 3.38
AlAs 1.3 2.91 10 9.10
1.55 2.90
InP 1.3 3.20 10 11,10
1.55 3.16
InGaAsP (Xgap =1.20 u.m) 1.3 3.42 10 11,10
InGaAsP (Agap = 1.42 um) 1.55 3.48 10 11,10

Table 2.1 A listing of the optical properties of important materials used in
making quarter wavelength stacks in long wavelength VCSELSs.

One can calculate the peak reflectivity of a mirror with several different
methods, including scattering matrices and coupled wave theory. Corzine and

Yanl2 derived an analytic technique for calculating the peak reflectivity called the
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hyperbolic tangent substitution method. They showed that for a stack of quarter-

and half-wavelength thick materials, the amplitude reflectivity is given by

N
IFyl= =2 where b= H[ﬁz‘] (2-1)

1+b i=0 | My
where b is the product of the low-to-high index ratios at all of the interfaces in the
DBR. The power reflectivity is given by ITNI2. For a quarter wavelength stack, b

can be expressed as

N-1 N
b= n‘_"P b By = n‘i s (2-2)
Ny |l M Lo Py || Py
In Equation (2-2), nyop is the refractive index of the top surface (adjacent to the

mirror stack); np; is the refractive index of the bottom surface; and ny, and ny are

the high and low refractive indices of the materials in the mirror.
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Fig. 2.2 Number of periods required to achieve 99 % power reflectivity as a
function of the ratio of refractive indices in the mirror. The incident medium is
InP, and the bottom material is air. The mirror is assumed to have zero loss.
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Using Eq. (2-2), one can compare different material combinations for mirrors.
Figure 2.2 shows the number of periods needed to achieve 99 % reflectivity as a
function of the ratio of low-to-high refractive indices. All of the insulating mirrors
have a fairly small refractive index ratio (np./ny < 0.45) which leads to 99 %
reflectivity with fewer than 10 periods in all combinations. The insulating mirrors
have the advantage that only a few periods are required to achieve the desired
reflectivity. However, stress in the as-deposited films makes the practical
realization of these mirrors a challenge. Stress causes problems with adhesion to
the substrate and/or other previously deposited thin films (e.g. gold or polyimide).
In extreme cases, the thin film stress may cause the membrane to break in the
devices which utilize an etched hole. This places a lower limit on the practical
thickness of etched hole devices. The electrically conductive mirrors (GaAs/AlAs
and InP/InGaAsP) all have refractive index ratios close to 1.0. In all cases more
than 15 periods are required to achieve 99 % reflectivity. Without including loss,
we can already see that the InP/InGaAsP mirrors will not be practical at 1.3 pum.
To achieve 99 % reflectivity, 40 periods or 7.9 pm of material are required. Ata
growth rate of 1 um per hour, this corresponds to almost 8 hours of growth for a
single mirror without active or cladding regions.

To get a better idea of actual reflectivities, we now include loss in the
calculations. It is possible to find the loss in quarter wavelength mirrors without
resorting to the use of numerical methods. For mirrors with little loss, we can

express the reflectivity as

R=Ry(1- A) 23)
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where Rp is the lossless reflectivity and A is the absorptance. To find the
absorptance, we use the known expressions!3:14 for mirrors with little loss. For
the situation in which the first layer in the quarter wavelength mirror is the low
index material we have

2 N
n
2n| =\

A, = (2-4)

where k is the imaginary part of the refractive index of the material (k = a% 7r)'

For the situation in which the first layer in the mirror is the high index material, we

have

2mn,| k, +k, |
AH = > 1 L H - |
& 1...(11] i

hy

For the insulating mirrors, the greatest reflectivity is achieved when the layer next to

(2-5)

the cladding layer in a VCSEL is the low index layer. Thus, the absorptance is
given by Eq. (2-4). For the conducting mirrors the greatest reflectivity is achieved
when the layer next to the cladding layer is the high index layer. In this case, the
absorptance is given by (2-5).

The error in using Egs. (2-4) and (2-5) to find the absorptance can be estimated
in this way. Because the threshold gain depends on In(R) = 1-R, it is most

important to find the error in 1-R. For the insulating mirrors with np/ny = 0.44,
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the error was less than 0.3 % for values of k;j ranging from 104 to 10 -2 (i.e. loss
from 10 to 1000 cm-1 at 1.3 um). For conductive mirrors, the maximum error
found from using Eq. (2-5) was leés than 0.4 %. When the reflectivity of the
mirror is greater than or equal to 99 %, Eqgs. (2-4) and (2-5) agree to within 1 % of
the exact analytic formula derived by Babi¢ and Corzinel3. Thus we see that there

is little loss in accuracy when using Egs. (2-4) and (2-5) to find the absorptance.
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Fig. 2.3 Achievable reflectivity for various insulating mirrors. Refractive index
and loss data come from Table 2.1. The incident medium is InP, and the bottom

material is air.

The reflectivity as a function of the number of periods for various insulating

mirrors is shown in Fig. 2.3. Because of the large refractive index of Si and the
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small refractive index ratio in the Si/SiO7 and Si/MgO mirrors, the reflectivity of
these mirrors exceeds 99 % after only 5 periods. However, the large loss in Si
(800 cm-! at 1.3 pm%) causes the reflectivity to saturate at its maximum value
(Rmax = 99.5 % and 99.2 % for Si/SiO7 and Si/MgO, respectively) on the sixth
period. The Si/SiNy mirror suffers the most from the large loss in Si because of the
relatively large refractive index ratio (ny /nH = 0.6) and has a maximum achievable
reflectivity of 99 %. The SiNy/SiO7 insulating mirror has small absorption loss
but a large refractive index ratio (n) /nH = 0.73). Because of the large ratio, these
mirrors require 8 periods to achieve 99 % reflectivity and are theoretically expected
to exceed reflectivities of 99.9 % when the number of periods exceeds 13. Practical
realization of these mirrors is difficult, however, because of the stress in the layers.
As the thickness of the film increases after the deposition of 6 or 7 layers, stress
leads to the formation of cracks in the mirror, leading to increased scattering loss.
From Fig. 2.3, the best combination of insulating materials to use would be
Tip03/Si0;. These materials combine low loss with an nj /nH < 0.6. Other groups
have reported success in using this combination to form mirrors in long wavelength
VCSELs!6. However, the refractive indices used in the calculation’-8 assume that
the correct stoichiometry is achieved in the deposition of the layers. In practice this
is difficult to achieve with TipO3. Measurements and analysis of Ti203/SiO3
mirrors deposited at Hewlett-Packard Laboratories showed that the actual refractive
index of TipO3 in the mirrors was 2.15 ©, compared to the value reported in the
literature of 2.47 8. With the measured value of refractive index, the reflectivity
achievable for an 8-period Ti2O3/SiO3 mirror is only 99.7 %, compared to a

comparable value of 99.6 % for a S-period Si/SiO7 mirror. Reflectivity is not the
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only important parameter in choosing a mirror. As will be discussed later, the
Si/Si02 mirror has twice the thermnal conductivity of the Ti2O3/SiO2 mirror. The
clear improvement in thertnal properties and ease of deposition of the Si/SiO»

mirror outweigh the potenial advantage in reflectivity of the Ti203/SiO2 mirror.
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Fig. 2.4 Achievable reflectivity for GaAs/AlAs and InP/InGaAsP mirrors at 1.3
and 1.55 pm wavelengths. The incident medium is InP, and the bottom material is
the lattice matched substrate (GaAs or InP).

The reflectivity of conducting mirrors is plotted in Fig. 2.4. We see now that
even at 1.55 pm, the refractive index ratio of InP and InGaAsP is so small that 33
periods are required to achieve 99 % reflectivity. This translates into approximately

8 um of material. At typical growth rate of = 1 pm/hour, this translates into an 8-
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hour growth, a length of time which is not practical for most commercial
applications. Aside from the length of the growth, the problems with maintaining
lattice matching, maintaining quatemary alloy composition, and achieving a smooth
surface morphology for this long of a growth are challenging at best.

If we want to make a device at 1.55 pm without arduous efforts at mirror
growth, or if we want to make a device at 1.3 um using a conducting mirror, we
must look outside of the lattice matched InP/InGaAsP material system. Figure 2.4
shows that GaAs/AlAs mirrors achieve over 99 % reflectivity with 20 periods (=~ 4
pm) of material. Because of the refractive index dispersion, the reflectivity is
slightly lower at 1.55 um than it is at 1.3 pm in GaAs/AlAs mirrors for the same
number of periods.

The first advantage of the GaAs/AlAs mirror combination over other
semiconductor mirrors is the ability to achieve high reflectivity with half the
thickness of material necessary to achieve the same reflectivity in the InGaAsP
material system. Combined with the well-established MBE growth capability for
GaAs/AlAs mirrors, this alone is reason to try making a long wavelength VCSEL
with this system. However, there are more advantages to the GaAs/AlAs system as

will be seen in the next sections.

Coupling/Diffraction Loss

The previous subsection has looked at the reflectivity of plane waves incident on the
mirrors. A complete discussion of the reflectivity must include the effects of the
mode shape on the observed reflectivity of the mirror. In the simplest case, the top

mirror, cladding, and active layers are etched to provide a waveguide for the mode
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in the VCSEL. The bottom layer is left unetched to provide improved thermal
performance. However, this comes at the expense of no guiding and hence
lowered modal reflectivity in the bottom mirror. The cavity mode which was
guided in the active layer will diffract as it travels through the bottom mirror before
returning back to the mirror/waveguide interface. Because the reflected mode has
increased in size from the incident mode, the overlap between the incident and
reflected mode will not be perfect, resulting in loss. The effects of this coupling or
diffraction loss have been quantified by Dubravko Babié!7.

In Babié's paper, he compares the difference in diffraction loss between
GaAs/AlAs mirrors at 1.3 um wavelength and InP/InGaAsP mirrors at 1.55 pm
wavelength. To find the reflectivity that the optical mode sees when traveling from
a waveguide into the unguided mirror region, the plane wave reflectivity is

decreased by the amount of diffraction loss
Riota = Ry (1= 6) (2-6)

In Eq. (2-6), Rmoga is the modal reflectivity, R is the plane wave reflectivity, and
d is the fraction of the reflected beam which does not couple into the optical mode.
The coupling loss is dependent on the exact mode shape.

The modal reflectivity for the g-TEMgg mode from an InP waveguide reflecting
off a GaAs/AlAs and an InP/InGaAsP mirror are shown in Fig. 2.5. For
comparison, the plane wave reflectivities for both mirrors are also shown. To
isolate the effects of diffraction loss, the absorption and scattering losses are
neglected. Note that diffracton loss limits the use of unguided InP-based mirrors

to diameters of 10 um or larger. At a diameter of 5 pum, the highest reflectivity that




2.1 Choice of Mirrors 29
can be achieved is only 99 %, without taking into account the effects of absorption
or scattering loss. Because of the low thermal conductance of the quaternary alloy,
it is preferable to use the InP/InGaAsP mirror without forming a waveguide to
allow heat spreading in the mirror layers. Thus, devices using InP-based mirrors

must have diameters of 10 pm or greater.

0.9999 ] 1 1 1 I ] 1 ¥ ] I LA L L] I L] L] L L] I L] L L T

plane wave D=10pum 7
reflectivity / «9%"**%° 4
® /
/» D=10 um
0.999 1 D=5 um 4 "u'l
> - ’ / ..'. -
§ " ..'...“ .'
b - AlAs/GaAs o
2 E 5 ¢ D=5 um
® 0.99 F ‘l.'__,.- @l
© ’ e i
© g o* o
(o] o 3
= 3 3
0.9 > InGaAsP(kg=1 4um)/InP
P
O .' L 'l l 'S e L 'l l o ' L 1L I 1 il 4 s ] 1 1 1 1
0 25 50 75 100 125

Number of Layers

Fig. 2.5 Modal reflectivity for GaAs/AlAs mirrors at 1.3 pum and for
InP/InGaAsP mirrors at 1.55 pm.

For the GaAs/AlAs mirror, diffraction loss is not as large of a problem. Fora
device with a 5 um diameter, 99.7 % reflectivity can still be achieved. As the

device dimensions shrink from 5 pm, surface recombination and scattering loss due
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to imperfect fabrication of sidewalls will probably present greater difficulties than

coupling loss.

Bandwidth

Another important property of quarter wavelength mirrors used in VCSELs is
the optical bandwidth. In general, one would like a mirror with as large a
bandwidth as possible. Wider bandwidth mirrors allow greater thickness variations
in the mirror while still achieving the desired reflectivity at the center frequency of
the Fabry-Perot cavity. This relaxes the growth requirements for thickness control
in the mirrors. Wider bandwidth mirrors tend to have shorter penetration depths
into the mirror, which decreases the effects of loss in the mirror on the achievable
reflectivity. The shorter penetration depth also makes it easier to achieve single
longitudinal mode operation. Finally, it is easier to tune the center frequency of the
Fabry-Perot cavity when mirrors with large bandwidths are used.

The center frequency of the Fabry-Perot cavity can be found from

2B, (L+2L,)-20,7=2mn (-7

where f3,, is the propagation constant for the mode, L is the cavity length, L;is the
penetration depth into the mirror, Wyt is the phase change on reflection at a mirror,

and m is the mode index. For this discussion, I assume that the phase change is the

same at both mirrors. The center wavelength can then be shown to be

L+¢7
2 =2m (2-8)
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where n is the refractive index in the cavity. Differentiation with respect to the

cavity length gives

A, _  2mn
oL mm+w,T

(2-9)

From Eq. (2-9) we see that to obtain the most sensitivity in the center wavelength,
we want a small phase change on reflection. This happens with mirrors with the

largest optical bandwidth.

.

08F
> o06f
2 e
g

0.2F

0
0.8 0.9 1.0 1.1 1.2
u)olco

Figure 2.6 Definition of fractional optical bandwidth, Aa/ .

It can be shown!3 that the bandwidth of a mirror is related to the refractive

indices in the mirror by

S
A0 L3t T (2-10)
Fe B 1+
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Figure 2.6 shows the definition of Aw. This is the frequency difference between
the halfway points on either side of the mirror stop band. In VCSELs, however,
only a portion of that stop band is usable. Because the mirror loss goes like In(R) =
1-R, small changes in R lead to large changes in threshold gain.

Notice that Eq. (2-10) expresses the bandwidth solely as a function of the ratio
of refractive indices in the mirror. Comparing this with the relationship for the
reflectivity of a lossless mirror, Eq. (2-1), we see that we can characterize both the
bandwidth and the reflectivity of a mirror with a single characteristic of the mirror,
mainly the refractive index ratio. We can find the number of periods necessary to

achieve a given reflectivity, N as a function of the bandwidth of the mirror

/ \
1- R%
log 7
1 1+ R”?
N=-— -1
2 . [::Am] (2-11)
1—-sin Za)—
log 2
.(nAwJ
1+sin| ———
. 4 w, )

Figure 2.7 shows this relationship for the mirrors discussed in this section with
reflectivities of 99 and 99.9 %. For reference, the refractive index ratio is shown
on the top axis. From this graph one can compare the maximum achievable
reflectivity and the fractional bandwidth for a given set of materials (assuming the
materials are lossless). Note that the insulating mirrors, all with refractive index

ratios less than 0.75, tend to have fractional bandwidths from 20 to 50 %.




However, conductive mirrors where np/ny ranges from 0.85 to G.95 have
maximum bandwidths of just over 10 %. In particular, by using GaAs/AlAs

mirrors instead of InP/InGaAsP mirrors, the bandwidth increases from 6 % to

2.1 Choice of Mirrors

10 %, allowing for more variation in growth thickness.

Number of Periods

Figure 2.7 Number of periods required to achieve 99 and 99.9 % reflectivity
and the corresponding optical bandwidth for mirrors used in long wavelength

VCSELs.

We can also include the effects of loss on the number of periods necessary to
achieve a given reflectivity. Equations (2-4) and (2-5) give expressions for loss in

a quarter wavelength stack [15]. To simplify the calculation, I have assumed that
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the loss is distributed evenly throughout the mirror, i.e. ki, = kg = k*. For the
situation in which the first layer in the quarter wavelength mirror is the low index

material we have

2
1+(ﬂ) |
s 2rk ny ) | (2-12)

For the situation in which the first layer in the mirror is the high index material, we

have

(2-13)

For bandwidths greater than 20 % (i.e. p < 0.8) the absorptance is given by

Eq. (2-12). The absorptance is given by (2-13) for bandwidths less than 20 %.
Loss can be taken into account to relate the number of periods required to

achieve a given reflectivity with the bandwidth of the mirror. To do this, we

substitute R'for R in Eq. (2-11), where R'is the transformed reflectivity given by

R
R =—— 2-14
2 (2-14)
The desired reflectivity is given by R, and the absorptance for a given loss, %, is

found from Eqs. (2-12) and (2-13). This is shown in Fig. 2.8 for R = 0.99 and

R =0.996. For these plots I take the incident medium to be InP (n; = 3.2). For
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the conducting mirrors I assume that ny = 3.4 in Eq. (2-13). This is a valid
assumption for the cases of interest, as nj is close to the actual refractive indices of
both InGaAsP (n = 3.42-3.48 ) and GaAs (n = 3.41).

Note that as the loss increases in the mirror layers, it is no longer possible to
have a given bandwidth and reflectivity. These curves give a slight under estimate
of the achievable reflectivity when the loss in one of the mirror layers is much
greater than in the other, for example with mirrors which include Si. This is caused
by the assumption that the loss in both layers of the mirror is the same. For most
cases of interest, however, they serve as a useful method to compare different

mirror designs.
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Fig. 2.8 Number of periods required to achieve (a) 99 and (b) 99.6 %
reflectivity and the corresponding optical bandwidth. The curves end abruptly
when the loss becomes too high to achieve the given reflectivity and fractional
bandwidth.
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One can then plot the maximum achievable reflectivity as a function of the
bandwidth for various amounts of loss as shown in Fig. 2.9. For small losses, the

reflectivity is given by

R=R,(1-A) (2-3)

As more periods are added to the mirror stack, Rg approaches unity. Thus the

maximum reflectivity is limited by the absorptance, or
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Fig. 2.9 Maximum achievable reflectivity for a given refractive index ratio and
corresponding bandwidth. The extinction coefficient (k) in the mirror layers
varies from 1 x 104 to 1 x 10-2.

Figure 2.9 shows that in general reflectivities of greater 99 % can be achieved if

the material loss is less than 30 cm! at 1.3 um. For insulating mirrors with
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fractional bandwidths of greater than 40 %, losses up to 300 cm-1 can be tolerated.

However, large losses decrease the transmission efficiency through the mirror.
2.2 Thermal Properties

Mirrors

The active layers in VCSELSs can reach temperatures as high as 50 °C above the
heat sink temperaturel 8. In cooling off the active layer, most of the heat flow
occurs either through or around the DBR mirror. Thus, it is important to employ a
mirror which has the highest possible thermal conductance. In direct analogy to
looking at a multilayer electrical system, we can find the thermal conductances both
parallel (in the radial direction for cylindrical symmetry) and perpendicular (in the
longitudinal direction) to the material interfaces in a multilayer mirror stack. For
any system containing a periodic combination of two different materials with

thicknesses dj and d, the radial and longitudinal thermal conductances are given by

_kd+x,d

2-16
r d +d, ( )

KK,

= d 2-17
= d,x2+d2xl( 1+ o) (2-17)

The thermal conductance of each material is given by x; and the thickness of each
material is given by the d;. By definition, the thickness of each layer in a quarter
wave mirror is given by di = A/4n; . By substituting this in for the thicknesses in

the equations above, one can find the thermal conductance of the quarter wave
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mirror knowing only the refractive indices and the thermal conductances of the

constituent layers.
K, =—L2(n +n,) (2-18)
Kin + Ky,
x, = Xt KM (2-19)
n+n

The average thermal conductivity can be found by taking the geometric mean of the

radial and longitudinal thermal conductivities.

Emirror = K-r Kz = J(MJ( K.1 KZ ) (2'20)

K, + Kyn,

Equations (2-18)-(2-20) are useful approximations which permit us to compare the
thermal properties of different mirrors quickly and easily. In comparison with an
exact result calculated using a two-dimensional thermal modeling program, the error
in Eq. (2-20) was found to be as high as 20 %. However, these relationships are
useful in that they allow us to compare the thermal conductances of different quarter
wavelength mirrors using properties of the materials in the mirrors alone, without
needing to know the extrinsic parameters such as the layer thicknesses or the exact
device structure. They allow us to predict whether the mirror will act as a heat
spreader (X; >> K;) or if the mirror will allow heat to transfer through it.

From these relationships, we can compare the thermal properties of several
different mirrors. Table 2.2 shows the radial, longitudinal, and geometric mean of

the thermal conductances for several mirrors used in long wavelength VCSELs.




40 2. Mirror Design

The thermal conductances of the individual layers are given in Table 2.3 and the
refractive indices are given in Table 2.1. Tanobe et al.8 first suggested using
combinations of MgO and Si to form a’DBR that would be thermally conductive.
(Note, however, that the thermal conductivity of Sil9 quoted in Ref. 8 is two order
of magnitude higher than the values used in these calculations20-21, because the
authors used the values for crystalline Si rather than o-Si, as is used in the
mirrors.) The thermal conductivity of the Si/MgO combination is about twice that
of Si/Si3N4 and an order of magnitude higher than that of Si/SiO».

In comparison with the conductive mirrors, Si/MgO has about the same thermal
conductivity as the InP/InGaAsP combination. However, the GaAs/AlAs
combination has a higher thermal conductivity than both Si/MgO and InP/InGaAsP.
Alloy scattering in the InGaAsP layers leads to a thermal conductance more than
one order of magnitude lower than for any of the binaries. This leads to a thermal
conductivity of the GaAs/AlAs mirror being more than three times greater than that
of the InP/InGaAsP mirror. This has important implications in the thermal

properties of devices using these mirrors, as will be discussed in the next section.
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Units of W/cnv/K Ky Kr Kmirror
Si/Si3Ng4 0.055 0.11 0.078
Si/Si0p 0.016 0.018 0.017
Si/MgO 0.070 0.40 0.17
Si3N4/Si0; 0.020 0.074 0.038
Ti0y/SiO; 0.008 0.009 0.009
GaAs/AlAs 0.61 0.69 0.65
InP/InGaAsP 0.09 0.38 0.18

Table 2.2 Thermal conductivities (axial, radial, and geometric mean) for typical
mirrors used in long wavelength VCSELs.

Thermal Resistance of Devices

There are several important issues one must take into consideration when
determining which device design to implement. In this section, we will discuss one
of these issues, mainly the thermal resistance of the device. Complex models have
been published22 giving self-consistent solutions for the temperature and carrier
profiles in VCSELs. However, none of them have addressed the issue of a fused
VCSEL. In this section, I will concentrate solely on the thermal resistance of a
given device structure and compare that structure with several other possible
candidates. The thermal model will be used also to suggest improvements to the
fused VCSEL design.

In this section, I will compare various device structures: a wafer fused VCSEL
with a top Si/SiNy mirror; an etched well structure with two Si/SiNy mirrors; and a
device using one InP/InGaAsP mirror and one Si/SiNx mirror. The calculations are
done with a two-dimensional Poisson equation solver originally written by Mitsuaki

Shimizul8. This program solves the equation:
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where K is the thermal conductivity of the medium in W/(cm K), T is the
temperature in Kelvin, and p is the amount of heat generated in the area in W/cm3.
The program solves the Poisson equation in cylindrical coordinates for arbitrary
geometries, assuming that there is no angular dependence of heat flow. It employs
a uniform mesh for placing the thermal conductivities and heat sources and
calculating the local temperature. In these calculations, I assume that all of the heat
is generated in the active region. This ignores the contributions of resistive heating
in the mirror and cladding layers, yet still gives a reasonable comparison between
devices.

Once the temperature distribution is known, we can find the thermal resistance

O)jc through the relationship:
0 =Tne=Th (222)

where T,y is the maximum temperature in the device, Ths is the temperature of the
heat sink, and P is the power dissipated in the device.

A schematic diagram of the device structure modeled using the thermal program
is shown in Fig. 2.10. The devices are modeled as though they were mounted
epitaxial side down. Thus, the boundary condition at the epitaxial side of the device
is that the temperature is zero (T = Tps = 0). The mirror reflectivities in each device
are the same, thus taking into account the difference in thicknesses required to

achieve the same reflectivity in different material systems.
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Fig. 2.10 Schematic of device structure modeled in thermal resistance
calculations.
Each device uses a 6-period Si/SiNx mirror next to the heat sink. The effects of
convective cooling are ignored. This sets the boundary conditions at the top and

side boundaries to
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The thermal conductivity of the mirror layers is taken as the geometric mean
between the radial and longitudinal thermal conductivities as discussed in a previous
section. The values for the thermal conductivities used in the calculations and their
sources are shown in Table 2.3.

The selection of the grid spacing is important in order to get meaningful results
from the program. An example of this is shown in Fig. 2.11. As we increase the

number of grid points, the value for the thermal resistance converges on a single
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answer. For more than 100 grid points, the error in the final answer is less than
5 %. The program is written so that if the grid points are placed symmetrically
around a discontinuity in the thermal conductivity, an average value for the thermal

conductivity is used at the discontinuity.
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Fig. 2.11 (a) Effect of grid spacing on the calculated thermal resistance for a
given structure. The calculation approaches a single answer as the number of
points increases. (b) Location of grid points in relation to a radial thermal
conductivity step. Note that the grid points are spaced evenly around the step for
100, 150, and 200 points in this example.
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The program converges to the correct answer as the number of points increases
because the area around the discontinuity decreases. To ensure that the correct
answer is obtained and to minimize the computation time necessary, the mesh
points should be placed symmetrically around any thermal conductivity

discontinuities [Fig. 2.11(b)]..

Thennal
conductance, K
Material (W/cm/K) Reference
0.-Si 0.026 21, 20
SiNx 0.16 23
SiO2 0.012 20
Ti)O3 0.005 8
MgO 0.60 8
'I—nlg’ 0.68 77
InGaAsP (Agap = 1.15 |im) 0.048 25
InGaAsP (}hgap =1.3 le) 0.043 25
InGaAsP (Agap = 1.42 |im) 0.046 25
InGaAsP (Agap = 1.55 j1m)s 0.05 25
GaAs 0.44 26
AlAs 0.91 26
polyimide 0.0016 27
gold 3.18 28

Table 2.3: List of thermal conductivities used in the calculations in this
chapter.

The thermal resistance of various device structures as a function of device
radius is shown in Fig. 2.12. First notice structures A and C, the fused GaAs/AlAs
structure and the etched well structures. Both structures use polyimide for current
isolation. Because the GaAs/AlAs mirror allows heat flow through the top mirror
more readily than the Si/SiNy mirror does, the fused structure has about 2/3 the

thermal resistance of the more traditional etched well structure.
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Fig. 2.12 Calculated thermal resistances for various device structures. The
method of current constriction used in each structure is given in parentheses, with

H+* designating proton implantation.

The thermal conductivity of polyimide is two orders of magnitude less than that
of any ITI-V compound listed in Table 2.3. This suggests that one way to improve
the thermal resistance of the devices is to replace the polyimide with a
semiconductor. However, current confinement is important to improve the current
injection efficiency. One way to confine current and improve the thermal
conductivity of the structure is to use proton implantation. The effects of proton
implantation on the thermal resistance of the fused structure is shown in lines A and
A' of Fig. 2.12. Note the thermal resistance values are now half of the values for
devices using polyimide. Because the best thermal resistance results come from

using a proton implanted region, the rest of the devices compared all use this.
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Now we can compare the other structure which has been traditionally employed
in making long wavelength VCSELs, structure B which has an InP/InGaAsP
mirror, with the fused structure, structure A'. The thermal resistance of the
InP/InGaAsP structure using proton implantation is slightly worse than the fused
structure using polyimide. Thisresult is somewhat surprising considering that both
structures are mounted epitaxial side down. In fact, another group2? predicted that
the thermal resistance of long wavelength VCSELs would be lower than that of the
GaAs VCSELs due to the higher thermal conductivity of InP than GaAs. In that
paper, the authors give an analytical expression for the thermal conductivity of a
structure. However, their expression does not take into account heat spreading
above the active layer. What our result shows is that the top mirror plays an active
role in cooling the active layer by allowing heat to be removed through the mirror.
Besides the use of proton implantation, another method of reducing the thermal
resistance in the fused VCSEL would be to replace the Si/SiNx mirror with another
GaAs/AlAs mirror. The thermal resistance of this double fused structure is shown
in line D of Fig. 2.12. This structure has the lowest thermal resistivity of all of the
structures. It has about half of the thermal resistance of the single fused structure
and one-quarter of the thermal resistance of the InP/InGaAsP structure. Work on
making a double fused structure is an important direction for future research. This

structure will be discussed in more detail in the final chapter.

2.3 Summary
This chapter analyzed the optical and thermal properties of mirrors used in long

wavelength VCSELs. The mirrors were divided into two categories: those which
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are insulators and those which allow electricity to pass through them. Analytic
expressions were given to compare the different mirrors.

For a VCSEL, it is advantageous to have at least one conductive mirror. Based
on the thermal and optical properties, mirrors made of GaAs/AlAs are the best
choice for conductive mirrors at 1.3 and 1.55 pm. The advantages of GaAs/AlAs
mirrors compared with InP/InGaAsP mirrors include the reduction in growth time
and complexity to achieve the same reflectivity, the larger optical bandwidth, and
the increased thermal conductivity of the GaAs/AlAs mirror. When comparing
similar device structures using conductive mirrors, the GaAs/AlAs structure is
expected to have half of the thermal resistance of the InP/InGaAsP structure.

The choice of an insulating mirror is not as simple. None of the mirrors are
better than the rest in both optical and thermal properties. The Ti203/8102
combination has the highest achievable reflectivities, but practical issues of stress of
thick multilayer films and stoichiometry control still need to be addressed. These
lead to lower achievable reflectivities because of increased loss and a decrease in the
refractive index of the Ti layer, respectively. Measured Ti2O3/SiO2 mirrors were
only slightly higher in reflectivity than thinner Si/SiO2 mirrors, while the thermal
conductivity of the Si/SiO2 combination is twice that of Ti2O3/SiO3. The thermal
properties of Si/MgO mirrors are superior to any of the other insulating mirrors due
to the high thermal conductivity of the MgQO layers. However, the achievable
reflectivity is less than that of Ti2O3/Si03 and Si/SiO2. Thus, the choice of an
insulating mirror to use in a VCSEL will depend on the exact structure chosen and

the available resources for depositing the mirror layers.
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One issue which was not addressed in this chapter is the ability to incorporate

the GaAs/AlAs mirror with an InP double heterostructure. The lattice mismatch
between the two material systems is 3.7 %, thus direct growth of the laser cavity on
top of the GaAs/AlAs mirror would result in an active layer with too many defects.

This issue will be discussed in the next chapter.
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Chapter 3
Wafer Fusion

3.1 Bonding and Long Wavelength VCSELSs
Integrating GaAs/AlAs mirrors with InP double heterostructures to take advantage
of the optical, electrical, and thermal properties of the conductive mirrors presents a
challenge, due to the 3.7 % lattice mismatch. Typical heteroepitaxy techniques
involve growth of buffers layers several microns thick!. Even with the buffer
layers, threading dislocations and high etch pit densities on the surface remain a
problem. The inclusion of a thick buffer layer inside the cavity would degrade the
optical properties of the VCSEL by increasing the scattering and diffraction loss and
thus increasing the required threshold current. The threading defects often seen in
heteroepitaxy also have severe implications for the reliability of devices which use
this technique. This chapter addresses the issue of selecting a method other than
heteroepitaxy to integrate the InGaAsP active region with the GaAs/AlAs mirror.
The material interface which results from the chosen method will be inside the

cavity of the VCSEL. Thus, the interface must meet stringent optical, electrical,
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and mechanical criteria. There should be no scattering or absorption loss at the
interface as this would increase the threshold of the VCSEL. The interface should
be electrically conductive to allow current injection through the GaAs/AlAs mirror
into the active layer. The bond between the two semiconductors should be strong
so that it will not break when the materials are temperature cycled during
subsequent device fabrication and testing. The interface should be abrupt, with no
gaps or intermediate layers causing a decrease in the thermal conductance. Finally,
as the device ages, the interface should be stable and not degrade the device
performance.

The next part of this chapter will compare several different bonding techniques
to see which ones produce interfaces which meet the criteria for making a long
wavelength VCSEL. Then I will describe the wafer fusing technique in detail. I
will look at the mechanical, electrical, and optical properties of the wafer fused
interface. Finally, I will propose a model for the fusing process which takes into
account the measured properties of the fused interface and suggests further

experiments to better understand the fusing process.

3.2 Wafer Bonding Techniques

The field of wafer bonding encompasses several techniques, each of which
combines two semiconductors to form a whole which could not be obtained by
epitaxial growth or deposition, or which has superior properties to that obtained by
growth or deposition. The field can be divided into five techniques: Si direct
bonding, low temperature Si3N4 bonding, interfacial metal bonding, epitaxial

lift-off, and wafer fusing. Each of these techniques has strengths which make them
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appropriate for use in various applications. In this section, I will review each
technique and look at what has been done with it. Then I will analyze each

technique forits utility in making long wavelength VCSELs.

Silicon Direct Bonding

Silicon direct bonding (SDB) was the first technique used to bond two
semiconductors together without using an external glue or solder. The technique,
which has patents2.3:4 dating back to 1964, has applications including the
preparation of semiconductor-on-insulator substrates, the fabrication of high power
MOSFETSS, and the integration of high power sensor arrays®. It is useful to
examine SDB to understand the mechanics involved in wafer bonding on a
macroscopic level.

The wafers enter the process having either a bare Si surface or an oxidized Si
surface’. The wafers are cleaned in an inorganic acid solution (e.g. aqua regia) and
dried. The surfaces of the wafers are placed into contact with each other. Although
the wafers adhere to each other at room temperature, the fracture strength of the
interface is much less than that of the bulk crystal. The fracture strength is the
amount of pressure which must be applied perpendicular to the interface to pull
apart the two wafers. To increase the bond strength, the wafers are heated to
temperatures between 1000 and 1200 °C for one hour in an ambient of pure
nitrogen or a nitrogen-oxygen mixture, and complete bonding takes place. After
complete bonding is achieved, voids or interference fringes cannot be seen when

viewing the interface of the two wafers with an infrared camera. At temperatures
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below 1000 °C, some voids caused by evaporated water can be seen. No pressure
is exerted on the wafers during the bonding process.

It is critical in this process that the wafer surfaces be mirror smooth in order to
achieve self-adhesion. Thus care is taken in polishing to create smooth surfaces,
and care is taken during later handling not to introduce any particulates. Because
the introduction of particulates is particularly difficult to prevent, groups have gone
to great lengths to avoid this occurrence. One group8 even developed an elaborate
holder which keeps the two wafers separated using Teflon spacers during the
substrate etching and drying. The spacers are removed just prior to bringing the
wafers into contact.

One way to make a VCSEL using SDB is to deposit a Si/SiO2 mirror onto a Si
substrate and a SiO7 layer onto an InP double heterostructure. The two could be
bonded together to form the VCSEL cavity. However, the high temperature

involved in SDB would cause severe diffusion and melting problems.

Low Temperature Si3Ng4 bonding
A solution to the problems associated with the high temperatures of Si direct
bonding is given by low temperature Si3N4 bonding®. The low temperature Si3N4
process is similar to SDB, except that the surface of each wafer is covered with
hydrophilic Si3N4 prior to bonding the wafers.

The advantage of this technique is that strong bonds can be achieved at
temperatures as low as 90 °C. One proposed application for Si3N4 bonding is to
combine GaAs and/or InP based devices with Si circuitry. Because the bonding

temperature is low, problems with thermal expansion coefficient mismatch are
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reduced, and it is possible to bond a GaAs or InP structure onto a completed Si
integrated circuit without further annealing the metal interconnects.

Low temperature Si3N4 bonding could be used to join an insulating mirror with
the VCSEL cavity. After etching the InP substrate, normal processing of the
VCSEL would continue. The resulting device would sit on a mechanically robust
Si substrate and use two insulating mirrors. Previous structures which used two
insulating mirrors required a hole etched into the substrate to form the short cavity,
which resulted in a fragile structure which was difficult to handle.

The proposed Si3N4 bonded structure would have improved thermal properties
over an etched hole VCSEL. However, the thermal properties of the Si3N4 bonded
structure would not be as good as the properties of a device which utilizes a
GaAs/AlAs or InP/InGaAsP mirror, because the insulating mirrors have the highest
thermal resistances. The Si3N4 device would suffer from the same non-uniform
current injection problems which etched hole VCSELS havel0, If it is desirable to
utilize low bonding temperatures in device fabrication, the wafers must be heated
for long times. For example, at 90 °C, the reported bonding time is 1100 hours or

45 days®. At 300 °C the bonding process takes a less arduous 9 hours.

Epitaxial Lift-off

Several groups have used epitaxial lift-off (ELO), also known as van der Waals
bonding, to bond thin films onto arbitrary substrates. This technique takes
advantage of the large (>107) differential etch rates between AlxGaj.xAs (x 2 0.6)
and AlxGaj.xAs (x < 0.4) to separate the desired thin film from the original host

substrate!l. The desired structure is grown with an additional AlAs layer which
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acts as the sacrificial etching layer. A layer of Apiezon W12 is applied on top of the
wafer, and the wafer is placed in an etching solution (typically a dilution of HF).
When the sacrificial layer is completely removed, the thin film floats in the etching
solution and can be placed on a new substrate, including glassl3, Sil4, and InP15.
The bonding takes place as the water leaves the region between the thin film and the
substrate. Epitaxial lift-off can be done without the use of interfacial materials, but
the best results appear to occur when there is a new material at the interface such as
epoxyl3, SiNy16, or metall4.17,

Several different structures have been made using this technique. Epitaxial
lift-off has been used to integrate GaAs photodetectors with Si receiver circuitry18,
It has been used to combine GaAs solar cells with more durable and less expensive
host substrates!9. It has also been used to combine GaAs MSM detectors with
LiNbO3 waveguides20-21,

Epitaxial lift-off has the advantage that it is a room-temperature process. Thus,
it is not necessary to worry about dopant diffusion during the bonding process.
When a thermally conductive layer is used at the ELO interface (e.g. an abrupt
thin-film-to-substrate contact or a metal layer), heat can easily be transferred from
the thin film to the substrate.

Although the ELO interface appears abrupt on a macroscopic scale, a closer
examination reveals a fundamental limitation to the use of ELO. A 20-140 A
amorphous layer forms at the interface between two semiconductors which are
placed in direct contact using ELO22.15, This amorphous layer has been shown to
cause scattering loss!5 and would degrade the optical and electrical properties of an

ELO-bonded VCSEL.
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Interfacial metal bonding
The application of a Pd layer to a surface prior to bonding has been used to improve
the reproducibility of ELO!7. This interfacial metal bonding has also been done
with full thickness wafers using various metals including Pd23, Au24, and In25.
After the metal deposition, the surfaces are brought into contact and the samples are
heated to complete the bonding pracess. One substrate is then removed down to an
etch stop layer, revealing a smooth surface.

This technique has been used to integrate InP detectors with GaAs substrates?3,
In this paper it was shown that inclusion of a metal layer between the two materials
does not degrade the electrical characteristics of the bonded devices. Metal bonding
has been used to incorporate GaAs surface-normal modulators with Si wafers25 and
to integrate AlGaAs emitters with Si substrates24.

The advantage of interfacial metal bonding is that it can be done at relatively low
temperatures (< 430 °C). The interfacial metal provides a low resistance path for
current flow through the interface.

However, this technique cannot be used with VCSELs. Although the metal
does not degrade the electrical properties of the devices, it does detract from the
optical quality of the bonded interface. The metal layer is lossy and does not have a

high enough reflectivity to actas a mirror in a VCSEL.
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Table 3.1 Comparison of different bonding techniques discussed in Section

3.2 for use in long wavelength VCSELSs,

Process Interface

Bonding | Reproducible Low Abrupt  Nooptical Electrically

method temperature loss conductive
Desired for yes yes yes yes yes
VCSEL
Silicon yes > 1000 °C no unknown no
direct
bonding
Si3N4 unknown yes no unknown no
bonding
Epitaxial yes yes no no no
lift-of f
Interfacial yes <430°C no no yes
metal
bonding
Wafer yes <650°C yes yes yes
fusion

Wafer Fusion

Wafer fusion is similar to Si direct bonding in that two wafers are placed in direct

contact and heated to achieve a stronger bond than is possible at room temperature.

In wafer fusion, however, the temperature (600-650 °C) is lower than that used in

SDB, and pressure is applied to the wafers during the bonding process to keep

them together. More detailed information on this technique will be given in the next

section of the chapter.

Wafer fusion has been applied to several different problems. The original

work, done by Liau and Mull26 demonstrated the rectifying characteristics of p-n

junctions formed by bonding bulk InP-to-InP and InP-to-GaAs wafers. Lo and
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co-workers27 later used wafer fusion to form InP in-plane lasers on GaAs
substrates, calling the technique "bonding by atomic rearrangement."” More
recently, wafer fusion has been used to bond GaAs wafers together for second
harmonic generation28 and to integrate transparent substrates with AllnGaP
LEDs2.

Wafer fusion is ideal for use in making long wavelength VCSELs. The fused
interface allows current flow and there is no scattering or absorption of the optical
field at the interface. The mechanical contact is uniform across the fused interface
and no amorphous layer has been found at the interface. This indicates that heat
should be able to flow across the interface without problem.

The drawback to using wafer fusion is that it is a high temperature process.
This may lead to dopant diffusion in the material. Stress caused by the different
thermal expansion coefficients of the bonded wafers may enhance diffusion near the

interface.

3.3 Wafer Fusion Technique

In this section I will describe in detail the wafer fusion technique. I will use a
model for bowing in the wafers to explore which material properties are important
for bonding two arbitrary substrates and which can be ignored. Experimental
results in fusing GaAs to InP will be related to the model. Finally I will discuss
substrate etching. Substrate etching is included in this section because in device
applications, the success of the bonding process is measured by the ability to leave

a thin film on the host substrate, not in the ability to bond bulk wafers.
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Wafer Fusion Process

The fusing process is shown schematically30 in Fig. 3.1. After cleaning the
wafers in solvents (TCA, acetone, and methanol) to remove any particulates and
organic contaminants, the wafers are placed in an acid mixture such as buffered HF
or dilute (1:3) HCLI:H20 solution. This step is important to remove any native
oxides which may inhibit the fusing process. The samples are then rinsed and
placed into contact, epitaxial layer to epitaxial layer. The samples are placed into a
fixture which applies a uniform pressure perpendicular to the fused interface. The
fixture is loaded into a converted LPE furnace which is heated to a temperature
between 600 and 700 °C in a H ambient. The fixture is held at that temperature for
10 to 30 minutes. The samples are cooled to room temperature and the bonded
wafers are removed from the fixture.

In the process outlined above, there are several important details to achieve
good fusing. The surface quality of the wafers prior to placing them in contact is
critical. The surfaces to be fused must be smooth and flat. Any organic or
inorganic contamination, especially particulates, should be removed by carefully
cleaning the wafers. Using flat, smooth, and clean wafers decreases the gap
between wafers which must be filled by mass transport during the fusing process
and minimizes the break through of the film caused by trapped particulates after
substrate removal. When these criteria are met, adhesion can be achieved at room
temperature with a weak bond strength. The wafers stay together under normal
handling, but intentional efforts to pull the wafers apart can succeed with little

effort.
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Clean wafers and remove
native oxides.

GaAs/AiAs mirror

InP substrate

Fuse wafers together
at 630 C in H2.

etch stop layer

GaAs/AlAs mirror

InP epitaxial layers

Remove InP substrate.
Process devices.
GaAs/AlAs mirror

Fig. 3.1 Flowchart for the wafer fusing process.

The presence of native oxides and dangling bonds at the wafer surface will also
affect the fusing process. Different surface treatments were tried to remove the

native oxides and passivate any dangling bonds, including an HF etch followed by
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a DI water rinse, a buffered HF etch followed by a DI water rinse, and a
P2S5:(NH4)2S treatment followed by a DI water rinse. The HF treatment was
adequate for bonding bulk substrates. However, if the sample to be bonded
includes epitaxial AlGaAs layers, the HF will undercut the layers an undesirable
amount. Buffered HF etch also gives good results without severe undercutting of
the AlGaAs layers. A different approach to terminating the dangling bonds on the
GaAs surface was to use a P2Ss:(NH4)2S treatment31:32, This gave good results
for bonding, but the results were no better than those with buffered HF and the
process was more time consuming.

Another important parameter in the bonding process is the pressure exerted on
the wafers. The pressure must be uniform, large enough to flatten the wafers and
place the samples in intimate contact, and small enough not to cause mechanical
damage to the wafers. If these conditions are not met, fusing will occur only in
selected parts of the surface or not at all. By placing different masses on top of the
samples, I have observed that the GaAs and InP samples do not stick together when
the pressure is less than or equal to 20 g/cm2. Pressures of 400 g/cm? are sufficient
to give good fusing. Intermediate pressures were not tried.

Finally, it is not clear what role the ambient gas in which the samples are fused
plays. Lo et al.27 and Wada et al.33 suggested that the Hp reacts with any
remaining oxides at the interface to allow bonding between the InP and GaAs
surfaces. Thisimplies that the use of H3 is necessary for achieving good bonding.
However, we have shown that fusing can take place in a N2 ambient, so it does not
appear that H3 is critical for the bonding process. More work needs to be done to

see what affect, if any, the ambient gas has on the bonding process.
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Material Parameters
Some of the material properties which are important to the fusing process can be
found by looking at a model for bending in two wafers after cooling (after work

done by Timoshenko34). The bowing in fused wafers is given by

= 6(“2 _al)(T_To)(1+m)2 (3-1)

1
P (1, +1, )[3(1 +m) +(1+ mn)(m2 + ;—;—)]

where p is the radius of curvature, ] and a3 are the thermal expansion coefficients
of the individual wafers, T-Tj is the difference between the fusing temperature and
the final temperature, m is the ratio of the material thicknesses, t1/t2, and n is the
ratio of the Young's moduli for the two different materials. This equation is valid
in the case where the combined thickness of the substrates is much less than the
length and width of the substrates, which is the case for fusing most wafers. It is
valid in regions away from the edges of the wafer, where one can neglect the effects
of shear stresses on the wafers. The effects of the shear stresses will be discussed

later in this section.
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Table 3.2 The thermal expansion coefficients, &, and Young's moduli along
the <100> crystal axis, E<100s, for various III-V compounds33. The biaxial
stresses and strains parallel to the substrate are related by E/(1-v) for spherical
bowing, where v is the Poisson ratio.

Compound a E.o, E
(106/°C)  (dyne/cm?) (1 - V)<100>
(dyne/cm?)
AlP 4.5 0917 1.351
AlAs 4.9 0.935 1.333
AlSb 4.0 0.590 0.882
GaP 4.5 1.028 1.481
GaAs 6.86 0.850 1.233
GaSb 7.75 0.632 0.920
InP 4.75 0.606 0.947
InAs 4.52 0.514 0.794
InSb 5.37 0.409 0.633

Equation (3-1) reveals some of the intrinsic properties of the chosen materials
which affect the internal stresses and the bowing of the wafers. We see that by
choosing two materials with similar thermal expansion coefficients, there should be
little bowing in the wafers after cooling. A plot showing how the ratio of Young's
moduli affects the bowing in the fused sample is given in Fig. 3.2. When the
wafers are of equal thickness, the ratio of Young's moduli does not play an
important role in the macroscopic properties of the fused wafers. As thinner layers
are bonded to the substrate, however, it becomes advantageous to have materials
which have a small value of n. This gives the maximum radius of curvature and the
smallest bowing. In addition to the thermal expansion coefficients and Young's
moduli, the ability of the material to diffuse and fill in the gaps between the wafers

via mass transport during the fusing process affects the area over which complete
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fusing takes place. The maximum congruent evaporation temperature of a material

places a lower limit on the fusing temperature, as will be discussed in Section 3.5.
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Fig. 3.2 The affect of the ratio of Young's moduli, n, on the radius of
curvature of the fused wafer after cooling. The bottom wafer thickness is
500 pum, while the top wafer thickness is 50, 100, and 500 um. The thermal
expansion coefficient (TEC) difference for this example was 2.11 x 10°6/°C and
the temperature difference was 630 "C. The plot can be scaled for different
material systems and bonding temperatures by noting that the radius of curvature
is inversely proportional to the TEC and the temperature differences.

While the previous paragraph described intrinsic properties of the materials, we
can control other parameters involved in wafer fusion. The maximum temperature
and the rate of cooling affect the stress in the wafers and the ability to achieve
bonding over large areas. From Eq. (3-1), the bowing can be decreased by
lowering the fusing temperature. However at too low temperatures, the materials

do not bond together completely. The temperature (for a given time) must be high

enough to allow mass transport to fill in the gaps at the interface. In bonding InP to
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GaAs wafers, we varied the temperature from 550 °C to 750 °C with fusion times
ranging from 5 min. to 120 min. Fusing did not occur at temperatures below
600 °C. The lowest temperature at which reproducible results were obtained over
the entire surface was at 630 °C. However, work by Wada et al. has shown fusing
at temperatures as low as 450 °C, indicating that there may be some residual oxide

on the surface in the fusing process described here.
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Fig. 3.3 The calculated radius of curvature of an InP wafer bonded to a GaAs
wafer as a function of the ratio of the wafer thicknesses. The GaAs thickness is
held constant at 350 and 500 ptm. The wafers are bonded together at 650 °C. All
other parameters used in the calculation are found in Table 3.2.

Another important parameter which we varied was the cooling rate of the
furnace. Samples which were cooled slowly (4 °C/min.) were found to bond more

often than those samples which were allowed to cool quickly. This is probably due

to the rapid increase of strain when the samples are cooled quickly.




3.3 Wafer Fusion Technique 69

In addition to the temperature profile, the substrate thickness (¢; and ¢2) or the
ratio of the material thicknesses (m) will change the temperature induced stress.
Figure 3.3 shows the radius of curvature of the fused wafers as a function of m for
two different thicknesses of GaAs substrate. Note that as the GaAs substrate
becomes thicker, the bowing is decreased. Also, as the ratio of material thicknesses

decreases, the bowing goes towards zero.
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Fig. 3.4 Stress near the center of fused InP-on-GaAs as a function of the ratio
of InP thickness to GaAs thickness.

The maximum stress in the fused film near the center of the wafer can be

estimated by looking at the stress due to the compressive forces and the stress due

to bowing34
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where p is found from Eq. (3-1), A is the sum of the two layer thicknesses, and Ej
and E are the Young's moduli of the materials. A plot of the calculated stress is
shown in Fig. 3.4. Note that the stress near the center of the wafer is quite small.
By thinning the wafer prior to fusing, one actually increases the maximum stress in
the fused film away from the edges.

The area of the fused wafers which has the greatest problems with stress,
however, lies at the edges of the wafers. In order to give a flavor for the effects of
the different parameters on the fusing, I have included the above elementary
analysis which does not take into account the shear stresses which play a major role
at the edges of the wafer. Solution of the problem with the inclusion of these shear
stresses requires a more complex two-dimensional model. These issues have been
addressed in a two-dimensional finite-element model presented by
Grupen-Shemansky et al.36 for thermally induced stress in GaAs bonded to Si.
Grupen-Shemansky shows that the shear stress increases by two orders of
magnitude from the center to the edge of the wafer for wafers of the same
thickness. Reducing the top wafer thickness to 26 % of the bottom wafer thickness
reduces the shear stress to 70 % of the same-thickness value, while reducing the
thickness ratio to 8 % reduces the shear stress 50 %. Also, tapering the top wafer
edges before bonding reduces the stress at the edges more than one order of
magnitude compared to a sample with cleaved edges. The results from
Grupen-Shemansky's analysis suggest that further improvements can be made in
the fusing process by thinning one wafer substantially before fusing and by

beveling the edges of that wafer to reduce the stresses at the edges.
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Handling such thin wafers during surface preparation for the wafer fusion
process is nearly impossible. Thus, to gain the maximum benefit of using thinner
wafers when fusing, it will be necessary to take a different approach to achieving a
thin InP wafer before temperature cycling the wafers. This could be accomplished,
for example, by a hybrid epitaxial lift-off and wafer fusing process, or by etching

away one substrate after the wafers adhere at room temperature.

Substrate Etching

During the etching of the substrate, the thermally induced stresses in the bonded
wafers are relieved. The etch rate determines the rate at which the stress is relieved.
It is desirable to have as high an etch rate as possible to maximize the throughput,
yet it must be slow enough to keep the change in stress from causing the wafers to
fly apart. The greatest stress appears at the edge of the wafer where the etch rate is
highest and the torque caused by the bowing in the wafers is greatest.

To reduce the edge effects, the edges of the wafer can be covered with wax.
This will produce an I-beam shaped sample which has greater strength than an
etched sample of uniform thickness throughout. This also prevents undercutting of
the epitaxial layers at the edges of the sample. However, the areas that were
protected by wax must be removed prior to device fabrication, leading to large loss
of real estate.

Another method to prevent the InP wafer from delaminating during the etching
is to decrease the concentration of etchant with time. This decreases the etch rate,

making the stress relief rate more constant. This is not a quantitasively controllable
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process using HCI:H20 for the etchant, however, because the etch rate of InP in an

HCl solution tends to change with time.

Fig. 3.5 Surface of a fused wafer after removing the GaAs substrate. The
magnification is 50 x.

3.4 Analysis of Fused Interface

In the previous section of this chapter, I described the mechanics of the wafer
fusion technique. Itis important not only to understand how to bond wafers, but
also to understand how the bonded interface affects the finished device. In this
section I will look at the important properties of the wafer fused interface that relate

to the realization of long wavelength VCSELs. I will discuss the mechanical,
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optical, and electrical properties of the fused interface. Much of this
characterization was done by Rajeev Ram and co-workers at HP Laboratories, and

they deserve credit for the EBIC, AFM, reflectivity, and TEM studies37-38.39,

Mechanical Properties

The first measurement of the success of the wafer fusion process is a mechanical
one. We look to see if the wafers have stuck together and then remove the InP
substrate, stopping at an etch stop layer. If the bonding worked well, there should
be a smooth surface on top of the sample which cannot be distinguished by eye
from an epitaxially grown film. The surface of a bonded wafer after removing the
substrate should be flat, smooth, and without cracks (Fig. 3.5).

A more quantitative view of the wafer fused surface can be obtained by using
the atomic force microscope (AFM)38. The measured RMS roughness from a 10
pmx 10 pm scan of the surface is 3.8 nm. This is similar to the measured RMS
roughness of the as-grown InP epitaxial layer prior to bonding to the GaAs
substrate. Thus, the fusing process does not increase the roughness of the epitaxial
layer. This is important for the realization of low optical-loss interfaces, as
increased surface roughness leads to higher scattering losses, which has been
shown in AlGaAs waveguides bonded to InP substrates via epitaxial lift-of f13.

To understand the bonding process better, it is important to look directly at the
interface. A cross-sectional scanning electron micrograph of an InP wafer bonded
to GaAs is shown in Fig. 3.6. The interface was studied across the entire cleaved
cross section and no voids were observed. Thus, any gaps which existed after the

wafers were placed into contact have been filled in. The exact mechanisms of this
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process are discussed in the next seciion. The epitaxial layers remained smooth and
well defined. There is a clear delineation between the InP and GaAs layers in the

fused structure.

x20k 8842 12KV Zom

Fig. 3.6 A cross-sectional scanning electron micrograph of a fused interface.
Immediately above the black line on the sides is an InP layer, while below the
lines is a GaAs layer. No voids are observed at the interface across the entire
wafer.

A closer look at the interface can be obtained via the transmission electron
microscope. TEM analysis of fused InP/GaAs interfaces have been undertaken

independently by three different groups38.27.33 with similar results in each study.

S. J. Rosnerd0 has looked in particular at the samples which have been fused with
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the conditions used in this study. The cross sectional TEM images of all three
groups show abrupt interfaces, indicating that this property is inherent to the fusing
process and not a result of special processing techniques. Misfit dislocations occur
close to the interface indicating that all of the strain due to the lattice mismatch has

been relieved within 500 A of the interface.

Fig. 3.7 A cross-sectional transmission electron micrograph of a fused
interface. The InP crystal is on top and the GaAs crystal is on bottom. A
Burgers circuit is drawn around the fused interface.

The completion of a Burgers circuit around the interface (Fig. 3.7) shows that
the Burgers vector is parallel to the fused interface. This indicates that the
dislocations are mechanically stable edge dislocations. Because the strain which is
accommodated by a dislocation is the projection of the Burgers vector onto the
plane parallel to the fused interface, these edge dislocations are the most effective

dislocations at accommodating the strain caused by the lattice mismatch4l, A

dislocation with its Burgers vector at an angle to the fused interface would have a
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smaller projection onto the plane, resulting in less strain accommodation per
dislocation. Had the Burgers vector been inclined towards the fused interface, the
dislocations could easily move onto the slip planes and generate threading
dislocations#2, which are known to cause catastrophic failure in laser operation.
The mechanically stable edge dislocations found in this TEM analysis show
promise for the lifetime properties of devices which utilize fused InP and GaAs.
Stacking faults and threading dislocations were not observed in the TEM study.
Unlike other bonding processes (e.g. ELO), no amorphous layers were observed at
the wafer fused interface. This indicates that the combination of the surface
preparation prior to joining the wafers and the H, ambient used in the fusing are
sufficient to remove any oxide layers from the surfaces of the wafers. However,
some structures with a cross sectional diameter of 100 A have been observed39 near
the fused interface, suggesting the formation of an InGaAsP alloy at the interface.
The mechanism for this formation and why it is only seen rarely is discussed in the

next section.
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Fig. 3.8 Threshold current density as a function of cavity length for InP lasers
fused to GaAs substrates and for control samples on the original InP substrate.
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Electrical and Optical Properties
In order to fully integrate a thin film device with its substrate, it is desirable to inject
current through the bonded interf. ace; To test the fused interface, I compared a set
of in-plane lasers which had been fused to a GaAs substrate to the same lasers on
their original InP substrate. Figure 3.8 shows the threshold current density for the
fused and non-fused lasers as a function of cavity length. We see that wafer fusion
does not appear to alter the optical properties of the in-plane lasers or to introduce
non-radiative recombination centers which would increase the threshold current
density. The electrical properties of the fused wafers are also very good. From the
current-voltage curve shown in Fig. 3.9, we see that the reverse breakdown voltage
is approximately 7 volts. All of these measurements were made with the current
flowing through the fused InP/GaAs heterojunction. Thus the electrical properties

of the in-plane lasers do not appear to be degraded by the fusing process.
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Fig. 3.9 Room temperature, DC current-voltage characteristic for a fused
in-plane laser.

A method for determining the effects of dislocations on the electrical properties

of the devices is to use electron beam induced current measurements (EBIC) of
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fused p-InP/n-GaAs junctions37. The EBIC measurements are carried out in a
scanning electron microscope, where the primary electrons are directed along the
growth direction and rastered across the samples to acquire a two-dimensional
image. The built-in field from the fused p-n junction sweeps out any electrons and
holes locally generated due to the electron beam. An electrically active defect will
cause the generated electron-hole pairs to recombine, leading to a reduction in the
measured current.

When the carrier generation volume is centered at the fused interface, no voids
are seen between the InP and GaAs over the entire fused area. When the
accelerating voltage is approximately 13 keV, the carrier generation volume is
centered at the fused interface and the beam diameter is approximately 700 nm. The
average distance between dark lines in the EBIC scan is 4.5 pm, significantly less
than what is expected for the heteroepitaxy of InP on GaAs. (The dark lines in the
EBIC scans indicate electrically active dislocations, which should not be confused
with dark line defects reported in laser electroluminescence studies.) Typical results
for InP on GaAs heteroepitaxy show threading dislocation densities on the order of
1012 cm-2 at the surface of the crystal after 8 um of buffer layer growth. The
distance between lines on a plain-view EBIC measurement is estimated to be
10 nm, which is below the resolution of the technique. This results in the EBIC
images being dark, as most of the injected elecwrons recombine at the dislocations.

As the accelerating voltage in the primary electron beam changes, the carrier
generation volume moves. As the carrier generation volume moved away from the
fused interface, the spacing between dark lines increased, indicating a reduction in

the defect density. Negligible defect densities were found 0.4 pm away from the
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fused interface, indicating that fusing does not cause significant degradation in the
InP more than 0.4 pum from the interface. In fact, this distance is an overestimate of
the extent of the dislocations, because the carrier generation volume has a finite
length perpendicular to the growth interface. Thus, when the carrier generation
volume is centered at 0.4 pum from the interface, there is still recombination
occurring at defects located closer to the interface.

An important property for the VCSEL is the mirror reflectivity. In order to look
at the mirror properties after fusing, Ram and co-workers37 measured the
reflectivity spectra and transmission of a 10-period GaAs/AlAs mirror before and
after fusing. The transmission through the mirror increased by 3 %, while the
reflectivity decreased by the same amount. These results indicate that the fused
interface does not introduce significant optical loss. The cause for the decrease in
reflectivity and increases in transmission may be due to a change in the refractive
index profile. This also explains the observed change in fringe spacing in the
reflectivity spectra. The strain near the fused interface may enhance aluminum
interdiffusion in the mirror, causing the proposed change in refractive index profile
and the observed decrease in reflectivity and increase in transmission. Because the
strain is localized near the interface, the addition of an extra A/2 or A of GaAs in the

first period of the mirror is sufficient to prevent the decrease in reflectivity38.

3.5 Fusing Mechanism
Although the field of wafer fusing is nascent, enough data have been collected to
propose a preliminary model of the physics involved in wafer fusing. In this

section, I describe a model and use it to predict basic parameters for fusing
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materials other than InP and GaAs. The model explains the existing data on fused
interfaces, and further experiments can be made to confirm the validity of this
model.

I will look first at the InP/GaAs material combination as an example for
explanation of the model. When the InP and GaAs wafers are placed together,
they touch at several points while gaps occur elsewhere between the wafers. At
sufficiently high temperatures, mass transport takes place to allow the gaps to fill
in. Thus, there are no voids between the InP and GaAs wafers as shown in the
SEM, TEM and EBIC images. The rate limiting reaction in the "filling in" process

is the dissociation of InP given by

In(s)+%P2(g) & InP(s) (3-3)

The equilibrium evaporation rate of P2(g) is almost 3 orders of magnitude higher
than the evaporation rate of P4(g) and In(g)43 at the temperatures involved in fusing,
so we can neglect the evolution of P4(g) and In(g). The GaAs wafer acts as an
effective cap for keeping P2(g) near the InP surface, thus preventing the surface of
the InP from decomposing. If the GaAs wafer were not an effective cap, the
decomposition of InP would lead to the creation of metallic indium at the fused
interface which would be observable in the TEM analysis and would cause
noticeable optical losses at the interface.

Because the surfaces of the InP and GaAs wafers are not perfectly flat, voids
exist between the two wafers when they are placed into contact at room

temperature. The convex areas on the InP substrate have a greater surface energy
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than the flat areas, leading to higher equilibrium vapor pressures on the convex
surfaces#445. Thus the reaction in Eq. (3-3) is driven from right to left resulting in
a higher concentration of mobile In atoms on the convex surfaces than on the flat
surfaces. The concave surfaces have less surface energy than the flat InP surfaces,
leading to a smaller equilibrium vapor pressure and a smaller concentration of In
atoms near the surface. This difference in In concentration leads to diffusion of the
In atoms towards the concave surfaces.

Liau and Zieger*0 studied the mass transport of InP in a PH3 atmosphere and
measured the activation energy of the In diffusion to be 1.5 eV. Because of the
availability of P2(g) in this experiment provided by the PH3, the rate limiting
mechanism was the diffusion of In atoms. Experiments by Hansen et al.44
involving the mass transport of InP without the use of PH3 showed a higher
activation energy of 4.9 eV for the mass transport process. Hansen's results are in
good agreement with his model which shows that the limiting mechanism in mass
transport is the dissociation of InP given by Eq. (3-3). As the environment used in
wafer fusing has no external source for P2(g), mass transport to fill in the gaps
between the wafers can only occur once InP has dissociated, Eq. (3-3). After the
InP has dissociated, In atoms are free to diffuse on the surface. Because the
activation energy for the dissociation of InP is much higher than the activation
energy for the diffusion of In atoms, the dissociation of InP is the rate limiting
effect in wafer fusion, not the diffusion of In atoms as suggested by other
researchers?’.

The InP is believed to play the majorrole in the mass transport as compared to

the GaAs because of the lower energy required to cause evolution of the group V
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element in the vapor phase in InP than in GaAs. Foxon et al. 47 have identified the
species involved in the evaporation of InP, GaAs, and GaP as a function of
temperature. They have identified two temperature regimes in the evaporation of
these III-V compounds. At lower temperatures, the fluxes of the group IIl and V
elements are approximately equal and congruent evaporation occurs. Above the
maximum congruent evaporation temperature (CET), the group V element is the
dominant element in the gas with vapor pressures much higher than those of the
group III element. In all cases reported, wafer fusing has occurred at temperatures
above the CET of at least one of the two wafers. Farrow and Foxon report
congruent evaporation temperatures of 360 "C, 625 °C, and 675 °C for InP, GaAs,
and GaP43.47, The lowest reported fusing temperature for InP and GaAs is 450 °C
at a time of 30 min.33 The only reported fusing temperature for GaAs bonded to
GaAs is 840 °C28. This model suggests that it should be possible to fuse GaAs at
temperatures near 700 °C, following the same trend as InP fusing.

The CET of GaAs suggests that there should be some mass transport of GaAs
and possible formation of InGaAsP during fusing at temperatures above 625 °C.
Indeed, Yang et al.39 have seen a low density of structures which they attribute to
the formation of InGaAsP with cross-sectional diameters of 100 A in TEM images
of a GaAs/InP interface fused at 650 °C. At this temperature, however, the
dominant vapor pressure is that of P2(g) which leads to an abrupt InP/GaAs

junction over most of the interface.
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Table 3.3 Maximum temperatures of congruent evaporation, minimum reported
fusing temperatures, and melting points for various III-V compounds. The
melting points of InAs and InSb are shown for reference. No data on the CET or
fusing of these materials was found.

Material Maximum Fusing Melting
CET4347 Temp;:rz%tures3 Point48

InP 360°C 450 °C 1060 °C
GaAs 625 °C 840 °C 1240°C
GaP 675 °C not reported 1480 °C
InAs 940 °C
InSb 530 °C

As mass transport occurs and the InP and GaAs surfaces come into contact at
the fusing temperature, the individual atoms bond together at the interface. The
atoms from the different crystals bond together at the interface because the energy
required to form the interfacial bonds is less than the energy required to maintain the
dangling bonds of free surfaces.

Extension of this theory to bonding of other materials requires knowledge
of the relative dissociation energies of the materials used in order to predict the best
temperature and times to achieve bonding. Adequate removal of native oxides,
organic contaminants, and particulates from the wafer surfaces should allow fusing
to occur at temperatures as low as the CET of one of the materials to be fused.
Although there is not much data on the CET of most materials, the melting points
for III-V compounds are well known and follow the same trend as the CETs. For
example, it has been suggested® that InAs be used as a thin buffer layer for

bonding e.g. Si to GaAs. While previous work by Lo et al. 50 has shown that thin
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InP layers work as a buffer between Si and GaAs, based on the model proposed
above for the bonding process InAs should allow even lower bonding temperatures
than InP layers. The melting point of InAs is 940 °C while that of InP is 1060 °C
48 and the CETs for the two materials are expected to follow the same trend.
Thus, As)(g) should evolve from the InAs surface at lower temperatures than P2 (g)
evolves from InP, allowing the In atoms to diffuse freely on the InAs surface and
fill in the gaps between the two wafers. A less-commonly grown material, InSb
may offer the interfacial layer which would result in the lowest bonding
temperature. The melting point of InSb is 530 °C, less than half of the melting

point of InP.

3.6 Summary

This chapter has presented an overview of different methods for bonding
semiconductor wafers. Although various methods such as epitaxial lift-off and
interfacial metal bonding have important applications, only wafer fusion meets the
stringent requirements for making a VCSEL. The interface plays an important role
in both the optical and electrical properties of the VCSEL. All other bonding
techniques resulted in interfaces with high resistances or optical losses. Wafer
fusion does have the disadvantage that it takes place at temperatures around 650 °C
which may result in diffusion of dopants. This needs further study to determine

how much, if any, diffusion occurs.
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A model of the wafer bending caused by cooling illuminated several of the
important parameters which affect the wafer fusion process and pointed to ways to
improve the process. The model predicts that more robust fusing can be done if the
final substrate is very thick compared to the bonded film. This can be achieved
through a combination of epitaxial lift off and fusing or through other methods to
leave a thin film on the GaAs/AlAs mirror.

An analysis of the fused interface gave design criteria for making optoelectronic
devices. The active layer should be placed greater than 2000 A away from the
fused interface to avoid defect induced degradation in the luminescence efficiency.
When using an (Al,Ga)As double heterostructure, the first aluminum containing
layer should be more than 2000 A from the fused interface to avoid aluminum
interdiffusion. The appearance of thermodynamically stable edge dislocations to
relax the stress due to lattice mismatch indicates that device lifetimes should not
suffer due to the fusing process.

Finally, a model is proposed for the fusing process. It is predicted that fusing
between InP and GaAs should occur at lower temperatures with the correct choice
of interfacial layers. In particular, InAs and InSb are good candidates for bonding
layers due to the low energy necessary to dissociate these compounds. The limiting
mechanism for fusing is suggested to be the evaporation of the group V element
while leaving the group III element on the surface free to diffuse. This model can
then be used to predict fusing temperatures for different material systems.

Wafer fusion is still rich with opportunities both to exploit this technique and to
better understand the resulting interfaces. Some suggestions for future work

involving fusion will be given in Chapter 6.
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Chapter 4
Optically Pumped VCSELs

4.1 Introduction
Optical pumping provides a simple method to test whether wafer fusion can be used
to create a long wavelength VCSEL. It simplifies the study of the device physics,
allowing us to look simply at the active region placed inside a short cavity with a
fused GaAs/AlAs mirror on one side and an insulating mirror on the opposite side.
Optical pumping gives the most simple test of whether the fused interface prohibits
or allows lasing to occur in a vertical cavity laser. The fabrication procedure is
straightforward and does not require deposition and optimization of ohmic contacts,
definition of current confining regions, etc.  Optical pumping eliminates the
contact resistance, mirror resistance, and device fabrication procedure as possible
mechanisms for failure of a fused VCSEL.

In this chapter I will discuss the results of the optical pumping experiment,
which allowed us to demonstrate lasing for the first time in a VCSEL which utilized

non-lattice matched, epitaxially grown mirrors. The wafer fused VCSEL operated




92 4. Optically Pumped VCSELs
at temperatures as high as 144 °C, the highest operating temperature reported for a
long wavelength VCSEL. The wafer fused VCSEL had pulse widths as short as
34 psec, the shortest pulses reported to date for a long wavelength VCSELL

In this chapter, I will briefly discuss the device fabrication and measurement
technique. Then I will examine the room temperature lasing characteristics of the
wafer fused VCSELs. The high speed characteristics of the devices will be
analyzed. Finally I will look at the performance of the optically pumped VCSELs

overarange of temperatures.
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Fig. 4.1: Measured (solid line) and calculated (dashed line) reflectivity spectra
of the GaAs/AlAs mirror used in the optically pumped VCSEL.

4.2 Device fabrication
The InP double heterostructure wafer was grown by metalorganic vapor phase

epitaxy (MOVPE) on a p-type (100) InP substrate. The complete wafer structure is
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shown in Table 4.1. Zinc was used for the p-type dopant, while S was used for the

n-type dopant.

Table 4.1 The layer structure for the InP double heterostructure used in the
optically pumped VCSEL.

Material Thickness Doping Comments
n-InP 20um Np=1x10!8cm-3
p-InGaAsP (Agap= 1.3 tm) 0.6 um NA=2x107cm3 active layer
p-InP 1.5um NpA=7x1017cm3
p-InGaAsP (Agap=1.1pm) 0.1 um etch stop layer
p-InP 0.5 um buffer layer
p-InP substrate

The molecular beam epitaxy grown GaAs/AlAs mirror consists of 27 periods of
quarter-wavelength thick layers of AlAs (112 nm) and GaAs (95 nm) grown on a
GaAs substrate. The interfaces have a linearly changing, digitally-graded alloy
composition with a period of 2 nm and a total length of 18 nm2. The top GaAs
layer of the mirroris 1.25 wavelengths thick to prevent any bonding-induced strain
from decreasing the mirror reflectivity. The measured and modeled mirror spectra
are shown in Fig. 4.1. The top mirror is a 5-period SI/SiNy quarter wave mirror
for coupling light out of the VCSEL. The mirror is designed to achieve close to the
maximum available reflectivity while allowing approximately half of the available

light to be transmitted through the mirror as shown in Fig. 4.2.
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Fig. 4.2 The calculated reflectivity with (hollow circles) and without (solid
circles) loss in Si/SiNx mirrors as viewed from InP. The hollow squares show
;lcl)eag.action of the non-reflected light which can be transmitted through the mirror
Before bonding, both wafers undergo a solvent clean, are etched in buffered
HF, and are rinsed in dionized water. The wafers are placed into contact
immediately after blow drying with N7 and loaded into a furnace tube with a 200 g
graphite weight on top of the samples. The wafers are fused together at 650 °C for
2 hours in a Hp ambient. After removing the fused wafers from the furnace, we
remove the InP substrate using HCl. Finally, a five-period Si/SiNy mirror is

reactively sputtered onto the top surface. A cross-sectional scanning electron

micrograph of the completed device is shown in Fig. 4.3.
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Fig. 43 A cross-sectional scanning electron micrograph of the optically
pumped, wafer-fused VCSEL.

4.3 Optical Pumping Measurements

In this section I will describe the experimental set-up which was used to

characterize the wafer fused VCSELs. Power-in vs. power-out, spectra,

pulsewidth, and chirp were all measured as a function of temperature.
The optical pumping set-up is shown in Fig. 4.4. A mode-locked Nd:YAG
(A = 1.06 pum) laser optically excites the VCSEL wafer with 80-psec pulses at a

repetition rate of 80 MHz. The pump beam power is regulated with a manually

controlled variable attenuator.
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Fig. 4.4 The measurement setup used to characterize the optically pumped
VCSELs.

A dichroic beam splitter reflects the pump beam through a focusing lens
(f= 19 mm) onto the sample at a spot size of approximately 30 um. The portion

of the pump light which passes through the beam splitter focuses onto a Ge detector
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which is used to monitor the input power. The output of the VCSEL is collinear
with the pump beam and passes through the dichroic beam splitter into either a
detector, an optical fiber, or a streak camera. A band stop filter in front of the
detector removes any residual pump light. The efficacy of the band stop filter is
verified using an optical spectrum analyzer.

The sample rests on a temperature controlled stage which can be varied from
room temperature to greater than 150 °C. The stage temperature is measured by a

platinum thermistor which is located next to the sample.

44 Room Temperature Characteristics

At room temperature (20 °C), two distinct slopes appear in the power-in vs. power-
out (L-L) curve (Fig. 4.5): one from threshold (140 mW) to 300 mW input power
and one above 300 mW. In the first region, the laser operates in a single
longitudinal mode at 1.22 tm. The full width at half maximum of this mode is 1.7
nm. I will discuss the cause of this broad spectrum in Section 5. A second mode at
1.28 pm appears when the input power reaches 300 mW, corresponding to the start
of the second region in the L-L curve. The band stop filter used to block the pump
beam enhances the two slope effect in the L-L curve because it transmits only 40%
of the shorter wavelength compared to 73% of the longer wavelength. Because of
the long cavity length in this device (4.7 jLm), we expect to see two cavity modes,
unlike in shorter wavelength VCSELSs which typically have cavity lengths of 0.5
wavelengths and a single longitudinal mode. Below threshold (Fig. 4.5(a)), the
two cavity modes can be seen in the spectra. Just above threshold (Fig. 4.5(b)),

the mode at 1.22 j1m dominates the spectrum.
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Fig. 4.5 Room temperature average light-in vs. average light out characteristic
of the optically pumped VCSEL. Insetare spectra at various pump levels.
As the input power increases, the cavity modes move toward longer
wavelengths. The longer wavelength, 1.28 um mode appears (Fig. 4.5(c)) and

increases in strength relative to the first mode at higher input power (Fig. 4.5(d)).
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The shift in modes with increasing power is caused by pump-induced heating of the
device. The time between pulses is only 12.5 nsec, while VCSELSs typically have a
thermal time constant on the order of 1 psec3. There is not enough time between
pulses for the active region of the laser to cool down to the stage temperature, so as
the input power increases the active region heats up. The increase in temperature
causes the gain spectrum and cavity modes to red shift. The gain peak red shifts at
a rate much greater than the cavity mode. Thus, as the active layer temperature
increases, the gain peak moves out of resonance with the shorter wavelength mode
and into resonance with the longer wavelength mode.

From measurements of temperature dependent spectra at the spot on the sample
measured in Fig. 4.5, the cavity mode moves at a rate of 1.7 A/°C. The longer
wavelength cavity mode moves 52 A when the input power increases by 260 mW,
corresponding to a temperature rise of 31 °C. Taking into account the reflectivity of
the Si/SiNyx mirror at the pump wavelength (= S0 %) and estimating that the
absorption in the active region is 104 cm-1, approximately 20 % of the incident
power is absorbed in the active region. This indicates that the thermal resistance of
this device is 600 K/W. This agrees well with a calculated thermal resistance of

550 K/'W.

4.5 High Speed Measurements

As was mentioned in the previous section, the full width at half maximum of the
spectrum of the optically pumped VCSEL is 17 A. This is much broader than the
expected value for the linewidth of the VCSEL, which should be < 1 A. One

possible explanation of the observed spectral broadening could involve device
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heating during lasing, causing an increase in the refractive index of the cavity which
leads to a red shift of the cavity mode and is observed through the broadened time
averaged spectra. However, the heating process typically takes on the order of
1 psec, while the pulse width is only 80 psec. Thus heating is not a likely cause of
the pulse broadening.

A more likely cause of the spectral broadening is that the optical pumping
induces self-phase modulation, causing the VCSEL pulse to be chirped?. As the
pump beam excites the VCSEL, the active layer absorbs the incident light causing
the excitation of electrons from the valence band to the conduction band. This
increases the carrier density until the active region is bleached by the pump beam.
The carrier density and the refractive index of the active region are coupled together.
As the refractive index changes, the instantaneous frequency changes. This
frequency change is observed in a time-averaged measurement as a broadening of

the spectral width.
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Fig. 4.6 Measurement technique used to confirm chirping in the VCSEL
output. The pump beam is not shown in this figure.
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In order to determine if the pulse is chirped, we need to observe the output
spectra as a function of time. A streak camera can be used to measure the pulse
width of the VCSEL output. By directing the output of the VCSEL onto a grating
and then taking the diffracted beam into the streak camera (Fig. 4.6), the spectrum
of the VCSEL pulse can be measured simultaneously with the pulse width. The
wavelength resolution is determined by the spatial resolution of the streak camera
and the resolution of the grating which is used. The measured resolution of the
streak camera is 3 A/channel. (There are 500 channels in the vertical axis.)

The resolution of the grating can be calculated using the Rayleigh criterion?,

AL 1 A
A nm 4-1
A nm nd(sin6, -sin#,) (4-1)

where AA is the minimum resolvable wavelength difference, A is the average
wavelength, n is the number of lines illuminated on the grating, m is the order of
the diffraction, d is the separation between grating lines, 8p, is the angle of
diffraction, and 6; is the incident angle. The spot diameter at the grating
(830 lines/mm) was approximately 5 mm, giving n = 4150, and the first order
(m = 1) diffracted beam was monitored. The center wavelength was 1.27 pm,
giving a resolution of 3 A. Thus, the grating and the streak camera equally limit the
resolution of the spectral measurement.

Figure 4.7 shows the streak camera trace at 42 °C with an input power of 400
mW. The wavelength is calibrated using an optical spectrum analyzer to measure
the center wavelength at two different temperatures and measuring the locations of

the streak traces at the two different temperatures. This calibration was confirmed
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by noting the spacing between the shorter wavelength and longer wavelength mode
with the spectrum analyzer and with the streak camera. The center wavelength of
the mode moves 1.4 * 0.3 nm during the output pulse, which agrees with the
FWHM of 1.6 nm measured using an optical spectrum analyzer. The pulse width

is approximately 34 psec, which is the shortest pulse recorded for a long

wavelength VCSEL.
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Fig. 4.7 Output wavelength as a function of time for one of the two modes in
the optically pumped VCSEL. The shading corresponds to the intensity of the
VCSEL output.

4.6 High Temperature Characteristics

Figure 4.8 shows the effect of increasing temperature on the threshold power at a
different place on the wafer than in the data shown in Fig. 4.5. The placement of
the gain peak relative to the cavity modes and the long optical cavity which gives
two longitudinal modes help to give this device a large temperature range over

which it can operate. The device lases at temperatures as high as 144 °C. The
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threshold power increases over the temperature range of 23 to 80 °C with a Ty of 42

K, where Ty is defined by
P, =P exp(%o) (4-2)

Over this temperature range the gain peak moves out of resonance with the shorter
wavelength cavity mode. From 80 to 90 °C, the threshold decreases due to the
gain peak beginning to move into resonance with the longer wavelength mode.
From 90 to 144 °C the gain peak continues to move into resonance with the longer
wavelength mode. The threshold power is less sensitive in this temperature range

than it is from 23 to 80 °C as indicated by the higher Ty of 81 K.
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Fig. 4.8 Measured threshold power as a function of temperature.

Figure 4.9 shows the effects of increasing temperature on the cavity modes.

The spectra of the device were measured at 150 mW input power at all
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temperatures. The fused VCSEL operates in a single longitudinal mode at 1.23 pum
from 23 "C to 50 °C. At 60 °C, a second mode appears at 1.29 yum. The shorter
wavelength mode is the predominant mode until the temperature reaches 144 °C.
The shorter wavelength mode changes with temperature with a rate of 1.2 A/ °C.

The longer wavelength mode changes with temperature at a rate of 1.3 A/ °C.
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Fig. 4.9 Variation of the cavity modes with temperature.

4.7 Conclusions

In this chapter I described the optical pumping of a wafer fused VCSEL. This
allowed us to study the physics in, and demonstrate the feasibility of, long
wavelength VCSELSs which use GaAs/AlAs mirrors. The use of along cavity gave
two longitudinal modes and helped to achieve lasing operation at temperatures as

high as 144 °C.




4.4 Room Temperature Characteristics 105

A broader than expected specarum at room temperature of these lasers led to the
study of the high speed characteristics of these devices. The broad spectrum was
found to be caused by chirping -in the VCSEL pulse. The pulse width was
measured to be 34 psec, which is the shortest pulse measured to date for a long
wavelength VCSEL.

Although the optically pumped device was used to study the physics of wafer
fused long wavelength VCSELs, it also has practical applications for devices in
which a diode laser or a shorter wavelength VCSEL acts as the pump laser for the
fused VCSEL. This device structure would eliminate problems with non-uniform
carrier injection from contacts, heating in the device due to resistive drops in the
cladding layers and mirror layers, etc. which currently limit the performance of

electrically injected, long wavelength VCSELs.
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Chapter 5
Electrically Injected Lasers

5.1 Introduction

The previous chapter described the first wafer fused VCSEL. Lasing occurred
using a Nd:YAG laser to optically pump the VCSEL. The need for a more
compact, inexpensive, and easily operated device drives us to move from an
optically pumped device to an electrically injected device. Although an electrically
injected device provides a more practical laser source, it presents far greater
difficulties in its realization than an optically pumped device. In a VCSEL, both the
carriers and the optical mode travel perpendicular to the substrate. Ideally, both the
peak carrier density and the peak optical intensity occur in the same area. This
complicates the design of the device. Furthermore, the fabrication procedure for an
electrically injected device can be quite complex. A current confining structure must
be defined. Contacts on top and bottom must be formed with the minimum

resistance and placed in a location which does not interfere with the opsical mode.
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This chapter details how those difficulties have been handled to realize an
electrically injected, wafer fused VCSEL. First, I will discuss the design of the
lasers, looking at the effects of mirror detuning and heating on the performance of
the devices. Then I will outline the fabrication of the lasers. I will describe the
self-aligned fabrication procedure which incorporates several measurements to
allow early diagnosis of problems with the process and/or materials and to better
understand the fabrication process. After discussing the fabrication, the room
temperature characteristics of the lasers will be examined. Light versus current
measurements and spectral measurements will be reported, as will measurements of
the optical mode. The wafer fused VCSELSs have the lowest threshold current and
threshold current density at room temperature reported to date for a long wavelength
VCSEL. Before concluding the chapter, I will look at the temperature-dependent
characteristics of the lasers. These characteristics give important information for the

improvement of the next generation of wafer fused VCSELs.

5.2 Design

Once the decision has been made to use GaAs/AlAs mirrors, the selection of the
exact mirror structure requires consideration of the ability to grow the desired layer
structure and the consequences of any deviations from that layer structure. It is also
important to determine the optimum active layer to choose. The design of the
VCSEL cavity, including the choice of active layer thickness and number of mirror

periods, is the topic of this section.
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Calculation method
The basic cavity layer structure which is modeled is given in Table 5.1. For
calculating a given design curve, different parts of the structure (e.g. the active layer
thickness or the number of mirror periods) are varied. The threshold gain for a
given structure is found numerically using a procedure outlined by Bjork and
Nilsson! and discussed by Corzine? for applications to VCSELs. The program
used to calculate the gain was written by Dubravko Babi¢.
In the method proposed by Bjork and Nilsson, the relationship between the
input and output fields of an arbitrary multilayer structure is found using

transmission matrices. That relationship is given by:
E; Loy TuhllE:
E;';, TZE TZZ Egug

The waves traveling to the right are represented with a '+, while the waves

traveling to the left are represented with a -'. If the input wave starts at the left-

hand side of the structure and travels to the right, the input wave is given by E;
and the transmission through the structure is given by E,, / E,. If there is gain in
the active region, the amplitude of the output field can exceed the amplitude of the
input field. Because the active region is placed inside a resonator, when the gain

inside the acuive region reaches threshold, the ratio of output to input fields goes to

infinity. Assuming no field is incident from the right hand side (i.e. E,, =0), the

threshold condition can be given as

—_—tl = Tll = (5-2)
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The transmission coefficient 77 is a complex function of both the wavelength and
the gain. The solution to Eq. (5-2) thus gives the threshold gain and the
wavelength of the cavity mode in the VCSEL. Efficient methods to find this
solution are discussed by Corzine2.

Table 5.1 Cavity structure used in modeling gain and threshold current

densities. Thicknesses in parentheses for layers 9-12 are used when keeping a
constant optical thickness for the cavity.

Layer Loss
Number Material Thickness  Index, n (cm1)
1-8 4-period Si/SiO7 mirror:
Si Ao/4n 3.3 800
SiOn Ao/4n 1.45 0
9 p-InGaAsP (1.1 jim) contact 0.3 iim 3.32 30
(BAp/4n)
10 p-InP 0.58 jim 3.20 15
(3Ap/2n)
11 p-InGaAsP (1.3 ;tm) active 0.3 um 3.5
(3ro/4n)
12 n-InP 0.5 um 3.20 10
(SAo/4n)
13 n-GaAs buffer layer Ag/n 3.41 10
14-67 27-period GaAs/AlAs mirror:
n-GaAs Ao/4n 3.41 10
n-AlAs Ao/4n 2.91 10
68 n-GaAs substrate 3.41

Once the threshold gain is found, the threshold carrier density is estimated using

the linear relationship3:

8n = a("m = n:r) (5-3)
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where g is the threshold gain, a is the gain coefficient, ny, is the carrier density,
and ny is the transparency carrier density. The values for a and ny used in these
calculations are given in Table 5.2. Equation (5-3) gives a simple model for the
maximum available gain in the active region which is instructive for use in deciding
on a particular cavity design. More complete models of the lasing characteristics of
a VCSEL, however, need to incorporate more sophisticated gain models. The
cavity mode and the gain peak in a VCSEL do not necessarily fall at the same
energy, thus a complete model should incorporate the spectral characteristics of the
gain.

Once the threshold carrier density has been found, the current density required
to reach threshold can be found using the relationship

th = Jrad + ‘,Auger

(5-4)
=qd Bn’ +qdCn},

where Jy is the threshold current density, Jraq and Jayger are the radiative and
Auger components of Ji, q is the electronic charge, d is the active layer thickness,
B is the radiative recombination coefficient, and C is the Auger recombination
coefficient. The values for B and C are found in Table 5.2.

This model is a one-dimensional model for finding the threshold current density
in a given structure. As such, it does not take into account the effects of overlap
between the injected carriers and the gain profile (i.e. current crowding or
non-uniform injection), or the effects of diffraction loss. Less than optimal overlap
between the gain profile and the injected carriers caused by non-uniform current

injection is expected to play a role in the structure described later in the chapter, due
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to the injection of carriers through a ring contact. The effects of diffraction loss
would be difficult to include due to the complex physical design of the fabricated
structure. The effects of diffraction loss are expected to be minimal, however,
because of the use of the GaAs/AlAs mirror, as discussed in Chapter 2. By not
including either of these two effects, this model is expected to give an optimistic

value of the achievable threshold currents.

Table 5.2 Physical constants used in the calculations of the design curves.
These values come from Ref. 4.

constant symbol value
Gain coefficient a
300 K 4.69x10-16 cm?
350 K 3.60x10-16 cm2
Transparency carrier density Ny
300 K 1.29x1018 cm-3
350 K 1.57x1018 ¢cm-3
Radiative recombination coefficient B
300 K 1.0x10-10 cm3/s
350 K 1.0x10-10 cm3/s
Auger recombination coefficient C
300K

5.0x10-29 cm%/s
350 K 1.3x10-28 cmb/s

Threshold for Various Mirror Reflectivities
The choice of active layer thickness and number of mirror periods to use in a given
cavity are linked. In the calculations carried out for this section, I have chosen to

use a 4-period Si/SiO2 mirror (R =99.4 %) on one side of the cavity and a
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GaAs/AlAs mirror with varying number of mirror periods on the other side. The
reflectivity for a given number of periods in the GaAs/AlAs mirror and the mean
reflectivity for the GaAs/AlAs and Si/SiO2 mirror combination is shown in
Table 5.3.
Table 5.3 Calculated values of the GaAs/AlAs mirror reflectivity as a function
of number of periods using the parameters in Table 5.1. The reflectivity of the 4-
period Si/SiO2 mirror used in the calculations is 99.44 %. All reflectivities are

calculated looking from the InP side of the mirror with the appropriate terminating
material on the other side.

Number of Mean reflectivity,
periods Reflectivity -\/ R ensi s Rsissio,

11 0.8045 0.8944

1S5 0.8906 0.9411

19 0.9897 0.9920

23 0.9962 0.9953

27 0.9980 0.9962

31 0.9998 0.9971

Early published calculations of threshold current densities for long wavelength
VCSELs>6 neglected the effects of the refractive index differences between the
active layer and the cladding layers in the VCSEL cavity, while keeping the cavity
length constant. This early approach enherently ignored the effects of the standing
wave pattern in the VCSEL cavity on the threshold gain, while the numerical
procedure outlined here takes these effects into account. By keeping the cavity
length fixed, the optical length (i.e. the physical distance multiplied by the refractive
index) that the mode sees and hence the resonant wavelength of the VCSEL cavity
changes, as shown in Fig. 5.1. The physical cavity length is kept constant in this

calculation by varying the thickness of the active layer and changing the thicknesses
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of the InP cladding layers evenly to compensate for the change in active layer

thickness.
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Fig. 5.1 Threshold current density as a function of active layer thickness, d,
for various number of GaAs/AlAs mirror periods keeping the physical length of
the VCSEL cavity 1.68 um. The resulting cavity mode wavelength is shown on
the right-hand axis.

The result of the change in the optical length of the cavity is a variation in cavity
wavelength of over 35 nm for a change in active region thickness from 0.1 to 1.0
pm. This is an important effect in a VCSEL, because the gain peak and the cavity
mode do not necessarily fall at the same wavelength. Thus, calculations using gain
data at the center wavelength of the mirrors will give erroneous results.

The threshold current density as a function of active layer thickness for a cavity
of fixed optical length is shown in Fig. 5.2. This calculation is done by changing

the optical length of the InP cladding layers evenly to compensate for the change in

optical length of the active layer. Note that on the same scale as shown in Fig. 5.1,
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the cavity mode does not appear to change because the optical length of the cavity is
the same. However, the reflection of the wave at the refractive index discontinuities

in the cavity does cause a fluctuation of +4 A around the center wavelength of

1300 nm.
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Fig. 5.2 Threshold current density as a function of active layer thickness, d, for
various number of GaAs/AlAs mirror periods keeping the optical length of the
VCSEL cavity constant at 4.25 wavelengths. The total round-trip phase in the
cavity is a multiple of 2x because the phase change at the GaAs/AlAs mirror (¢ =
) is different from the phase change at the Si/SiO mirror (¢ = 0). The resulting
cavity mode wavelength is shown on the right-hand axis.

Figure 5.2 shows that to achieve threshold current densities below 5 kA/cm2, a
GaAs/AlAs mirror with 19 periods (R = 98.97 %) is required. Lower thresholds
can be achieved using 23 or 27 period mirrors. Atactive region thicknesses greater
than 0.2 um, however, there should be little difference between mirrors with more

than 23 periods. Note that as the active region thickness decreases below 0.2 pm,

the threshold current density starts to increase. As the active region thickness
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decreases below 0.2 pm, more gain is required to overcome the losses in the
cladding layers. Thusin VCSELSs designed for maximum power output (i.e. lower
mirror reflectivity), it is desirable to design the active region of the laser to be
slightly greater than 0.2 pm thick to allow for variations in growth thickness. As
the mirror loss decreases (i.e. the number of mirror periods increases), the increase
in threshold current density with decreased active layer thickness becomes less
pronounced. In devices designed for the minimum threshold current, active regions

of 0.2 pm with 27 period mirrors are preferable.
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Fig. 5.3 Effect of changing the mirror center wavelength on the threshold
current (solid lines) and cavity mode (dashed lines) for a device with a 4-period
S1/8i07 mirror and a 23-period GaAs/AlAs mirror. The effects of changing the
peak wavelength of the GaAs/AlAs mirror (solid circles) is much greater than that
of changing the center of the S¥/SiO2 mirror (hollow squares).
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Mirror Detuning

The ability to deposit or grow mirrors with the desired center wavelength is still
being developed. Thus, the designer must take into account possible variations in,
or detunings of, the mirror center wavelength . The threshold current as a function
of mirror center wavelength for a fixed optical thickness cavity (see Table 5.1 for
dimensions) is given in Fig. 5.3. Note that the effect of detuning the center
wavelength of the Si/SiO2 mirror (hollow squares) is minimal because of the large
optical bandwidth of the Si/SiO2 mirror. The cavity wavelength changes by 5 nm
for a mirror detuning of £100 nm, while the threshold current density varies by
10 %. Thus, we there is a broad latitude of thickness variations for the Si/SiO2
mirror deposition.

The GaAs/AlAs mirror, however, is much more sensitive to variations in mirror
center wavelength than the Si/SiO2 mirror. The cavity mode changes wavelength
by £25 nm for the 200 nm mirror detuning shown. The threshold gain for this
cavity structure also varies greatly, from less than 3 kA/cm?2 to more than
20 kA/cm2. There is a 70 nm range over which the threshold current does not
increase by more than 10 % from its minimum value. This translates into a growth
accuracy of +2.7 % for the GaAs/AlAs mirrors. Thus, careful calibration of
growth rates and in-situ monitoring of the mirror reflectivity are necessary to
achieve reproducible growth of these mirrors.

The effect of mirror detuning on the threshold current for various GaAs/AlAs
mirror reflectivities is shown in Fig. 5.4. By increasing the number of periods in
the GaAs/AlAs mirror, the flat, high reflectivity portion of the optical spectrum

increases in width, resulting in less sensitivity of the threshold current on the mirror
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detuning. Thus, if the center wavelength of the epitaxially grown mirrors is not
well controlled it may be advantageous to use the GaAs/AlAs mirror for a high
reflectivity mirror with 27 or more periods and to couple light out of the top mirror.

This, however, can lead to resistance and heating problems in the GaAs/AlAs

mirror.
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Fig. 5.4 Effect of changing the center wavelength of the GaAs/AlAs mirror on
the threshold current density and cavity mode for various number of GaAs/AlAs
mirror periods. The number of mirror periods varies from 19 to 31 in steps of 4
periods.

Temperature Sensitivity

Vertical cavity lasers have inherent heating problems which can lead to active region
temperatures S0 °C or more higher than the stage temperature, as shown in
Chapter 2. Long wavelength material systems have large Auger recombination

coefficients which increase quickly with temperature. The combination of these
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two effects makes the achievement of room temperature, CW operation in a long

wavelength VCSEL a difficult task.
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Fig. 5.5 The threshold current density of a long wavelength VCSEL with a
23-period GaAs/AlAs mirror and a 4-period Si/SiO2 mirror at 300 K (hollow
squares) and at 350 K (solid circles). The contributions to the total current
density (solid lines) from radiative recombination (small dashes) and Auger
recombination (large dashes) are shown. (JthVsTemp_23pds)

Figure 5.5 shows the calculated threshold current density for a VCSEL with a
23-period GaAs/AlAs mirror at room temperature and at 350 K. At room
temperature, the radiative and non-radiative Auger components to the threshold

current density are approximately equivalent. However, as the temperature of the

device increases, the available gain for a given carrier density decreases, causing an
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increase in the threshold carrier density and the radiative component of the threshold
current density. Because of the third-power dependence of Auger recombination on
the carrier density, and the increase in the Auger recombination coefficient with
temperature, the Auger component of the threshold current density increases
dramatically with the increase in temperature. At a temperature of 350 K, Auger
recombination becomes the dominant effect, making up more than 70 % of the
current necessary to reach threshold. Figure 5.5 points out the need for care in the
thermal design of long wavelength VCSELSs in order to achieve room temperature,
CW operation. Note that at higher temperatures, the threshold current becomes
more sensitive to active layers which are grown too thinly. Thus, it is necessary to
use active layers thicker than 0.2 pm or to use more mirror periods to decrease the
mirror loss.

In this analysis, I have not included the effects of the mismatch between the
gain peak and cavity mode for temperatures other than the design temperature. I
have assumed that the gain peak and cavity mode are matched at the temperature of
operation. Thus, this is an optimistic assessment of the potential device
performance. If the gain peak and cavity mode are matched at room temperature,
the movement of the gain peak away from the cavity mode with heating will lead to

even higher threshold currents than are calculated in Fig. §.5.

Implementation of the Design
The active layer thickness and number of GaAs/AlAs mirror periods used in the
electrically injected device discussed in this chapter are 0.3 um and 27 periods.

These values were chosen conservatively, as much of the work showing the effects
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of fusing on mirror reflectivity and non-radiative recombination had not been
undertaken at the time of the device design. Thus, a slightly thicker than optimal
0.3 um active region is used along with a 27-period GaAs/AlAs mirror. Future
designs should incorporate thinner active regions to decrease the threshold current,
and fewer mirror periods to increase the light output. Multiple quantum well active
layers are promising for the reduction of the threshold current and of the Auger
recombination. Dubravko Babi¢ is currently pursuing the use of quantum well
active regions in fused VCSELSs and will discuss their design and implementation in

his dissertation.

5.3 Fabrication

In this section, I discuss the fabrication procedure for the wafer fused VCSELs
studied in this chapter. The layer structures of the InP double heterostructure and
GaAs/AlAs mirror wafers are given. The rest of the section gives a detailed

description of the fabrication.

p-InGaAsP contact layer Si/SiO2 mirror
- AuZn contact
InP cladding ST Poyimid
——InGaAsP active region
n-GaAs/AlAs =
mirror

n-GaAs substrate L — Au/Ge/Ni contact

Fig. 5.6 Schematic of the finished device structure.
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Wafer Structure

A schematic of the finished wafer fused VCSEL structure is shown in Fig. 5.6.
The InP double heterostructure wafer was grown by metalorganic vapor phase
epitaxy (MOVPE) on a p-type (100) InP substrate. The complete wafer structure is
shown in Table 5.4 and Fig. 5.7(a). Zinc was used for the p-type dopant, while S
was used for the n-type dopant. The molecular-beam-epitaxy grown, n-type
GaAs/AlAs mirror consists of 27 periods of quarter-wavelength thick layers of
AlAs (112 nm) and GaAs (95 nm) grown on a GaAs substrate. The interfaces have
a linearly changing, digitally-graded alloy composition with a period of 2 nm and a
total length of 18 nm’. The top GaAs layer of the mirror is 1.25 wavelengths thick
to prevent any bonding-induced strain from decreasing the mirror reflectivity. The
top mirror is a 4-period Si/SiO2 quarter wave mirror for coupling light out of the
VCSEL.

Table 5.4 The layer structure for the InP double heterostructure used in the
wafer fused VCSEL.

Material Thickness Doping Comments
n-InP 0.5um Np=1x1018cm3 cladding layer
p-InGaAsP (Agap=1.3pum) | 03 um NA=2x1017cm3  active layer
p-InP 0.58 um Na =1x1018cm=3 cladding layer
p-InGaAsP (Agap=1.1um) | 03 pum Nao=2x1018cm3 contactlayer
p-InP 0.2 ptm buffer layer
p-InGaAs 0.2 um etch stop layer
p-InP substrate
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n- InP
p-InGaAsP (AL.)
p- InP

___——p- InGaAsP (contact layer)

————p- InP

p- InP substrate

p- InGaAs (etch stop)

(a)

——p-InGaAsP (contact layer)

p-InGaAsP (active layer)

n-GaAs/AlAs mirror

n-GaAs substrate

(b)

Watfer fusion
and substrate etching

P SiO» etch mask

CHy4/Ho/Ar

n-GaAs substrate

reactive ion etching

()
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Fig. 5.7 Schematic of the fabrication procedure for the wafer fused VCSELs.
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‘SiOz etch mask

e GaAsIsUbslate Active layer undercut

(d)

___polyimide

-Si3Ny4 passivation layer

Si3N4 deposition
and polyimide planarization

n-GaAs substrate

(e)

| E———, |

Polyimide and SigN4

n-GaAs substrate etch-back

)

Fig. 5.7 Schematic of the fabrication procedure (continued).
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Pd/Zn/Pd/Au contact

AuGe/Ni/Au contact

Ring contact and back contact
formation

Ni etch mask

\ Si/SiOo mirror

Mirror sputtering

n-GaAs substrate and patterning
(h)
Mirror etching
n-GaAs substrate and mask removal
]
(i)

Fig. 5.7 Schematic of the fabrication procedure (continued).
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Mesa Definition

The fabrication procedure is shown in Fig. 5.7. The InP double heterostructure
and the GaAs/AlAs mirror fuse togethér at 630 °C in an Hp ambient for 30 min.
After wafer fusion, the InP substrate is removed using an HCI solution to etch
down to an InGaAs etch stop layer. Use of a separate InGaAs etch stop layer
improves the reproducibility of the substrate removal process and the selectivity of
the etching process compared to a process which uses an InGaAsP (Agap = 1.1
ptm) etch stop layer. The thickness of the InGaAs etch stop layer has not been
optimized, however. Layers less than 200 nm thick may also work well.
Following the substrate removal, the InGaAs etch stop layer and the InP buffer
layer are removed using selective wet chemical etchants [Fig. 5.7(b)]. The room
temperature photoluminescence and photoreflectance of the sample is measured to
determine the location of the optical mode and to demonstrate that the material is still
optically active after the fusing process.

Next, a 3000 A thick SiO; layer is deposited onto the InGaAsP contact layer
using plasma enhanced chemical vapor deposition. The SiO; layer is patterned
using photoresist and etched using buffered HF. The etch time is determined using
a Si calibration sample having had SiO7 deposited on it concurrently with the fused
wafers. The calibration sample is put into buffered HF and monitored until the
surface changes from a hydrophilic, SiO; covered surface to a hydrophobic Si
surface. The SiO7 on the fused sample is then etched for the amount of time that
the Si piece was etched, and the photoresist mask is removed in acetone.

The patterned SiO3 is used as a mask for CH4:H?7:Ar reactive ion etching

[Fig. 5.7(c)]. After cleaning the RIE chamber using an O plasma and coating the
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chamber with a CH4:H? plasma, the patterned sample and a dummy sample are
loaded onto the platen. A HeNe laser is used to monitor the etch depth on the
dummy sample. The samples are etched using flow rates of 4, 20, and 10 sccm for
CHgy, H2, and Ar at a total pressure of 75 mTorr. To ensure a more vertical profile,
the self-bias voltage starts at 250 V and is increased to SO0 V after the first 6
minutes. Once the active layer is reached, any polymers which may have formed
on the SiO7 etch mask are removed using an O plasma. Then the etch depth is

confirmed with a surface profilometer.

Fig. 5.8 Scanning electron micrograph of a VCSEL mesa after reactive ion
etching and active layer undercut. The top layer of the mesa is the SiO2 mask.

The SiO2 mask which was used for etching the mesas acts as a self-aligned
mask for creating a constricted mesa [Fig. 5.7(d)]. The active layer is undercut
using a room temperature mixture of H2SO4:H202:H20 in a ratio of 3:1:5. The

etching is monitored using test mesas of 6, 8, and 10 tm diameters on the sample.
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After etching for one-to-two minutes, the test mesas are examined with an optical
microscope to determine if they have been etched through. This etching-
examination procedure is repeated until the 10 pm diameter mesas are removed. To
prevent the test mesas from redepositing on the surface after being etched off, the
sample is held upside down during the etching. After etching, the undercut profile
is examined using the scanning electron microscope (SEM) as shown in Fig. 5.8.
Note that in addition to the active region, the top contact layer has also been slightly
undercut. Although there is etch selectivity between different compositions of
InGaAs P, it is not large enough to prevent some of the contact layer from being
removed. The removal of part of the contact layer will increase the p-contact
resistance as some of the metal will alloy with InP instead of the InGaAsP contact

layer.

Isolation and Metallization

Following the active layer undercut, the Si02 mask is removed in HF and a SiN
passivation layer is sputter deposited everywhere on the surface of the sample
[Fig. 5.7(e)]). The color of the SiNy film is noted for reference later in the process.
Next, a polyimide film is spin-cast to achieve electrical isolation between the top
contact and the n-type InP layer. The polyimide is cured in a N2 environment,
gradually increasing the temperature until the temperature of the final alloy step is
achieved. The temperature is then ramped down slowly. The N7 environment is
used because it has been found to give less brittle films than curing in air8. Itis
important to ramp the temperature up and down slowly. Rapid temperature changes

cause the mesas to break due to the difference in thermal expansion coefficients
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between the polyimide and the InP. The final temperature is chosen to be the
contact alloy temperature. Experiments in which the polyimide was cured at lower
temperatures often led to bubblés appearing under the top contact film after
alloying, indicating the release of solvents from the polyimide. Following the
curing, a 3 um thick layer of photoresist is spin casted to improve the planarity of
the surface.

Figure 5.7(f) shows the device after the polyimide and Si3Ng4 etch back. The
polyimide is etched in Op plasma. After every 2-to-5 minute etch, the sample is
examined using an optical microscope to check the progress of the etching. When
the top of the mesas has the color of the SiNy film, the polyimide removal is
complete. The samples are then etched in CF4 plasma to remove the SiNy film.
The smaller diameter mesas (<26 um) complete etching first because the
polyimide is more planar across the tops of the smaller mesas. Because of the large
difference in size between the smallest 16-um and largest 40-um diameter mesas, it
is not possible to remove the polyimide from the 40 um mesas without completely
removing it from around the 16 um mesas. This could be improved in later devices
by including an additional mask step to open holes in the photoresist above the
largest diameter mesas.

After the tops of the mesas have been cleared of polyimide and SiNy, the top
ring contact consisting of Pd/Zn/Pd/Au in . thicknesses of
100 A/ 50 A/ 300 A/ 2000 A is evaporated and patterned using standard lift-off
techniques. Next, a AuGe/NV/Au contact is evaporated onto the back side of the
device. A piece of Si or cover glass is used to cover most of the back side of the

sample, so that the contact is made on one side of the wafer [Fig. 5.7(g)] while
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light can be detected across the remainder of the GaAs substrate. Using this
shadow mask eliminates one mask step and the need for a back side alignment. The
contacts are alloyed using a rapid thermal annealer at 410 °C for 30 sec. in a Nj
ambient. After alloying, electrical and optical measurements are made on the
device. The spectra, light-current characteristics, and current-voltage characteristics

of the fused LED are measured as a process check.

Mirror Definition

To turn the LED into a laser, the top mirror is reactively sputtered onto the
device {Fig. 5.7(h)]. A 4-period Si/SiO2 mirror is sputtered using Ar as the
sputtering gas and introducing O3 to react with the Si to form the SiO layers. A
laser monitor is used to determine the deposition rate of the mirror layers. Because
the laser monitor is at 1.3 pm wavelength, the layers are deposited until a peak or a
trough is reached in the reflectivity?-10, Then the sample is removed from the
plasma and the sputtering gasses are switched before the nextlayer is deposited. In
this way very accurate control over the layer thickness can be achieved, resulting in
the placement of the center wavelength of the mirror at the desired location. After
the mirror deposition, a Ni etch mask is deposited on top of the mirror and
patterned using standard liftoff techniques. Nickel is chosen for the etch mask
because it is not attacked by the plasma which is used to etch the mirror.

The mirror is etched using RIE with CF4 as the etch gas at a flow rate of 25
sccm, a pressure of 50 mTorr, and a self-bias voltage of 500 V. The Si layers tend
to etch faster than the SiO3 layers, resulting in undercutting of less than 0.5 jtm in

the Si layers of the 1.3 pm thick mirror. The end point of the etch is determined by
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measuring current continuity in the lasers. If the mirror is overetched, the Au
contacts and contact pads become exposed to the plasma. The plasma then sputters
the contacts, resulting in short-circuited devices. Thus, endpoint determination in
the mirror etching is critical. The problem of sputtering the contacts could be
solved by etching the mirror at lower self-bias voltages. However, this would
result in more sloped sidewalls. After the mirror etch is complete, the Ni etch mask
is removed using a commercially available FeCl3 solution!l. Although this mixture
contains HCl, it does not etch the InP layers because they are protected by the

polyimide layer.

Fig. 5.9 An array of finished VCSELs.
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The etching of the mirror etch mask completes the VCSEL fabrication process

[Fig. 5.7(i)]. A photograph of the finished device is shown in Fig. 5.9.

5.4 Room Temperature Characteristics

Several measurements have been made at room temperature to characterize the
wafer fused VCSELs. In this section I will describe those measurements,
beginning with the light-current characteristics and the specaeum. The polarization
properties of the devices will then be explored. Then the near field and far field

patterns will be examined.

Light-current Characteristics

The devices are characterized at a stage temperature of 300 K under pulsed
operation using 100 nsec, 20 kHz pulses. Light is measured out of the top Si/Si02
mirror. The data is recorded using software which I wrote in the Labview
programming environment on the Macintosh. The software controls the input
voltage using a function generator, records the input current and light output, and
downloads the measured spectrum from an optical spectrum analyzer. It is also
used to record line scans from a digital oscilloscope for measuring the near field
pattern.

The 11 um diameter active region VCSELSs operate pulsed at a stage temperature
of 300 K with a threshold current of 9 mA and a threshold current density of
9 kA/cm? (Fig. 5.10). These are the lowest reported threshold current and
threshold current density at room temperature to date for a long wavelength

VCSEL. The lasers operate in a single longitudinal mode at 1301 nm with a full
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width at half-maximum of the spectra of 0.15 nm. The measurement of the spectral

full width is limited by the resolution of the optical spectrum analyzer.
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Fig. 5.10 Room temperature, pulsed light-current and spectra characteristics of
an 11 um active layer laser.

The differential resistance and voltage of the device at threshold are 300 Q and
4 V. From contact resistance measurements made on similar material, I estimate
that the maximum contribution from the p-type ring contact of area 125 pm? is
80 Q, while the GaAs/AlAs mirror accounts for most of the remainder of the
resistance. Future device performance should be enhanced by optimization of the
GaAs/AlAs mirror structure to achieve lower threshold voltages. The resistance of
the top contact is increased by having the InGaAsP (Agap = 1.1 um) contact layer
etched during the active layer etching. Lower contact resistances are achievable by
adding a p-InGaAs contact layer and grading the bandgap of the contact material
from the ternary composition to InP!2, With this contact scheme, contact
resistances of 1.5 x 106 Q-cm? have been measured, including the effects of the

heterobarrier in the contact. This would lead to contact resistances of approximately
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1 Q. The InGaAs layer must be removed from the output window, however, to
prevent increased absorption losses because of the smaller bandgap of InGaAs
compared to the active layer.

The differential quantum efficiency of these lasers is approximately 0.5 %.
This can be improved by increasing the injection efficiency through the
incorporation of a current spreading layer in the structure to increase the overlap
between the injected carriers and the optical mode. Further improvements can be
made by reducing the loss in the dielectric mirror by replacing the absorptive o.-Si
layers in the Si/SiO2 mirror with a low-loss material such as TiO2 and by better
matching the gain peak and cavity mode at room temperature, as will be discussed

in the next section.

Polarization
Figure 5.11 shows the light output as a function of input current for an 11 pm
diameter active region device with a polarizer placed in front of the detector. The

o

L-I curve marked "Polarizer at 0°" has the polarizer aligned such that the maximum
amount of light is transmitted to the detector with the polarizer at this angle. This
corresponds to the polarization axis being aligned with one of the (011) crystal
axes. When the polarizer is rotated 90°, some light is still observed at the detector.
This indicates that the mode coming from the fused VCSEL is not completely
linearly polarized, but is slightly elliptically polarized. As the input current
increases, the angle for which the maximum light output occurs remains constant.

More than 10 devices across the wafer were studied to see if there were any

trends in the polarization characterissics. All of these devices had slightly elliptically
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polarized modes, with the polarization angle aligned with the same (011) crystal
axis as in the device whose polarization properties are shown in Fig. 5.11. The
uniformity of the polarization across the wafer eliminates the possibility that the
preferred polarization angle is effected by some non-uniformity in the material

properties.
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Fig. 5.11 Light-current characteristics with a polarizer in front of the detector.
When the polarizer is at 0°, the maximum signal is received at the detector.

A perfect cylindrical waveguide would have linear polarization in the lowest
order mode, but the direction of the polarization would be random. Thus, it is
interesting that in these devices the polarization tends to be directed along the same
(011) crystal axis. Because the active region which is used in this device is made of

bulk material, there is no reason that the gain should have a preferred polarization
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direction. The only other possibility is that the fabrication process has created an
anisotropy in the opsical waveguide to affect the optical loss and hence the preferred
polarization direction. The most likely candidate to create this anisotropy would be
non-uniformity in the wet etching of the active and contact layers. However, it is
also possible that the preferred polarization direction is caused by a non-uniformity
in the current injection caused by misalignment of the top ring contact or by a
bonding-induced stress. The issue of polarization is an important one which needs
to be solved so that VCSELSs can be implemented in systems, as most systems tend

to have at least one polarizasion sensitive device (e.g. an optical switch).

Near Field Pattern

Figure 5.12 shows the near field pattern of an 11 (tm diameter active region device
under pulsed operation at room temperature. The near field is measured by imaging
the output of the VCSEL onto an infrared camera using a microscope. A line scan
through the center of each mode is taken by directing the output of the infrared
camera to a digital oscilloscope and downloading the line scan onto a Macintosh
computer using Labview.

Just above threshold (Fig. 5.12(a)), the laser operates in the circularly
symmetric, fundamental transverse mode with a single lobe in the center of the
output window. At two times threshold (Fig. 5.12(b)), the emission pattern
changes to the higher order modes with two lobes. The dominance of the higher
order mode is due to non-uniformity of the carrier distribution which is caused by
spatial hole burning13:14 and non-uniform current injection into the active layer

from the ring contact15:16,
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(a)

(b)

Fig. 5.12 Near field characteristics at room temperature (a) at 1.1 Ithreshold and
(b) at 2 Tthreshold-

Far Field Pattern
The far field pattern for an 11 pm diameter active region device operating at room

temperature under pulsed conditions is shown in Fig. 5.13. The far field is
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measured as shown in Fig. 5.14. A Ge detector is mounted below one end of a
post which pivots on a potentiometer at the other end of the post. The fused
VCSEL is centered below the potentiometer. A constant current is driven through
the potentiometer. As the post rotates from -90° to +90°, the detector moves and
the resistance of the potentiometer varies, causing the voltage across the
potentiometer to change. The voltage across the potentiometer is measured and

plotted against the current from the detector using an x-y plotter.
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Fig. 5.13 Far field characteristics at room temperature (a) just above threshold
and (b) at 2 /threshold-
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Just above threshold [Fig. 5.13(a)], the far field pattern has a single lobe with a
full width at half maximum of 19 degrees. Thefar field pattern is symmetric when
the detector is swept across the direction perpendicular to the first measurement.

As the input current increases, a second order mode appears in the far field at
two times threshold, as shown in Fig. 5.13(b). This is expected from the
measurements of the near field pattern, in which a second order mode appeared at

twice threshold.

Ve

to x channel of
chart recorder

Detector
to y channel of
chart recorder r—

Fig. 5.14 Diagram of the apparatus used for measuring the far field pattern.

5.5 Temperature Dependent Characteristics

A significant difference between in-plane lasers and VCSEL:s is the behavior of the
threshold current with temperaturel?. This difference is caused by the difference in
size of the devices. With their long optical cavities, in-plane lasers have several

closely spaced longitudinal modes and the gain spectra spans several of the cavity
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modes. In a VCSEL, however, the short cavity gives a greater separation between
longitudinal modes than can be spanned by the gain spectrum. The VCSEL must
lase at the frequency of the single cavity mode, causing the threshold current to
have a minimum where the gain peak and cavity mode are aligned. Thus,
measuring the threshold current variation as a function of temperature in a VCSEL
provides an important diagnostic tool to determine the displacement of the gain peak
from the cavity mode. In this section I present and analyze measurements of
threshold current variation with temperature. I discuss in detail the differences
between VCSELSs and in-plane lasers. Finally, I look at the issue of non-uniform

current injection.
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Fig. 5.15 Threshold current as a function of temperature for 11, 15, and
21 pm active region devices.
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Temperature Dependence of Threshold

Figure 5.15 shows the measured threshold current as a function of temperature
for devices with three different active layer diameters: 11, 15, and 21 pum. The
three different devices were located on adjacent cells on the wafer to minimize the
effects on the measured characteristics of any variations in the layer thicknesses,
mirror properties, or crystal quality. The measurement is taken under pulsed
conditions to eliminate active layer heating. Thus, the active region temperature
should be very close to the measured stage temperature.

The stage temperature is varied from 140 to 300 K in 10 K intervals. As the
temperature is increased from 140 K, the threshold current decreases until a
minimum is reached for each device size at a temperature of 210 (15 and 21 um
diameter) or 220 K (11 pum diameter). This indicates that the gain peak and cavity
mode are matched at 80-90 °C below room temperature. The large mismatch of the
gain peak and cavity mode prevents room temperature, CW operation of these
devices. The maximum CW operation temperature of these devices is 230 K with a
threshold current of 3.6 mA, as shown in Fig. 5.16.

As the temperature increases from 220 K, the threshold current rises in an
exponential fashion which can be described using the phenomenological

relationship

I, o exp(%,-0 ) (5-5)

Near room temperature, the 11 pm device has a Tp of 37 K, while the 15 um device

has a Ty of 38 K. Between 220 and 250 K the 21 um device has a Ty of 45 K.
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Fig. 5.16 Continuous wave light-current characteristics at 210, 220, and
230 K for 11 pum active region devices.

Note that although Eg. (5-5) can be used to describe the entire temperature
range of operation for an in-plane laser, it only describes that temperature region
above the temperature of minimum threshold in a VCSEL which is operated under
pulsed bias17-18,19, The temperature characteristics of the VCSEL differ in nature
from the characteristics of an in-plane laser. The difference in the characteristics
can be understood by looking at the relationship between the gain peak and cavity
modes in the two different devices, as shown in Fig. 5.17. In the in-plane laser,
there are several closely spaced cavity modes due to the long length of the cavity
(typically 300 jum). As any laser heats up, the gain peak and cavity modes of the
laser shift. For a laser with an InGaAsP active region, the gain peak moves at a rate

of approximately 5 A/°C, while the cavity modes move at around 1 A/°C. Thus,
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the gain peak red shifts in relationship to the cavity modes. In a Fabry-Perot in-
plane laser, this means that the peak of the gain spectrum shifts to longer

wavelength cavity modes and the lasing wavelength shifts to those modes.
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Fig. 5.17 Comparison of the cavity modes in VCSELs and in-plane lasers, and
the relationship of the mode spacing with the gain spectra.

In a VCSEL, however, the spacing between longitudinal modes is typically
larger than the gain bandwidth due to the short length of the cavity. Thus as the

device heats up, the gain peak red shifts in relationship to the cavity mode. When
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the gain peak is at a shorter wavelength than the cavity mode, an increase in
temperature results in a decrease in the threshold current because the gain peak
moves towards resonance with the cavity mode. The minimum in threshold current
occurs when the gain peak and cavity mode are aligned at the same wavelength. As
the temperature increases further, the threshold increases because the gain peak

moves out of resonance with the cavity mode.
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Fig. 5.18 Threshold current density as a function of temperature for 11, 15,
and 21 pm active region devices.

:Non-uniform Injection

If the current injection in the devices is uniform, the threshold current density
for each device size should be the same. I explored this for the three device sizes
discussed above. The threshold current density as a function of temperature for

different device sizes is shown in Fig. 5.18. Note that Ji, for the 11 and 15 pm
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devices are the same from 210 to 280 K, while the larger area 21 pm device has
higher threshold current densities at all temperatures. As the device size increases
and as the current level increases, the current injection becomes more non-
uniform15:16, From the data shown in Figs. 5.15 and 5.18, it appears that non-
uniform injection becomes a problem as the current level increases above 10 mA.
This is corroborated by the observation in Figs. 5.12 and 5.13 that a second order
transverse mode appears near a current level of 18 mA for an 11 pum diameter
device.

Qualitative comparisons can be made between these results and the results of
Wada et al.16. The active layer areas which he studied were similar to the ones in
these fused VCSELs. Because both sets of devices used at least one ring contact,
similar physical processes will result during the current injection. Wada's
measurements agree with my observation that for devices with areas on the order of
100 pm? and larger, and current levels of 10 mA or greater, non-uniform injection
becomes a problem. One should be careful in making exact comparisons between
the two sets of data, however, as Wada's etched hole VCSEL used two ring
contacts to inject current, had thicker InP cladding layers (n-InP = 2 pm and p-
InP = 1.5 pm) to inject the current through, and had an active layer twice as thick

(d = 0.6 pm) as those of this fused VCSEL.

5.6 Conclusions
This chapter described the design, fabrication, and characterization of electrically
injected, long wavelength VCSELs on GaAs substrates. The wafer fused VCSELs

operate at record low threshold currents and threshold current densities at room
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temperature due to the incorporation of high reflectivity GaAs/AlAs mirrors. The
narrow beam divergence angle and circular output demonstrated in the far field
measurements make these devices ideal for coupling into optical fibers. The self-
aligned fabrication procedure utilizes optical monitoring to ensure precise etching
depth of the InP double heterostructure and precise thickness control of the
reactively sputtered S¥/SiO2 mirror.

Measurements discussed in this chapter point to possible improvements in this
device structure which should lead to higher CW operation temperatures and
improved quantum efficiencies. Foremost among the improvements is better
matching of the gain peak and cavity mode at room temperature. Decreased device
resistance, improved carrier uniformity at high injection levels, and lowered loss in
the output mirror also need to be achieved.

The solution of these problems and the goal of designing an easily
manufactured device have led me to the development of a new device structure.
This double-fused, long wavelength VCSEL looks similar to an (In)GaAs VCSEL,
with the exception that it uses InGaAsP active regions. The design and

development of the double-fused VCSEL will be discussed in the next chapter.
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Chapter 6
Summary and Future Research

6.1 Introduction
The realization of practical long wavelength VCSELs has been an arduous and
formidable task over the past several years. The purpose of this thesis has been to
significantly advance the state of the art by introducing a novel method for the
design and fabrication of long wavelength VCSELs. This method of integrating
InGaAsP active regions with high reflecuvity GaAs/AlAs mirrors is one of the most
promising approaches for the transformation of long wavelength VCSELs from a
laboratory curiosity into a commercially viable product. Through the use of wafer
fused devices, the goals of a cheap, easily manufactured, and single frequency
source at 1.3 and 1.55 um may soon be achieved. Refinement of the device design
presented in this dissertation should readily lead to room temperature, CW
operation with threshold currents less than 5 mA.

In this chapter, I will discuss future directions for research on wafer fused

VCSELs which should lead to the performance level stated above. I will also look
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at other directions for research involving wafer fusing, including the study of the
band structure of various heterostructures which cannot be grown epitaxially and
the development of three-color displays. Before discussing future research,
however, I will summarize the work which has been presented in this dissertation,
suggest refinements in the device design to achieve higher temperature CW
operation, and describe how the work of this dissertation has influenced other

researchers at UCSB.

6.2 Summary

The most prominent achievements in this work have been the design,
demonstration, and understanding of electrically injected, wafer fused VCSELSs.
Using the technique of wafer fusion, I demonstrated a unique approach in the
design of long wavelength VCSELSs: the use of non-lattice matched GaAs/AlAs
multilayer structures to form an electrically and thermally conductive high
reflectivity mirror. This design addressed several important issues in the realization

of practical long wavelength VCSELs.

Design Issues and Implementation

The most fundamental method to achieve lower threshold currents in a
semiconductor laser is to increase the mirror reflectivity. In Chapter 2, I showed
that the plane-wave reflectivities of GaAs-based mirrors are significantly higher
than those of InP-based mirrors. At 1.3 um wavelength, the amount of material
necessary to achieve high reflectivities is too much to make InP mirrors practical.

In addition to improved plane wave reflectivities, the smaller refractive index ratio
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in GaAs mirrors leads to decreased diffraction loss and reduced penetration depths
compared to InP mirrors.

By injecting current through the GaAs/AlAs mirror, the problem of
non-uniform current injection was reduced compared to previous etched well
devices. The use of the GaAs mirror led to devices with lower thermal resistances
than devices which utilize two deposited mirrors or a combination of one
InP/InGaAsP and one deposited mirror. Because of the large, temperature sensitive
Auger recombination coefficient in the InGaAsP material system, the threshold
current can increase rapidly with temperature in a long wavelength VCSEL, as
discussed in Chapter 5. Thus, the design of devices with decreased thermal
resistances is important to increase the range of temperatures and input powers over
which these devices can operate CW. The fused VCSEL has improved thermal
properties because the GaAs mirror has more than three times the thermal
conductivity of an InP mirror and more than ten times the thermal conductivity of
most insulating mirrors.

The design of the wafer fused VCSELs made possible improvements in the
thermal properties of long wavelength VCSELSs, minimization in current crowding,
and higher plane-wave and modal reflectivities. Because of these improvements in
the design, these wafer fused VCSELs displayed significant improvements in
performance over previous long wavelength VCSELs. The wafer fused VCSELSs
demonstrated the lowest threshold current (9 mA) and lowest threshold current
density (9 kA/cm?2) at room temperature to date of any long wavelength VCSEL.

Room temperature, CW operation was not achieved, however, due to the large
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mismatch of the cavity mode and gain peak at room temperature. This is an
important issue which I will address in the next subsection.

To better understand the physics and to demonstrate the feasibility of a fused
VCSEL, the first fused VCSEL which I made was optically pumped. This was the
first demonstration of a long wavelength VCSEL which utilized GaAs/AlAs mirrors
and was a clear indication that there was reason to be opsmistic that an electrically
injected device would work. The optically pumped laser operated at temperatures
as high as 144 °C, the highest operation temperature reported to date for any long
wavelength VCSEL. The laser also had pulse widths as short as 34 psec, the
shortest pulses reported for a long wavelength VCSEL at room temperature!l.

The key to the success of these devices was the underlying wafer fusion
technology. An important issue which was addressed initially was the ability to
inject current through the fused interface and the degradation in device performance
due to the high bonding temperatures. These issues were addressed through the
demonstration of fused in-plane lasers in which the current flowed through the
fused interface. The device characteristics of the fused in-plane lasers were as good

as in a non-fused sample made from the same material.

Possible Limitations

The use of GaAs mirrors in the wafer fused VCSELs has shown dramatic
improvements over previous VCSEL designs. However, in achieving these
improvements some possible limitations have been uncovered. In order to integrate
the GaAs/AlAs mirror with the InP double heterostructure, the samples are heated

to over 600 “C for 30 minutes or longer. This may lead to dopant diffusion in the
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semiconductors, especially close to the fused interface. Because of the lattice
mismatch between the two materials and the difference in thermal expansion
coefficients, there is swrain near the fused interface. This strain combined with the
high temperatures of fusing may lead to enhanced dopant diffusion close to the
fused interface. Away from the fused interface, the high temperatures of fusing
may still cause dopant diffusion. Matt Peters has shown? that the Be dopant used
in p-type GaAs/AlAs mirrors tends to diffuse during epitaxial growth at 600 °C.
The use of C for the acceptor in the GaAs mirrors, however, should lead to reduced
diffusion problems. It is not clear how the high temperatures affect the diffusion of
Zn. Zinc is known to diffuse readily from a solid source into InP3:4.5 and to
diffuse within previously grown layers and from dimethylzinc during MOVPE
growth of InPS. Further study is needed to understand the phenomenon and
severity of fusion-enhanced diffusion.

The combination of GaAs and InP creates another hetero-interface across which
a voltage will drop during device operation. Hiroshi Wada’ has measured the
increase in voltage due to an n-InP/n-GaAs junction to be 0.4 V, but the data on
p-InP/p-GaAs and p-n junctions still needs to be determined. It is advantageous for
the VCSEL operation to have as small of a voltage drop as possible to reduce the
power dissipation (and hence the temperature increase) in the device. The possible
band lineups between InP and GaAs will be discussed in more detail in the next
section of this chapter.

Also, more work needs to be done to look at the effects of the fused interface on
the long term degradation of the fused VCSEL. Cross-sectional TEM studies by

S. J. Rosner (Chapter 3) have shown that the strain induced by the lattice mismatch
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is taken up by edge dislocations which have Burger's vectors perpendicular to the
dislocation. This is the most mechanically stable dislocation and is not expected to
propagate. However, further work needs to be done to see what effect the fused
interface has on the lifetimes of the VCSELs.

In order to implement the fused VCSELSs in a manufacturing environment, the
fusing process needs to be scaled up in size so that 2" wafers can be bonded. The
largest fused sample which has been reported in the literature8 is 3 cm? in area,
while we routinely fuse samples of approximately 1 cm?2 area. For production
efforts, however, it is important to have the capability to fuse entire wafers. This
will require special care in achieving uniform pressure to ensure complete bonding

across the entire wafer.

Directions for Achieving Room Temperature, CW Operation

The major obstacle which prevented the devices reported on in this dissertation
from achieving room temperature, CW operation was the alignment of the gain peak
and cavity mode (Chapter S). Future work to achieve this is important. The spectra
of the mirror should be measured before fusing, as should the PL spectra of the
active region. After fusing, the reflectance and/or transmission spectra should be
measured again to determine the location of the Fabry-Perot mode. Because the
active layer will be lossy at the wavelength of interest, the Fabry-Perot mode should
be observable. If there were no loss in the active layer, the Fabry-Perot mode
would be difficult to detect because of the low reflectivity of the InP/air interface

which makes the top mirror of the resonator after fusing.
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After the location of the resonance is determined, the top layer of the cavity can
be etched back until the desired resonance is achieved. To achieve matching of the
gain peak and cavity mode when the device is operating CW at room temperature
requires a knowledge of the active region temperature under these conditions. This
can be found through an estimation of the power dissipated in the device and
knowledge of the thermal resistance from calculations such as those discussed in
Chapter 2. The cavity mode should then be aligned such that the gain peak
coincides with it when the active region reaches the calculated temperature above
room temperature.

Besides the matching of the gain peak and cavity mode, further improvement in
these devices can be made by lowering the contact resistance and decreasing the
voltage drop across the GaAs/AlAs mirror. The contact resistance should be
decreased to approximately 1 € through the use of a graded bandgap InGaAs
contact and the prevention of the contact layer undercutting, as discussed in
Chapter 5.  Since the work on the fused VCSELs began, large improvements in
the electrical design of GaAs/AlAs mirrors have been made by groups at
UCSB9.10,11 and at Sandia National Laboratories!2:13, Through the
implementation of a more advanced GaAs mirror design and the reduction of the
number of mirror periods, the voltage drop across these mirrors should decrease to
less than 2 V.

Finally, to achieve the best possible performance will require improved device
design from the thermal viewpoint. One major improvement will be to replace the
polyimide current blocking layers with more thermally conductive proton implanted

or semi-insulating regrown layers. As shown in Chapter 2, the use of a proton
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implanted current blocking layer should reduce the thermal resistance (hence the
active region temperature) by 35 %. Another improvement to the thermal design
can be made by replacing the insulating mirror with a second GaAs/AlAs mirror.
This will reduce the thermal resistance by an additional 40 % from a single fused

device. This double-fused VCSEL will be discussed in the next section.

Influence of This Work on Other Research

The combination of the GaAs/AlAs mirror with the InGaAsP active region was
made possible through the development of wafer fusion at UCSB. The possibilities
afforded by this technique were utilized in the research of others at UCSB after the
successful demonstration of the optically pumped VCSELs. Further improvement
in the understanding and technique of fusing occurred after our group at UCSB
began collaborations with Hewlett-Packard Laboratories. Rajeev Ram did
important work as a summer student at HP Labs resulting in better understanding of
the fused interface and improved reproducibility of fusing®. Less than two years
after that, the Optoelectronics Division of Hewlett-Packard introduced a new
AlInGaP LED structure using fused transparent GaP substrates to double the
brightness of the LEDs!4.

Dubravko Babi¢ is currently working at UCSB on an all-epitaxial VCSEL in
which a GaAs/AlAs mirror is fused to an InGaAsP active layer with an
InP/InGaAsP mirror on the bottom!5. In this case, fusing allows the incorporation
of the high reflectivity GaAs/AlAs mirror with the InP based structure. The all-
epitaxial VCSEL should have improved current uniformity over previous long

wavelength VCSELs and would allow simultaneous growth of both mirrors in
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different growth chambers, reducing the fabrication time. It should also simplify
the fabrication technique required to make the long wavelength VCSELs.

I-Tsing Tan is developing a high speed, resonant cavity enhanced photodetector
at 1.3 um using GaAs/AlAs mirrorsl6, Although the requirements for mirror
reflectivity in resonant cavity detectors are not as stringent as they are in VCSELs,
wafer fusion allows the use of the well-developed GaAs/AlAs mirror growth
capability at UCSB and gives a larger optical bandwidth using GaAs/AlAs mirrors

than in lattice matched InP/InGaAsP mirrors.

6.3 Future Directions

The successful creation of long wavelength VCSELs which utilize GaAs-based
mirrors could not have occurred without the use of wafer fusion. Wafer fusion has
removed constraints from the device designer in the realization of desired device
properties by removing the need to use lattice matched materials. New
combinations of material systems can be achieved to enhance device performance
and create devices which could not have been made otherwise. This section of the
chapter examines some of the possibilities created by wafer fusion. First, I will
discuss possible improvements to the wafer fused VCSEL through the use of a
double-fused design. Then I will suggest some experiments for better
understanding of the interfaces between different semiconductors, with a particular
focus on the InP and GaAs material systems. Finally, I will propose a three-color

display using LEDs or VCSELSs fused onto the same substrate.
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Double-fused VCSELs

Although the single fused devices developed in this thesis operate well, an
electrically and thermally insulating dielectric mirror is still required on one side of
the laser. Because current cannot be injected through the dielectric mirrors, a ring
contact must be employed. The carriers injected from the ring are unevenly
distributed in the radial direction. This non-uniform current distribution causes
higher order transverse modes to achieve threshold!7-18. It is also more difficult to
extract heat through the dielectric mirrors than it is through epitaxially grown
mirrors, as discussed in Chapter 2. Although previous authors have reported
extremely high thermal conductivity through such dielectric mirrors as Si/MgO!19,
they have invariably used the values for the thermal conductivity of crystalline Si20.
In actuality what is used in the mirrors is amorphous Si?122, which has a thermal
conductivity more than two orders of magnitude lower than that of crystalline Si.
The lower thermal conductivity of amorphous Si limits the maximum thermal
conductivity achievable in dielectric mirrors. The highest thermal conductivities are
achieved through the use of epitaxially grown mirrors.

A device which employed two GaAs/AlAs mirrors would have improved
thermal, optical, and electrical properties compared to any previous long
wavelength VCSEL. A promising extension of this thesis work is the development
of double fused VCSELs, in which the InGaAsP active layer is surrounded by two
GaAs/AlAs mirrors (Fig. 6.1). These devices have several advantages. After the
mirrors are fused to the active material, double fused VCSELs look very similar to
their (In)GaAs counterparts. Thus, most of the results from the research on

(In)GaAs VCSELs can be applied to these devices. The fabrication techniques
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which have been developed for (In)GaAs VCSELs can be applied to the double
fused VCSELs. This is a very important point in making these devices
commercially viable. It means that the double fused VCSELs can be placed in
pre-existing VCSEL manufacturing lines without devoting materials and human
resources to the development of a new and separate fabrication procedure.

Cr/Au/Ni etch mask
and top contact

p-GaAs/AlAs mirror
Quantum well
active layer and
InP cladding layers

n-GaAs/AlAs mirror

n-GaAs substrate (a)

aperture for light output  top contact

p-GaAs/AlAs mirror
_——————l

Quantum well active layer
and InP cladding layers

— ) | n-GaAs/AlAs mirror

(b)

Fig. 6.1 Schematic diagram of the proposed double fused VCSEL using (a)
etched pillars and (b) proton implantation.
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By employing a metal mirror as the top contact [Fig. 6.1(a)] or by including a
current spreading layer in a top emitting structure [Fig. 6.1(b)], uniform current
injection can be achieved. Proton implantation can be used to make a planar device
as shown in Fig. 6.1(b). Mirror growth techniques which have led to threshold
voltages less than 2 V in (In)GaAs VCSELs? can be used in these devices as well,

lowering the heat dissipated and the resuling temperature rise in these devices.
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Fig. 6.2 Thermal resistance of various long wavelength VCSEL structures.

Further improvement in the thermal characteristics should be achieved by going
to a double fused structure. The results of a calculation comparing the thermal
resistance of a conventional etched hole device, a conventional InP/InGaAsP mirror
device, a single fused device and a double fused device are shown in Fig. 6.2. The

thermal resistance of the single fused device is approximately 60 % lower than that
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of the InP/InGaAsP mirror device, while the thermal resistance of the double fused
device is only 40 % of the InP/InGaAsP mirror device. Thus, the double fused
devices should have markedly better thermal properties than any of the previously
demonstrated VCSEL designs.

The optical properties of the GaAs/AlAs mirrors are better than those of
InP/InGaAsP mirrors and any of the dielectric mirrors except for TipO3/SiO3. In
addition to the higher plane wave reflectivity and larger optical bandwidth of
GaAs/AlAs mirrors compared to InP/InGaAsP mirrors, the diffraction loss in the
all-binary mirrors is lower as well23, While the desire for single transverse mode
operation and minimum heating of the active region necessitate the use of small
devices, practical devices using InP/InGaAsP mirrors cannot be made with
diameters smaller than 10 pum due to the diffraction losses. Because of the
decreased diffraction loss in GaAs/AlAs mirrors, however, devices with diameters
on the order of S [im can be readily achieved. In comparing GaAs/AlAs mirrors
with Tip03/Si02 mirrors, the maximum theoretical reflectivity which can be
achieved with the Tip03/SiO2 mirrors is greater. However, practical problems with
stress in the deposited films must be addressed before the maximum reflectivity can
be achieved, while the GaAs/AlAs mirror growth is a well-developed technology.
Also, the benefits of being able to inject current through the epitaxially grown
mirror outweighs the slight disadvantage in reflectivity.

The fabrication procedure for the double fused VCSEL begins with the fusing
of the InP double heterostructure to the n-type GaAs/AlAs mirror. After the p-InP
substrate is removed, the p-type GaAs/AlAs mirror is fused to the once-fused

sample and the GaAs substrate is removed using an AlAs mirror layer as the etch
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stop layer in a pH balanced NH4OH:H7O> spray etch24:25. Contact dots with Ni
on the top are formed by e-beam evaporation and standard lift-off techniques.
Mesas are etched through the p-GaAs/AlAs mirror with Clp RIE using the contact
dots as a self-aligned etch mask. Finally, a bottom contact is evaporated on one
side of the n-GaAs substrate. A scanning electron micrograph of a finished double

fused device is shown in Fig. 6.3.

Fig. 6.3 Scanning electron micrograph of a first-generation double fused
VCSEL structure.

Because the fabrication procedure is straightforward and fast, I attempted to
make a double fused VCSEL using existing GaAs/AlAs mirrors centered near
1300 nm. Both the p-type mirror used in the optical pumping experiments
(Chapter 4) and the n-type mirror used in the single fused VCSEL (Chapter 5)
consisted of 27 periods of GaAs/AlAs pairs. Attempts were made to achieve a

more optimal design for the double fused VCSEL mirrors with a 22 period n-mirror
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and an 18 period p-mirror (incorporating a phase matching layer to boost the
reflectivity using the top contact), but the center wavelengths of the mirrors were far
out of specification.

Two samples were fabricated, one with a 1.5 |tm long cavity and a 360 nm
thick InGaAsP (Agap = 1.3 |um) active region, and one with a 0.8 jtm long cavity
and a 200 nm thick InGaAsP (Agap = 1.3 |im) active region. Both samples were
tested under pulsed (200 nsec, 10 kHz) and CW conditions at 15 °C. A typical CW
light-current and current-voltage trace is shown in Fig. 6.4. Although there is a
gradual turn-on in the L-I curve at 12 mA, the spectra remain very broad indicating
that the device is not lasing. A strange kink also occurs in the L-I and I-V curves
near 19 mA. This kink is reproduced when the current is decreased from above 19

mA to zero mA and is reproducible from device to device.
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Fig. 6.4 Voltage (smooth curve) and light output (rough line) as a function of
input current for the double fused VCSEL structure. Although there appears to be
a threshold in the light-current characteristic, the spectra remains broad indicating
that lasing does not take place.

Further research needs to be done to determine the feasibility of the
double-fused VCSELs. It is promising that the first set of double fused devices
display diode-like I-V characteristics and emit light. The devices are also fairly
rugged, as they withstood testing at current levels as high as 350 mA and current
densities as high as 32 kA/cm2. Two areas in particular need to be explored further
to better understand the physics in the double fused VCSEL.

The first is absorption in the p-type GaAs and AlAs. Intravalence band

absorption is known to occur in highly doped p-GaAs26. No work has been

published on absorption near 1.3 and 1.55 jum wavelengths, however, as there
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have been no devices operating in this wavelength region using highly doped GaAs
before the demonstration of the wafer fused VCSELs. Recent measurements by
Babi¢27 show that for GaAs wafers nominally doped at No = 5 x 1018 cm-3, the
absorption exceeds 100 cm-l. More work is needed, however, to determine the
absorption at values near those used in doping mirrors (typically 1 x 1018 cm-3).
There is reason for optimism that the loss is noticeably lower there, as the
dependence of intravalence band absorption on doping is non-linear and the two
optically pumped wafer fused VCSELs which have been reported!:15 both used
p-GaAs/AlAs mirrors.
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Fig. 6.5 Maximum reflectivity achievable with GaAs/AlAs mirrors at 1.3 um
as a function of loss.

The effect of loss in p-doped GaAs/AlAs mirrors is shown in Fig. 6.5. This
plot shows the maximum achievable reflectivity in a p-GaAs/AlAs mirror as a

function of the absorption loss. Note that for losses greater than 700 cm-1, the
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maximum reflectivity is less than 90 %. The threshold current density in a device
with a 90 % mirror and a 99.44 % mirror (achievable using a 21-period n-
GaAs/AlAs mirror) should be less than 9‘kA/cm2 from the calculations shown in
Fig. 5.2. The device modeled in that figure used a 4-period Si/SiOp mirror (R =
99.44 %) and a 15-period n-GaAs/AlAs mirror (R = 89.1 %) and had a highly
lossy (& = 30 cm-1) 0.3 um thick p-InGaAsP contact layer in the cavity. As the
losses measured for p-GaAs have been less than 200 cm-! at high doping levels, the
above analysis is overly pessimistic. The p-GaAs/AlAs mirror can also utilize a top
Au layer to increase the reflectivity and reduce the drive voltage. Therefor, I think
that operation of double-fused VCSELs should occur in the laboratory. However,
the practical implementation of this device still requires careful design and
understanding of the losses in p-GaAs.

The second area which needs to be explored more to fully exploit the possibility

of making double-fused VCSELS is discussed in the following subsection.

Physics at fused interfaces

A complete description of the fused interface must include knowledge of the band
offsets between the two fused materials. This affects the current transport
properties in devices such as the double fused VCSEL proposed above, making it
critical for the understanding of device operation. The use of wafer fusion to create
abrupt, defect-free junctions between materials which could not be made by
heteroepitaxy should also lead to the development of new classes of devices where

the unique band lineups play critical roles in the device operation. Wafer fusion




"

6.3 Future Directions 167

also provides an empirical arena in which broad theories of heterojunction band
lineups can be tested and refined until ultimately the physics at the semiconductor
interfaces are better understood.

The remainder of this section will look at the junction between InP and GaAs.
However, wafer fusion is not limited only to this set of materials. The field is rich
with opportunities to explore combinations of other III-V compounds,
combinations of II-VI compounds, and combinations of compound semiconductors
with elemental semiconductors such as Si and Ge. In the particular case of InP
joined to GaAs, previous research to combine the two material systems has focused
on heteroepitaxial growth involving large buffer layers to relieve the thermal
expansion and lattice mismatch induced strains. Thus, little is known about the
band lineup in abrupt InP/GaAs junctions.

A first order approximation to the band offsets can be obtained by using the
transition metal line-up principle28.29. Neglecting the effects of strain at the
interface and looking at the energy positions of the 3d transition metal levels in InP

and GaAs, it is predicted30 that

AE, = E (GaAs)—E_(InP)=0.3 eV 6-1)

AE, = E,(GaAs) - E,(InP) =0.2eV (6_2)

Because of the positive signs for both offsets, this indicates a staggered band lineup
or Type II heterostructure as shown in Fig. 6.6. The band diagram in Fig. 6.6

shows that the interface may allow spatially indirect transitions, an interesting area
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for research on fused InP/GaAs interfaces independently proposed by R. Ram and

J. Fouquet at HP Laboratories and D. Bimberg at the Technical University of

Berlin.
Ec {Gaks) 4( Ec (InP)
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Fig. 6.6 Proposed band diagram for the abrupt n-InP/n-GaAs interface.

Little work has been published to measure the offsets. Wada and co-workers?
measured the I-V characteristics of wafer fused p-InP/p-GaAs and n-InP/n-GaAs
junctions. The conduction band offset was fit to a simple thermionic emission
model which gave an average AE. of 0.41 eV. The actual value measured was
found to be dependent on the fusing temperature used. Results using p-p junctions
were more ambiguous, however. The p-p junctions did not fit the predicted I-V
curves and the fit became worse as the fusing temperature increased. A possible

reason for this is Zn diffusion at the interface between the two differently doped
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materials (2 x 1019 for GaAs and 5 x 1018 for InP) causing a non-abrupt interface
to form.

As more work is done to measure the band lineups between different fused
combinations, more opportunities will arise to use the unique properties of the
fused junctions and a better understanding of the physics at heterostructure
interfaces should arise. This improved understanding should lead to new and

improved devices which utilize wafer fused materials.

Fused Color Displays

The applications for light-weight, three-color displays are increasing. Portable
computer screens, pager displays, flat panel television sets, large screen outdoor
displays, and displays for automobiles and aviation are large current and potential
markets for displays that do not have the bulk of CRT technology. Presently, thin
film transistor LCD displays are used for the displays in many portable computers.
However, these are expensive to manufacture and the manufactured yield of
active-matrix LCD displays is only around 50 %31. While the LCD displays meet
the criteria of being lightweight and flat, they cannot compete with CRTs for
brightness.

With the recent improvements in visible LEDs to efficiencies meeting or
exceeding those of standard incandescent light bulbs, it is now possible to integrate
these into red-green-blue displays. However, the material systems used to make
the LEDs (AlGaAs for red, AlInGaP for green, and GaN for blue) are not

compatible with each other using standard epitaxial techniques. This is an area in
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which wafer fusion can be used to integrate the various material systems to form

bright, lightweight, and thin three-color displays.
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Fig. 6.7 Schematic diagram of a three color display using fused LEDs or
VCSELs.

A schematic of the proposed display is shown in Fig. 6.7. The interconnection
metals which go across the rows of devices (shown in the blow up of Fig. 6.7)

connect the n-type bottom half of the mesas. The interconnection metals for the
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columns connect the p-type upper half of the mesas in this example of an
addressing scheme for the emitters. Note that the elements do not necessarily need
to be LEDs. They could also be lasers. However, visible LEDs are used in this
example because this technology is currently more mature than the visible laser
technology. Three individual epitaxial structures could be grown for all of the
colors. Before processing individual emitters, the 'red’ wafer is fused to the
‘green’ wafer, followed by the etching of the 'green’ wafer substrate. The 'blue’
wafer is then fused to the 'red-green' combination and the 'blue’ substrate is
removed. The colors of the wafers indicate the color of the final emitter from that
material system. However, the order chosen here is arbitrary and not necessarily

the best choice for an actual design.

(a) (b)
Fig. 6.8 Method for self-alignment of different materials during fusing by
patterning the substrates prior to fusing.

A particularly advantageous method for fusing the different wafers together
which has been demonstrated at UCSB and at HP Labs is that of patterned fusing.
The idea is illustrated in Fig. 6.8. Before fusing, mesas are etched in each material
only where the desired final devices are to be located [Fig. 6.8(a)]. Alignment of

the wafers is aided by using the etched mesas as guides. After fusing, the top
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substrate is removed, leaving mesas of two different materials on the bottom
substrate [Fig. 6.8(b)]. The final processing step is then to deposit and define p-
and n-type contacts. Finally, the three-color display would be packaged for
viewing in a finished product, whether it be on a wrist watch, in an advanced

calculator display, or on a full color, animated billboard.

6.4 Conclusions

The most visible result of this thesis has been the development of a new design for
long wavelength VCSELs which takes advantage of the high reflectivity achievable
in GaAs/AlAs mirrors. This design has solved some of the fundamental optical,
thermal, and electrical problems in long wavelength VCSELs. The long-term
impact of this work, however, will be much broader than that of the creation of a
single device. Additionally, this work has demonstrated the versatility of the wafer
fusion technique. This is the first work which has used wafer fusion in an
application in which the fused interface plays an active role in both the electrical and
optical properties of the device. Hopefully, this will lead to the invention of an
entire generation of new and previously-impossible devices, while leading to a
better understanding of solid state physics.

I have proposed in this chapter a direct extension to this thesis work, the
development of the double fused VCSEL. It has the advantages of improved
thermal, optical and electrical properties over previous long wavelength VCSELSs.
Much of the well-developed (In)GaAs VCSEL technology can be applied to the

double fused VCSEL because of the similarities of the two structures.
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Wafer fusion allows the opportunities to expand our knowledge of
semiconductor physics. By creating abrupt, defect free junctions between materials
that cannot be epitaxially grown, basic theories of electronic band lineups can be
tested and improved. This will allow the invention of new device types while
improving existing fused devices.

I also proposed in this chapter the creation of thin, bright three-color displays
using fused LEDs or lasers. The high brightness available from current visible
LEDs make these displays ideal for use in outdoor applications. Wafer fusion is
ideal for integrating the various material systems used to make the different emitters
as it does not require lattice matching of the materials.

Through the development of wafer fusion, this thesis work has solved many of
the fundamental problems limiting the performance of long wavelength VCSELSs.
Material for several more Ph.D. dissertations remains to be found in the fields of

long wavelength VCSELs and wafer fusion.
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