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Abstract
With the advent of new internet services for exchaging not only texts and pictures
but also home-made videos and high-definition movies, the appetite for more internet
bandwidth is still growing at a fast pace. Satisfying these demands require extending
the high-speed fiber optical networks all the way to the end users. This approach
will require high-performance lasers, detectors, and modulators that are also very
inexpensive and power-efficient. VCSELs are ideal light sources for this application
due to their low power consumption, easier fiber coupling, ease of fabrication, and
the possibility of dense 2-D integration.
A new GaAs-based gain material, GaInNAsSb, can be an enabling technology
for VCSELs in the 1.3-1.6µm wavelength range appropriate for optical communications. It can also enable high-power lasers for pumping Raman amplifiers, which can
significantly increase the usable bandwidth of optical fibers. Growth of GaInNAsSb
by molecular beam epitaxy has been very challenging, but various improvements in
growth and annealing conditions have led to very low-threshold 1.55µm edge-emitting
lasers and the first GaAs-based pulsed-mode 1.534µm VCSELs. Improving their temperature stability and achieving room-temperature continuous-wave(CW) VCSELs
was the main objective of this thesis work.
This thesis first discusses additional improvements in annealing and growth conditions, which led to a factor of 4 increase in the peak pholuminescence intensity. Edgeemitting lasers employing different numbers and structures of GaInNasSb QWs were
compared, and the carrier leakage to the GaNAs barriers has been identified to be the
dominant source of carrier recombination, by measurements using segmented contacts.
v

Using the same triple QW structures and carefully designed AlGaAs/GaAs DBR mirrors, the first-ever all-epitaxial near-room-temperature CW VCSELs at 1528nm are
realized on GaAs substrates.
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Chapter 1
Introduction
In the early 1990’s, people were excited to exchange messages and texts through emails and text-based WWW pages. Only 10 years ago, people were happy to exchange
high quality pictures and music files over the internet. Now with the advent of new
generations of internet services such as YouTube and BitTorrent, people want to share
home-made videos, download/watch HD-quality movies, or play online video games.
Despite the public notion that the internet boom of the late 1990’s ended with a
burst bubble, the actual bandwidth consumption has never stopped its exponential
increase, increasing by orders of magnitude over the last decade as shown in Fig.1.1
for Japan’s case, as consumers’ appetite for internet services ’evolved’ from text to
pictures, and to video. The Discovery Institue, a think-tank, went as far as warning
in early 2007 of a coming deluge of data that today’s networks are not remotely
prepared to handle, and named it ’exaflood’, the flood of exabytes (1018 bytes, or 1
billion gibabytes). Nemertes, a market-research firm, also warned in November 2007
that user demand for the internet could outpace capacity by 2010 [7].
The most critical part of the internet that needs upgrading is metro-area and
local area networks (MANs/LANs) that comprise the last portion of the network
connecting individual homes and offices (the so-called ”the last mile”), while the
optical backbone networks utilizing wavelength division multiplexing (WDM) can
provide data rates exceeding terabits per second over a single fiber. Currently, the
last mile links, composed of mainly ADSL (Asymmetric Digital Subscriber Line) and
1
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Figure 1.1: Bandwidth usage in Japan [1]

cable internet, present a bottleneck to the end user, as their bandwidth is at most
tens of Mbps and degrades even further for longer distances or more users. This issue
can be solved by expansion of the optical network all the way to the end users, in an
approach generally called FTTx (Fiber To The Home, Premise, Node, Building, Desk,
Curb, and so on). Such an approach absolutely requires low-cost and reliable optical
components that can send high-speed data over optical fibers, while consuming as
little power as possible.
Optical fibers, which are the data transmission medium for optical networks, dictate the wavelength of operation and the kind of optical components that are required. Optical fibers support the highest data rate and the longest distance at 1.3µm
and 1.55µm, because of minimum dispersion at 1.3µm and minimum attenuation at
1.55µm, as shown in Fig.1.2. While 1.55µm was the clear winner for long-haul links
across continents or oceans, 1.3µm and 1.55µm are both adequate and relatively comparable for MANs or LANs (i.e., a few or tens of kilometers at several tens of Gbps)
as shown in Fig.1.3. However, 1.55µm is still slightly better and also can benefit from
the availability of more advanced optical components that have been developed for
1.55µm long-haul links.
While InGaAsP/InP-based Bragg grating and distributed feedback(DFB) lasers

3
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Figure 1.2: Loss spectrum of optical fibers and CWDM/DWDM wavelengths.

Figure 1.3: Repeater-less transmission distance for different sources
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have been the sources for long-haul, 1.55µm optical fiber backbone networks for the
past three decades and clearly meet the distance criteria in Fig.1.3, their cost is
still far too high to meet the demands of hundreds of million lasers that need to be
deployed in MANs, LANs, and FTTx in a modern communications network architecture. Vertical-cavity surface-emitting lasers (VCSELs), which amplify and emit light
in the vertical direction perpendicular to the wafer surface as shown in Fig.1.4, are
ideal for this purpose, as they possess many advantages over traditional edge-emitting
Bragg-grating or DFB lasers, such as:
• Low threshold current and low power consumption due to small mode volume
• Single longitudinal mode due to the short cavity length
• Slow change in wavelength with temperature change
• Easier and more efficient coupling into single-mode fibers, reducing alignment/packaging
costs
• Simple and robust fabrication, requiring no e-beam lithography, wafer thinning,
or facet coating
• High-density 2-D arrays for parallel interconnects
• On-wafer testing before cleaving/packaging, resulting in significant cost reduction in testing and packaging
• More devices per wafer, due to much smaller device foot-print
Despite these advantages, VCSELs at 1.3-1.6µm have been slow in coming. InPbased GaInAsP edge-emitting lasers have been available for decades now, but compatible materials for making good DBR mirrors on InP have been very hard to
find. Despite this difficulty, InGaAsP QW based VCSELs have been fabricated using
metal mirrors [8], wafer bonded AlAs/GaAs mirrors [9], combined InGaAsP/InP and
AlAs/GaAs metamorphic mirrors [10], AlGaAsSb/AlAsSb mirrors [11] and dielectric

5

Figure 1.4: Schematics of an edge-emitting laser vs. a VCSEL. The mirrors for an
edge-emitting laser can be cleaved/coated facets, Bragg grating, or DFB distributed
over the cavity.
mirrors [12]. However, these VCSELs fall short of commercial viability, due to difficulties in growth, poor thermal/electrical conductivity, lack of manufacturability,
etc.
On the other hand, the pair of AlAs and GaAs layers grown on GaAs provides
an easy-to-grow and reliable ( due to lattice-matching ) DBR system, with high
index contrast, high electrical/thermal conductivities and good electrical/optical lateral confinements by AlAs oxidation. However, realizing a gain material on GaAs
substrates that emits at 1.3-1.6µm was challenging, and approaches such as InAs
quantom dots [13] and GaAsSb/InGaAs Type II quantum wells [14] had difficulty
going over 1.3µm.
The situation changed when Weyers et al. [15] first reported reduction of bandgap
with incorporation of a small amount of nitrogen in GaAs while also reducing the
lattice constant, and later, the proposal of GaInNAs by adding nitrogen to InGaAs
[16, 17] as a new optical gain material for long-wavelength lasers on GaAs substrates.
This discovery was far from obvious from the known properties of all other III-V
materials, where a smaller lattice constant usually leads to a larger bandgap, as shown
in Fig.1.5. By incorporating a proper amount of In (increasing lattice constant and
decreasing bandgap) and N (decreasing both bandgap and lattice constant), we can
reduce the bandgap much lower than had been possible before, while maintaining
relatively small lattice mismatch on GaAs, which is indicated as the vertical line

6
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Figure 1.5: Bandgap versus lattice constant for III-V compounds, including GaInNAs
extending downward from GaAs in Fig.1.5.
This unusual bandgap reduction with smaller lattice constant for a small amount of
nitrogen incorporation is explained by the band-anticrossing model (BAC) proposed
by W. Shan et al. [18]. According to this model, the large electronegativity of N
and its small covalent radius cause a localized level within the band structure, which
is above the conduction band minimum of GaAs. Strong interaction of this N-level
with the GaAs conduction band leads to a splitting of the conduction band into two
subbands, with one subband higher and the other lower than the GaAs conduction
band, as shown in Fig.1.6. Thus, instead of forming a conventional III-V alloy with
a larger bandgap, one achieves a very dramatic decrease in bandgap with a smaller
lattice constant. This enables optical gain at 1.3-1.6µm on GaAs that had not been
possible before, opening the possibility of all-epitaxial VCSELs at long wavelengths
using AlAs/GaAs DBR technology on GaAs.
Research on GaInNAs has also revealed that it has a larger conduction band offset
and a larger electron effective mass than GaInAsP [17,19], thus providing better confinement for electrons and better match of the conduction and valence band densities
of states. This leads to a higher T0 (better temperature stability), higher operating temperature, higher efficiency and higher output power [20]. This can open up
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Figure 1.6: Illustration of band anti-crossing model

another possibility of dramatically increasing the usable bandwidth over the optical
fibers, by making it possible to use Raman amplifiers instead of the EDFA(ErbiumDoped Fiber Amplifiers) that are currently used to amplify optical signals over dense
wavelength division multiplexing(DWDM) systems in the fiber backbone. Raman
amplifiers can work over a much wider wavelength range than EDFAs, making it
possible to use wavelengths not covered by EDFAs( Fig.1.2 1 ). Wider spectral range
covered by Raman amplifiers can allow use of coarse WDM (CWDM), which can
eliminate the stringent requirements on wavelength stability and the need for temperature control for the lasers, leading to a significant cost reduction. Alternatively,
DWDM can be employed over the wider spectrum, resulting in much higher aggregate data rate over a single fiber. However, good pump lasers for Raman amplifiers
in the 1.3-1.6µm wavelength region have not been available, while 980nm InGaAs
lasers have been available for pumping EDFAs. Providing reliable high-power pump
lasers for Raman amplifers in the 1.3-1.6µm wavelength range is another important
motivation for GaInNAs research.
1

DWDM spectrum is limited by spectral coverage of EDFA. Raman amplifiers can cover CWDM
wavelengths
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While the unique properties of N incorporated in GaAs or InGaAs provide promising new possibilites for semiconductor lasers at 1.3-1.6µm, its unique properties also
posed challenges for the growth of GaInNAs. The most important challenge was the
very low solubility of nitrogen into InGaAs matrix. This is due to the different basic
crystal structures of the constituent alloys and their regions of growth compatibility:
InGaN is a hexagonal (wurtzite) crystal grown at relatively high temperatures while
InGaAs is a cubic (zincblende) crystal grown at relatively low temperatures, creating
a miscibility gap in the alloys [21–23]. When the N concentration or growth temperature increases, phase segregation occurs and the material breaks up into microscopic
regions of InGaAs and InGaN. In the case of MOVPE(Metal-Organic Vapor-Phase
Epitaxy) growths, there were additional difficulties with low cracking efficiency of
ammonia or arsine, complex precursor reactions, highly non-linear incorporation ratios [24–27], or carbon and hydrogen contamination [25, 28]. MBE(Molecular Beam
Epitaxy) also had its own challenges, such as strong sensitivity to growth temperature [2] or ion damage from rf plasma cell [29], among other things. These growth
challenges become significantly more severe, as more nitrogen is added to increase the
wavelength. This difficulty was initially called ’the nitrogen-penalty’, where longer
wavelength GaInNAs lasers with more nitrogen (and more indium) exhibited significantly higher threshold current densities as shown in Fig.1.7.
Despite the challenges, immense progress has been made through intense efforts
from several research groups, and high-performance GaInNAs lasers have been realized in the 1.3-1.6µm wavelength range. For the 1.3µm range, edge-emitting lasers
have been reported with room-temperature threshold current densities as low as 150300A/cm2 per QW for MQW lasers and 250–320A/cm2 for SQW lasers [30–35],
along with T0 values over 100K [36–39] and high output power of >8.9W [40].
Room-temperature continuous-wave(CW) VCSELs with low threshold, high output
power, high-speed direct modulation and high reliability have also been realized at
1.3µm [41–50]. 1.55µm lasers have proven to be far more challenging than 1.3µm
lasers, but we have succeeded in realizing very low threshold (318A/cm2 pulsed, and
373A/cm2 CW) and high-power(>1W pulsed, 430mW CW) lasers at 1.5µm [51] and
1.55µm [52].
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Figure 1.7: Higher thresholds for longer wavelength(more N) for early GaInNAs lasers,
called ”Nitrogen Penalty”
However, the realization of high temperature stability of edge-emitting lasers and
room-temperature CW VCSELs for 1.55µ wavelength range have been quite challenging and elusive. T0 for 1.55µm lasers has been rather low (∼60K) especially for
low-threshold lasers [52], and 1.55µm VCSELs have been limited to pulsed operation
at sub-zero temperatures [53, 54]. These two goals have been the main concerns of
this thesis work. This thesis discusses the basics and recent improvements in the
MBE growth of GaInNAs(Sb)2 , edge-emitting laser results and the origin of poor
temperature stability, and the first near-room-temperature CW VCSELs at 1528nm
on GaAs.

2

For 1.55µm lasers, Sb is also incorporated to make GaInNAsSb, for reasons to be discussed in
the next chapter

Chapter 2
MBE growth of GaInNAs(Sb)
MBE(Molecular Beam Epitaxy) is used for growth of GaInNAs(Sb) QWs and lasers
reported in this thesis. This chapter provides a primer of the MBE technique and the
growth improvements that have led to the first VCSELs and the best edge-emitting
lasers near 1.5µm. This chapter is meant to be a short review and to compliment the
many excellent works of previous students [3, 55–59], so only essentially necessary or
new information is presented here. ”GaInNAs(Sb)” is used to include both GaInNAs
and GaInNAsSb materials, and the reason of including Sb is explained in this chapter.

2.1

Molecular Beam Epitaxy for GaInNAsSb growth

Molecular beam epitaxy system is essentially a highly sophisticated thermal evaporation system. A schematic of an MBE chamber is shown in Fig.2.1. The MBE
growth of semiconductor films takes place by the reaction of molecular beams of
the constituent elements with a crystalline substrate surface held at a suitable substrate temperature under UHV conditions. The molecular beams are generated from
sources contained in ceramic crucibles (typically pyrolytic boron nitride, or PBN),
called effusion cells. The molecular beam flux intensity is accurately adjusted by the
temperature within the effusion cell. To initiate or terminate the molecular beam flux
of an individual effusion cell, each source is equipped with an externally controlled
mechanical shutter. By opening/closing the shutters in proper sequences, complex
10
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Figure 2.1: Schematic of an MBE chamber

multilayer heterostructures can be grown with high precision.
Because MBE growth is conducted under ultra high vacuum (UHV, ∼ 10−10
torr), the level of residual gas in the chamber and contaminant incorporation is very
low. The low pressures also lead to long mean free paths for the source atoms. As a
result, there are no precursor interactions. The substrate surface is thermally isolated
from the rest of the chamber and the effusion cells, so the physical and chemical
reactions on the substrate surface are solely determined by the substrate temperature,
independent of the growth rates. Stoichiometric compound semiconductors are quite
straightforward to grow by MBE, because at typical MBE growth temperatures, the
group-III sticking coefficient is much higher on a group-V terminated surface than
on a group-III terminated surface. Likewise, group-V elements stick to a group-III
terminated surface much more strongly than to a group-V terminated surface [60].
MBE growth of III-V compound semiconductors is usually done under a high group-V
flux with the lower group-III flux controlling the growth rate. These properties of
MBE dramatically simplify growth compared to the competing MOVPE technique,
where high-precision growth control and high quality growth require much more work
due to high carbon/hydrogen levels and complex interactions between precursors in
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the gas phase and on the substrate surface. Therefore, it is the preeminent growth
technique for pioneering new materials and devices, which also has been true for
GaInNAs. The first GaInNAs study and the first GaInNAs VCSEL near 1.3µm were
realized using MBE [17], although with gas sources which caused some complications
from H incorporation [61, 62]. The best edge-emitting lasers and the first VCSEL
were all realized using MBE growth [52, 53].

2.2

RF plasma cell for nitrogen

Nitrogen needs special attention for MBE growth of GaInNAs(Sb), because the most
abundant source of nitrogen on earth - nitrogen gas - is a very non-reactive substance,
which is often treated as ’inert’ for many practical purposes, including many semiconductor fabrication processes. A more reactive source of nitrogen has to be provided
for GaInNAs(Sb) growth. Nitrogen-containing gases such as U-dimethylhydrazine (UDMHy) or ammonia, which are often used for MOVPE growth, can be considered,
but complications due to carbon/hydrogen incorporation or low cracking efficiency
make this approach rather undesirable [62,63]. On the other hand, a nitrogen plasma
is employed to provide a reactive nitogen species for GaInNAs(Sb) growth.
For our group and many other research groups, RF plasma cells have proven to be
the simplest and most effective system to grow GaInNAs(Sb) using MBE [5,52,64–67].
By contrast to RF plasmas, electron cyclotron resonance(ECR) [68] and dc plasmas
[69] were found to generate more ions and generally produce dilute-nitride material
of poorer quality [56].
We used a RF plasma cell from SVT associates. The setup of the plasma cell is
shown in Fig.2.2. The plasma was operated in an inductively-coupled mode (highintensity mode) to more effectively generate reactive species. The plasma conditions
are mainly determined by the pressure in the crucible and the rf power. Generally,
higher pressures or lower powers tend to decrease the ion count and the ion energy,
but also the dissociation efficiency. Lower pressures or higher powers, on the contrary, can increase the dissociation efficiency at the cost of more damaging ions. The
optimum points can be found by experiments [70], but the plasma conditions are
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Figure 2.2: Schematic of the rf plasma cell and nitrogen delivery system

very complex and depend on a variety of competing mechanisms. Slight change in
the nitrogen flux (therefore pressure in the crucible) or the rf power can change the
plasma characteristics and the grown GaInNAs quality significantly in unpredictable
manners, so it was decided that it is the best practice for repeatable high quality
growth to keep the plasma conditions constant and vary the group-III rates to incorporate different amounts of nitrogen [56]. This was not as severe a limitation as it
might sound, because it has been found that the nitrogen incorporation is inversely
proportional to the growth rate [3,23], as shown in Fig.2.3. This means nitrogen has a
unity sticking coefficient on the substrate surface, and therefore behaves like a groupIII element as long as the amount of nitrogen incorporation is small. This finding
greatly simplified GaInNAs(Sb) growth and truly enabled the early rapid progress at
Stanford University.
However, MBE growth of GaInNAs(Sb) using the RF plasma was still not a
straightforward proposition, one of the most annoying problems being the instability
of the plasma cell. The nitrogen foreline pressure (indicative of the plasma pressure,
despite not being its direct measure ) and the reflected rf power are the two easiest
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Figure 2.3: Nitrogen content as a function of growth rate for GaNAs

parameters to monitor for the plasma conditions, and they showed a very rapid change
during the first hour of plasma operation, as shown in Fig.2.4. Moreover, the plasma
would sometimes refuse to ignite at all or become extinguished in the middle of
a growth for no apparent reason. This instability in the plasma conditions added
some grievance and one more parameter to optimize in our efforts to find the best
way to control the plasma cell. Various measurements, such as optical spectrum
of the plasma and ion energy/count measurements, were conducted [56], and many
samples were grown and compared to determine when the plasma was in its best
condition, but the results were inconclusive. The origin of the instability was also
not clear, although thermal effects on the crucible or the capacitor in the matching
network were suspected [56]. An in-depth analysis was presented in [56] based on the
hypothesis that a large drift in the capacitor temperature is the main cause of this
instability problem, but later measurements showed that the capactitor temperature
is very stable within 2-3o C, thus disproving the capacitor temperature hypothesis.
Part of this instability problem was resolved when the rf cell was repaired after
producing low-quality materials for many months. With the repair, a significant
change was made to the configuration of the crucible. Before the repair, the crucible
was an open-ended cylinder with a separate aperture plate (thin and coin-shaped)
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(a) Foreline Pressure
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(b) Reflected RF power

Figure 2.4: Trajectories of foreline pressure and reflected power before rf cell rebuild.
The cell was rebuilt in mid-2006, so both lines are before the rebuild.
held in place between the crucible and the deflection plates. After the repair, a new
crucible with the aperture plate now integrated as part of the crucible was installed.
This resulted in a significant improvement in the cell stability, reaching steady-state
within 20 minutes rather than drifting for over 1 hour, as shown in Fig.2.5. The
new crucible also required much less nitrogen flow rate ( only 0.115 sccm, compared
to 0.5 sccm ) for comparable plasma conditions and foreline pressures. Therefore, it
seems that much of the instability was due to the mechanical drift of the separate
aperture plate under temperature and pressure variations. We also found that as
long as we kept the same foreline pressure as before, the nitrogen incorporation in
and the optical quality of GaInNAs(Sb) were essentially the same, comparing samples
before and after the installation of the new crucible. This was a welcome news for
us in that it proved that the foreline pressure is actually a very good indicator of the
plasma conditions, and the research can be continued without restarting everything
from scratch, with a more stable plasma cell, despite a major equipment modification
in the course of the research.

2.3

Photoluminescence

PL has been the most important characterization technique for the research of highquality of GaInNAs(Sb) growth, so it deserves special mention in this chapter. Other
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Figure 2.5: Improved plasma cell stability after rebuild
measurements such as XRD(X-Ray Diffraction), TEM(Transmission Electron Microscopy), and SIMS(Secondary Ion Mass Spectroscopy) were also used. SIMS mainly
measures the compositions of the main constituent elements and some impurities in
the grown films, XRD measures the crystalline quality, the strains and the composition, and TEM can take a real-space image of the actual atoms in the crystal, enabling
us to directly see the defects, compositional fluctuations, interface quality, etc. These
methods were all important, but PL was by far the most often used technique (i.e.,
for each and every sample after growth, rather than a few select samples for other
techniques) and also the most sensitive to opto-electronic properties. Simply put,
good quality indicated by XRD, TEM, or SIMS does not guarantee a good PL result,
while a good PL result most probably means high crystalline quality and low level
of impurities. More importantly, the PL result and laser performance have shown
very strong positive correlation [5, 52], and many growth improvements discussed
in this chapter were first identified by PL measurement and later corroborated by
actual laser results. Therefore, only the PL technique is presented in this section,
and the reader is referred to previous theses from our group for the details of other
techniques [3, 56–58].
The PL technique consists of an incident pump beam with photon energy larger
than the bandgap of the material being studied. The pump generates electron-hole
pairs in the semiconductor. They quickly(∼0.1ps) thermalize to the lowest energy of
their respective bands. The carriers then diffuse and eventually recombine, emitting
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a photon close to the bandgap energy. However, the carriers may recombine in other
ways than emitting a photon, most notably, through Schockley-Read-Hall(SRH), or
defect recombination. Higher quality of the material would therefore lead to more
recombination occurring radiatively, while lower quality material would lose a significant number of carriers through defect recombination. So the intensity of the
radiative emission correlates positively with the material quality, and serves as an
indicator of quality.
The PL setup employed in this work uses a chopper to modulate the pump laser
(which was initially an Argon laser and later replaced with a 532nm frequency-doubled
semiconductor laser). The emission signal passes through a monochramator to select
a specific wavelength, and is then detected by a photo-detector. The detector signal is
fed to a lock-in amplifier for maximizing the signal-to-noise ratio. As the wavelength
response of this setup is not flat due to the spectral responses of the detector and
the monochromator grating, each PL measurement is normalized by dividing by the
system response, which was measured from the system response to a white light
source. The PL measurement results also showed run-to-run variations due to dayto-day variations in the pump laser power, alignment, and so on, so a standard sample
was measured for every run and the results were normalized with respect to the peak
PL intensity of the standard sample.
The main parameters of interest for PL measurements are the wavelength of peak
intensity, peak intensity, and linewidth. The wavelength of peak intensity is obvisouly
of great interest, as it is quite close to the bandgap and where lasing would occur with
such an active layer. Peak intensity is an excellent indicator of the optical quality of
the material. The lower the defect density, the stronger the peak PL signal. Caution
has to be exercised in comparing the peak PL intensities of different samples, however,
because the peak PL intensity provides only a relative measure of the material quality,
in that the peak intensity can be different even for the same quality material if its
surrounding layers are of a different structure or quality. However, peak PL intensity
has served as an excellent predictor of laser performance over several generations
of lasers at Stanford as well as other research groups [5], as long as the same test
structure is used over all the samples being compared. The linewidth is an indicator

18

CHAPTER 2. MBE GROWTH OF GAINNAS(SB)

0.6

PL intensity(A.U.)

0.5
0.4
0.3
0.2
0.1
0
1300

1400

1500

1600

1700

Wavelength(nm)

Figure 2.6: Room-temperature PL spectrum of a GaInNAsSb QW surrounded by
GaNAs barriers

of broadening due to interface quality and alloy disorder. As low quality growth would
lead to rougher interface and less uniform alloy, the linewidth was also considered as
a possible predictor of laser performance, where a narrower linewidth would predict
a better laser. However, for the recently grown high-quality samples, the linewidth
did not predict laser performance as reliably as the peak PL intensity. The PL
linewidth is not a straightforward measure of interface quality or alloy disorder either,
because the linewidth may increase a little bit for a higher quality sample as higher
energy states are filled to accommodate a larger number of carriers. One could lower
the PL pump power until only the lowest-energy transition is visible, but a more
straightforward way to probe the interface quality or alloy uniformity would be to use
a photo-reflectance(PR) or contactless electro-reflectance(CER) measurement where
the optical transition levels in the material are probed through the absorption process
rather than emission, which does not require filling of the energy levels with carriers
[6, 71].
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2.4

Annealing

Annealing has been an integral part of GaInNAs(Sb) research from the early days [27,
28, 72]. Annealing of GaInNAs(Sb) has two major effects on its properties: increase
in the optical quality (measured by PL) and blueshift in the peak PL wavelength.
Many defects are formed during growth of GaInNAs(Sb), which is believed to
result from the low growth temperature required to incorporate N and In, and the
damage due to energetic species in the nitrogen plasma. A 60 second anneal in an
RTA(Rapid Thermal Anneal) chamber has been typically employed by our research
group, obtaining a significant PL intensity increase compared to the un-annealed sample as shown in Fig.2.7. Researchers have identified many types of defects and their
behavior when annealed. Among the most prominent are nitrogen split interstitials
(two nitrogen on one group-V site, or (N-N)As ), and arsenic-nitrogen split interstitials
(As-N)As , giving rise to various electron and hole trap levels in the material [73–75].
Another important defect is arsenic anti-sites (an arsenic atom on a group-III site, or
AsGa ), due to the low growth temperature and high arsenic flux. Presence of this type
of defects can be supported by the significant improvement in luminescence efficiency
and laser performance when lower arsenic flux was used for growth, as reported by the
Infineon group [5] and by our group [76] and described in Section 3.3 of this thesis.
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It is worth noting that PL intensity improves with anneal up to a certain temperature, above which the intensity starts to fall again. Various mechanisms have
been proposed as a cause(s) of this behavior, such as arsenic vacancies diffusing from
the surfrace or elsewhere in the substrate, outdiffusion from the QW [77], strain relaxation, or phase segregation [56]. It is found for our GaInNAs(Sb) QWs that this
quality drop under over-annealing has a rather large activation energy (∼7eV) which
may indicate an extended type of defect, such as dislocations. A very similar annealing behavior was observed for two samples with vastly different cladding structures
but with the same QWs, which can be evidence against the importance of arsenic
vacancies in the over-annealing mechanism. More will be discussed in Chapter 3.
The other major effect of annealing GaInNAs(Sb) is the blueshift of the peak PL
wavelength, as shown in Fig.2.7. The origin of the blueshift was attributed to various
mechanisms, such as nitrogen outdiffusion [3, 23, 78], In/Ga interdiffusion [79–81],
and locazlied depressions in bandgap [82–84] due to nitrogen clusters or point defects
that are removed with anneal. Later research indicates that changes in the nearestneighbor configuration of nitrogen during annealing can explain the majority of this
blueshift, when gallium and indium atoms trade places so each nitrogen is surrounded
by more indium atoms, in order to reduce the local strain and the total energy of the
lattice [85, 86]. One source of discrepancies between groups as to the origin of the
blueshift was the presence or absence of vacancies in the crystal. It has been shown
that intentional introduction of vacancies in the crystal causes more interdiffusion of
atoms and thus more blueshift [87–89]. Thus, it is expected that the best quality
material should demonstrate the least blueshift with anneal. The GaInNAs(Sb) QWs
grown by our group and used in the low threshold 1.5µm and 1.55µm lasers indeed
show very negligible blueshift, apart from the initial large blueshift due to the nitrogen
nearest-neighbor reconfiguration (See Fig.3.16).

2.5

Overcoming the Nitrogen Penalty

As described in the previous chapter, there was initially a significant degradation
in the material quality and increase in the laser threshold, as researchers tried to
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Figure 2.8: PL spectra illustrating the benefits of antimony
increase the wavelength by increasing nitrogen and indium content in GaInNAs. This
section briefly describes important breakthroughs that enabled low-threshold roomtemperature continous-wave edge-emitting lasers at 1.55µm [52] and the first allepitaxial GaAs-based VCSELs at 1.46µm and 1.534µm [53, 54].

2.5.1

Addition of Antimony

The quality of GaInNAs showed rapid degradation going beyond 1.3µm with more
In and N added to increase the wavelength [27, 28, 45, 78]. Addition of antimony was
found to solve this problem, enabling high quality growth for higher In and N contents,
as illustrated in Fig.2.8. Antimony acts as a reactive surfactant, which reduces the
surface diffusion length by occupying substitutional sites [90]. This reduction of the
surface mobility suppresses phase segregation and roughening, allowing growth at
higher temperatures. Higher growth temperature enables growth of higher quality
material with fewer point defects.
In addition to acting as a reactive surfactant, Sb was also found to incorporate into
the alloy ( on the order of a few percents ), which helped further reduce the bandgap.
GaInNAsSb QWs, which are obtained by adding Sb to GaInNAs, have been essential
for realizing high performance edge-emitting lasers and the first VCSELs at 1.55µm
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by our group [52, 54]. It is also possible to reach 1.5µm without using Sb, but the
laser thresholds were significantly higher than achievable with GaInNAsSb [5].
Another interesting effect of antimony is that it increases the nitrogen incorporation rate by about 50%, due to its properties as a reactive surfactant [91, 92] and
its large atomic size, making more room for N to incorporate without increasing the
lattice free energy too much. Probably due its large size, antimony tends to compete against indium for incorporation, despite one being a group-V element and the
other a group-III element [93]. Lastly, there exists an optimal flux of antimony for
the best quality growth: the Sb flux has to be sufficiently high to provide surfactant
effects, but not too high to reduce the surface difussion length too much, degrading
the optical quality of the material [93].

2.5.2

GaNAs barrier

Use of GaNAs barrier layers was another important step toward achieving high-quality
GaInNAs(Sb) QWs. For 1.3-1.55µm emission, GaInNAs(Sb) has a rather high concentration of indium(30-40%), which results in quite high compressive strain in the
QW (∼2.5% for 1.55µm QWs) even with the lattice constant reduction from N incorporation. Use of GaNAs barriers was proposed as a way to compensate this high
compressive strain, by providing an opposing tensile strain below and above the GaInNAs(Sb) layer [3, 23, 79, 94]. The effect of GaNAs barriers on the peak PL intensity
is shown in Fig.2.9. GaNAs barriers lead to roughly 4 times higher PL intensity
compared to GaAs barriers. In addition to improving the quality of a GaInNAs(Sb)
single QW, strain compensation provided by GaNAs barriers also helps with growing
multiple QWs. Up to 3 QWs have been grown with high quality, which were actually
used for the VCSEL results of our group [53, 54, 95], while SQWs were used for high
performance edge-emitting lasers [52, 96].
GaNAs was also helpful in extending the emission wavelength, because it has a
smaller bandgap than GaAs. Lower barrier energy leads to lower QW confinement
energies, resulting in longer emission wavelength. It was also initially proposed that
GaNAs can act as a reservoir of nitrogen, which can reduce the blueshift due to
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Figure 2.9: Improvement in PL intensity by GaNAs barriers
the nitrogen outdiffusion from GaInNAs(Sb) [23], but this effect seems to be less
important for later high-quality GaInNAs(Sb) growths.
Although GaNAs has been one of the enabling factors for 1.55µm GaInNAs(Sb)
lasers, now it is turning out to be a performance bottleneck. While GaNAs barriers
improve the quality of GaInNAs(Sb), the quality of GaNAs itself remains relatively
poor with a high concentration of point defects [73, 92, 97]. The small bandgap of
GaNAs also means smaller band offset between GaInNAs(Sb) and GaNAs layers,
resulting in more carriers in the GaNAs barriers when compared to GaAs barriers.
The unfortunate combination of low quality and low band offset leads to significant
carrier loss in the GaNAs layers, unnecessarily increasing the laser threshold and also
degrading the temperature stability of the lasers. A new barrier design is necessary
that can solve this problem while retaining the advantages of strain compensation.
More details about this issue are presented in Chapter 4.

2.5.3

Impurities in the Nitrogen Beam and the MBE chamber

The background pressure (10−10 torr) and the fluxes of source elements (on the order
of 10−7 torr measured by an ion gauge) are very low in MBE, so even a barely
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Figure 2.10: PL spectra before and after purification of the nitrogen source.
detectable quantity of comtaminants can result in significant levels of impurities in the
grown material. Therefore, minimizing background comtaminants (such as H2 O, O2 ,
CO2 , and other hydrocarbons) in the MBE chamber is of paramount importance for
growing high quality materials. As GaInNAs(Sb) growth requires a nitrogen plasma
source, the nitrogen source gas has to be very clean too. Although 5N(99.999%) highpurity nitrogen gas is used as the source, 0.001% impurity in the nitrogen beam can
lead to a high level of impurities in the crystal when nitrogen is incorporated at the
concentration of several 1020 cm−3 . Deliberate care was taken to remove impurities
from the nitrogen beam, by installing a part-per-billion purifier, carefully baking the
nitrogen delivery lines, and fixing a leak in the pumping system. This resulted in a
significant improvement in the PL intensity, as shown in Fig.2.10. Impurity levels
were checked using a residual gas analyzer installed on the growth chamber, to make
sure oxygen and water levels are below the detection limits, every time a major
maintenance or modification work was performed on the chamber, especially when
the rf plasma cell was rebuilt.
Maintaining low background pressure in the MBE growth chamber is also very
important, without which one cannot embark on any meaningful growth experiments.
Although this is a conceptually simple task, in practice it is arguably the most important and the most time-consuming aspect of MBE growth research, requiring days
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and weeks of repairs, bakes, and leak checking, although it does not merit much discussion in a thesis. However, one particular problem that plagued our MBE chamber1
for a decade or so is worth describing. The chamber pressure would rise to 10−7 or
10−6 torr at a random moment for no apparent reason. The high pressure would
stay for a few minutes, and then drop abruptly down to the 10−10 torr range. This
problem was dubbed quite appopriately as ”System5 burps”. The origin of and the
solution of this burping problem was not found over many generations of students,
although some hypotheses were proposed, such as permeation of cooling water and
ethylene glycol through the stainless steel wall of the source cooling panel. This problem was eventually found to be due to a clogging at the liquid nitrogen valve, which
sits between the liquid nitrogen reservoir in the ceiling of the laboratory room and
the cryoshroud in the MBE chamber2 . Due to the clogging, the cryoshroud would
be insufficiently filled, leading to less effective pumping action and slow rise in the
chamber pressure, and then a rapid decrease when liquid nitrogen suddens flows into
the cryoshroud with a refill of the reservoir. This problem was permanently resolved
by emptying the liquid nitrogen system completely and drying the whole system with
dry air, which probably removed small particles of dust or ice that were deposited at
the valve.
The most troublesome implication of the burp problem is that some of previous
experiments might have been affected by one of these burps. Since System5 burps
would manifest themselves at random moments without any warning, there was always some uncertainty whether low optical quality of a particular sample was a real
meaningful result or just a victim of a burp3 . Although we believe previous experiments were properly analyzed taking any possible ’burp victims’ into account, one
needs to stay open-minded and prepared for any surprise findings that contradict
1

This problem was persistent in System5, which is dedicated for GaInNAsSb growth, while the
other System4 is dedicated for AlGaAs cladding and DBR growths. Two chambers are needed
because of limited number of source materials per chamber, and also the advantage of separating Al
and N cells
2
The cryoshroud filled with liquid nitrogen acts as a large and effective vacuum pump by adsorbing
gas molecules onto its outer surface.
3
We do not monitor the chamber pressure during growth, to minimize contaminant outgassing
from the ion gauge and also to maximize the life span of the ion gauge, which is inversely proportional
to the chamber pressure.
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Figure 2.11: PL improvement by using deflection plates.
previous experiments performed when the burps were still present.

2.5.4

Avoiding ion damage

Although a rf plasma cell was found to produce fewer ions than other types of plasma
cells, there are still a significant number of ions generated in a rf plasma cell. The
energy distribution of ion and electron currents from the plasma were measured by
Wistey using the chamber ion gauge as a remote Langmuir probe [56, 98]. It was
found that electrons have energies up to 8eV, and the electron current was about
4nA. Ions were found to have energies up to 35eV, with the toal ion current of ∼1nA.
To see the effect of ion removal from the plasma output, metal plates were installed
at the exit aperture of the nitrogen plasma cell. One plate was grounded and the other
was biased. From the calculation based on the measured ion energies and also by PL
measurements on samples grown with different deflection voltages, it was found that
20V is sufficient to deflect the ions away from the wafer, and the PL intensity was
uniformly high for +100, +15, and -40V, whereas 0V resulted in poorer PL intensity
as shown in Fig.2.11. Ion count measurements for different deflection voltages agree
with this result, too, as shown in Fig.2.12. On the other hand, the PL wavelength did
not change much with the application of deflection plates, which implies that nitrogen
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Figure 2.12: Ion current measured as a function deflection voltage.
incorporation in GaInNAsSb happens mainly by excited atoms or molecules, rather
than ions. Another interesting thing to note is that the initial experiments with
deflection plates used a much higher voltage (+800V and -800V), but this resulted in
arcing to the ground in the cell, resulting in no PL improvement [59].
Another technique used to protect the wafer surface from the plasma was arsenic
capping. A thick layer of arsenic was deposited after growth of a bottom cladding or
a bottom DBR, by keeping an arsenic flux of ∼10−6 torr for 30 minutes to 1 hour
while cooling the wafer down to 40o C. The arsenic cap can be easily desorbed by
heating the wafer above ∼400o C. This arsenic cap is used to protect the wafer surface
during plasma ignition by igniting the plasma before desorbing the capping. Because
the plasma operates in a more ion-rich condition ( low flow and high rf power ), it
is worthwhile to protect the wafer during plasma ignition. Significantly higher PL
intensity was observed for an arsenic-capped sample than a non-capped sample, and
the good laser results were obtained using arsenic capping technique [52, 54, 56, 99].

2.5.5

Laser results

Using the growth improvements described in this chapter, the lowest reported threshold 1.55µm GaInNAsSb edge-emitting lasers and the first VCSELs at 1534nm were
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Figure 2.13: CW L-I curve and spectrum for the lowest-threshold 1.55µm laser.
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Figure 2.14: Pulsed spectrum and L-I curve for a 14µm-aperture VCSEL
realized.
Fig.2.13 shows the CW L-I curve and the spectrum for the 1.55µm lasers reported in [52]. The threshold current density of 318A/cm2 for pulsed operation and
373A/cm2 for CW operation is the lowest threshold ever reported for GaAs-based
1.55µm lasers. CW output power reached 250mW (both facets) and pulsed output
power reached 650mW (limited by the laser driver, not by the laser itself). This comes
very close to realizing the potential of GaInNAs(Sb) material for 1.3-1.6µm lasers.
However, the temperature stability was not as good as was expected, as shown by its
relatively low T0 value (71K up to 35o C and only 21K above 35o C).
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Fig.2.14 shows the pulsed VCSEL results emitting at 1534nm. This was the
first-ever VCSEL at this wavelength range grown on GaAs, which is a significant
achievement, but the VCSEL required significant cooling (below -25o C) and it still
operated only in pulsed-mode.
In the following chapters, additional growth and annealing improvements and
the results of edge-emitting lasers and the first near-room-temperature CW VCSEL
results at 1528nm employing the improvements and careful design efforts.

Chapter 3
Advances in GaInNAsSb growth
3.1

Substrate temperature

Substrate temperature has always been an important growth parameter for molecular
beam epitaxy (MBE) [100, 101], along with the fluxes from the effusion cells. GaInNAs(Sb) has been no exception [2, 5, 102]. We observed a distinct optimum growth
temperature at 440◦ C, while the quality degraded by about a factor of two when the
temperature is off by 20◦ C (Fig. 3.1). Therefore, accurate control of the substrate
temperature is very important to achieve high quality GaInNAsSb growth reliably
and repeatedly.
The MBE chamber has a thermocouple on the substrate heater assembly for measuring the substrate temperature. But this thermocouple provides a very unreliable
measurement of the substrate temperature. The intrinsic accuracy of the thermocouple is not the problem, as its accuracy is often within 2 or 3 degrees [103] for
temperatures below 600◦ C. The real problem is that the thermocouple(TC) is not in
direct contact with the wafer, far removed from it with a sapphire diffuser plate sitting
in between. As a result, the temperature measured by the thermocouple can be 100
or 200 degrees Celcius off from the actual wafer temperature, and worse, the offset is
dependent on the size, doping, material, surface quality and mounting method of the
wafer.
However, the reproducibility of desorption temperature of the GaAs surface oxide
30
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Figure 3.1: Peak PL intensity, as a function of postgrowth annealing temperature.
Inset shows the peak emission energy (as-grown) at room temperature. From [2]
[104] has provided a very reliable temperature reference at 582◦ C. This temperature
is also an appropriate temperature for growing high-quality GaAs or AlGaAs layers,
so the inaccuracy of TC measurement presented no serious problems for these layers.
But the growth temperature for GaInNAsSb is lower than that by 140◦ C, for which
another reliable method for temperature measurement is required.
We initially tried bandgap thermometry, which uses the temperature-dependent
bandgap shift of semiconductors. This technique enabled us to do a growth temperature study as in [2], but this was not applicable to doped wafers or complex
hetero-structures. Pyrometry measures temperature by measuring the blackbody radiation from the wafer. Pyrometry also has some practical limitations, but it proved
sufficiently accurate and reliable for growth of GaInNAsSb QWs. More details are
discussed in the following subsections.

3.1.1

Bandgap Thermometry

The bandgap of a semiconductor decreases with temperature, so by measuring the
bandgap, one can determine the temperature of the wafer with great accuracy and
precision, as decribed by Hellman [105]. The best measurement would be provided
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Figure 3.2: Reflectivity spectrum for an undoped wafer at various thermocouple
temperatures in 50o C steps
by placing a light source behind the wafer and measuring transmission(absorption)
through the wafer. While it would be very convenient to use the substrate heater as
the light source, as in [105], the heater radiation was too weak at the QW growth
temperatures, and it is not practical to install another light source or fiber on the
heater assembly in the MBE chamber.
We used a reflectivity measurement instead, by irradiating the wafer with a 20W
halogen lamp installed at one ellipsometry port and detecting the reflection spectrum
from the other ellipsometry port. We were able to observe band edge transitions
shifting with temperature as shown in Fig. 3.2. Fitting the measured band edge
transitions with Varshni parameters, we were able to determine the growth temperature for the QW. This technique was essential in our growth temperature study [2].
Unfortunately, the reflective bandgap thermometry method has a few serious practical difficulties. Many of the problems are due to the reflective setup, whereby the
most useful signal comes from those optical rays that enter the wafer through the
front surface, go through the wafer, reflect at the backside, travel back to the front
surface, and then leave the front surface to reach the detector. This is a significantly
smaller signal than the direct specular reflection off of the wafer that does not go
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Figure 3.3: Reflectivity spectrum for an n-type wafer at various thermocouple temperatures in 50o C steps
through the substrate material at all. For undoped wafers, the useful signal still represents about 20% of the total signal as shown in Fig. 3.2, which was sufficiently
strong for reliable extraction of temperature information. But for doped wafers, it
becomes much weaker due to free carrier absorption. The reflectivity spectrum measured for an n-type wafer(Fig. 3.3) still shows the absorption edge red-shifting with
higher temperature, but the transition looks quite indistinct and noisy such that we
were not confident enough to use it for temperature reference. This problem gets only
worse for p-type wafers, due to stronger optical absorption.
Reflective bandgap thermometry was also very susceptible to wafer rotation and
optical interference from heterostructures. Since wafer rotation caused large signal
fluctuations that swamped the useful signal, we had to leave the wafer stationary for
the duration of the entire measurement. In addition, when multi-layer heterostructures are to be grown, such as AlGaAs claddings for edge-emitting lasers or DBR
layers for VCSELs, the optical interference from these structures dominates the signal, making it very tricky, if not impossible, to extract temperature information.
Due to these problems, we were not able to use this technique either for on-the-fly
measurements during growth, or for the QWs in edge-emitting lasers or VCSELs.
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Even worse was that the technique reqruied several hours of measurement as a
separate and additional process before the growth of each wafer. Since the band
edge transition is a gradual one, there is some level of uncertainty about the exact
location of the transition. To compensate for this and minimize errors, we measured
the reflectivity spectrum for several temperatures, and applied a linear minimumsquared-error fit to the result. This entire process took 3 to 4 hours for each wafer
before growth, causing additional delay to the experiments. We also had to provide an
arsenic flux during the measurement to avoid arsenic desorption, wasting a significant
amount of material unncessarily.
Thus we concluded that reflective bandgap thermometry is a rather inconvenient,
time-consuming, unreliable, and wasteful technique with only limited applicability.
We thus tried pyrometry as the next candidate, and it proved easy, versatile, and
reliable for our purposes, and the detail is discussed in the next subsection.

3.1.2

Pyrometry

Basic theory
Pyrometry uses the relationship between the blackbody radiation intensity and the
temperature for measuring temperature. The blackbody radiation energy at a given
temperature T (in Kelvin) is known to depend on T as follows:

S=ε

8πhc
1
hc
λ5 exp( λkT ) − 1

(3.1)

where the unit of S is energy per unit volume per unit wavelength. ε is the
emissivity of the surface, which is equal to (1-Reflectivity) for an opaque substrate
[106].
There are many practical issues that complicate the pyrometry. Prominent among
them are: emissivity compensation, viewport coating, wafer wobble, heater radiation
leakage, and reflections from other heat sources.
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Figure 3.4: Sensitivity of reflectivity measurement to wafer wobble
Emissivity compensation
Upon inspecting Eq. (3.1), it seems absolutely essential to compensate for the emissivity, as the emissivity may change significantly during growth. It would depend
slightly on the substrate material and temperature, but the biggest impact would be
from the growth of different materials (with significantly different refractive indices)
on the substrate, because the reflections at the interfaces would interfere to modulate
the overall reflectivity significantly as growth proceeds. In practice, compensating for
such emissivity differences proved to be infeasible and unnecessary.
We used an emissivity-compensating pyrometer on our first attempt at pyrometry. Emissivity was estimated by actually measuring the reflectivity from the wafer
using an LED and a photodetector pair, and the measured blackbody radiation was
processed by Eq. (3.1), using the measured emissivity. Although straightforward in
concept, this didn’t work very well, because the reflectivity measurement was too
sensitive to wafer wobble. As the light emitted from the LED has to reflect off of
the wafer, and then reach the photodetector, the alignment requirement is so stringent that even a slight wobble of the wafer causes a large change in the reflectivity
measurement.
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Figure 3.5: Reflectivity of different substrate structures(at 440o C). Also shown is the
pyrometer response spectrum, in arbitrary unit.
Fig. 3.4 shows the measured reflectivity (%) while the wafer is rotating. There is
a periodic fluctuation (on the order of a few %) in the measured reflectivity, exactly
following the period of the wafer rotation. Moreover, we would see a huge jump in
the measured reflectivity from time to time. When that happened, the wafer was also
seen to jump around in the wafer holder. It should also be noted that the measured
reflectivity in Fig. 3.4 is unrealistically low, compared to the roughly 30% reflectivity
expected theoretically, due to calibration error. It is virtually impossible to properly
calibrate the reflectivity measurement, when the measurement is as unreliable as
shown in Fig. 3.4. Thus, it was determined that emissivity compensation adds more
error than it reduces to the pyrometry. Note that this difficulty mainly stems from
the excessive wafer wobble, which in turn is due to the configuration of our MBE
chamber, where the wafer has to stand up perpendicular to the ground. Emissivity
compensation can be feasible in different chamber configurations, where the wafers
sit parallel to the ground.
Closer look at the optical bandwidth of the pyrometer and the typical growth situation for GaInNAsSb QWs revealed that emissivity compensation, even if it were feasible in our MBE chamber, would not contribute much to the accuracy of temperature
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control during QW growth. The typical growth situation of our GaInNAsSb/GaNAs
QWs was either 1) on a GaAs wafer with no hetero-structure for PL samples, 2) on
a 1800nm-thick AlGaAs cladding for edge-emitting lasers, or 3) on a 5 ∼ 6µm-thick
DBR for VCSELs. For PL sample growths, the substrate is simply GaAs, so we
wouldn’t expect any significant variation in reflectivity (and thus emissivity), except
for very minor dependence on temperature and doping( [107, 108]). For edge emitter
or VCSEL growths, the reflectivity spectrum would obviously show many oscillations. But as shown in Fig. 3.5, the oscillations are finer than the optical bandwidth
of the pyrometer detection optics, resulting in significant averaging effect. Thanks
to this averaging effect, the overall reflectivity changes only by about 3 percentage
points depending on different substrate structures. This emissivity error translates
into about a 5 percent error in the estimation of the exponential term in Eq.3.1. This
in turn corresponds to temperature error of about 2o C near the QW growth temperature of 440o C, which was good enough for quite reproducible growth of high quality
GaInNAsSb QWs. ( See Fig. 3.6 )
Viewport coating
We were initially concerned that the viewport, through which the pyrometer collects
the blackbody radiation from the wafer in vacuum, would get coated with arsenic
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over time, leading to a lower signal level and hence lower apparent temperature reading. Although this is theoretically, and also practically possible in MBE or MOVPE
chambers, we didn’t notice any systematic drift in the temperature measurement
over a very long period of 3 years, without any recalibration. The viewport is heated
to minimize arsenic deposition, and the exponential nature of the blackbody curve
means that even a few percent increase in radiation loss by the viewport corresponds
to only 1 or 2o C of temperature measurement error. Even if viewport coating did
affect pyrometry, it could be easily solved by recalibrating on a regular basis.
We were also concerned that the radiation from the heated viewport might swamp
the radiation from the wafer, but this was in practice no problem, because the viewport temperature is much lower than the growth temperature and the detection optics
are focused on the wafer.
Wafer wobble, heater radiation leakage, and reflections from other heat
sources
As discussed above, wafer wobble was a serious problem when we tried to measure and
compensate for emissivity changes on the fly. On the other hand, without emissivity
compensation, we found wafer wobble was less problematic, because measurement of
radiation is less sensitive to wafer wobble than measurement of reflectivity. There are
two reasons for that; 1) Blackbody radiation is less directional than the focused LED
beam used for the reflectivity measurement, and 2) light has to make only a one-way
trip from the wafer to the detector for a blackbody radiation measurement, compared
to the round-trip required for a reflectivity measurement ( i.e., from the LED in the
pyrometer, via the wafer, and back to the pyrometer).
However, temperature measurements still showed periodic fluctuations when the
wafer was rotating, as shown in Fig. 3.7, for a 3-inch GaAs wafer. The amplitude of
this fluctuation was different for different wafers, and the most dominant effect was
from the size of the wafer. The fluctuation was larger for smaller wafers, as shown in
Fig. 3.7, Fig. 3.8 and Fig. 3.9. The source of these fluctuations was determined to
be the leakage of substrate heater radiation around the edges of the wafer. Fig. 3.10
shows a schematic of different wafer sizes on the wafer holder. 2-inch or quarter 3-inch
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Figure 3.9: Pyrometer measurement fluctuations for a quarter of 3-inch wafer
wafers have gaps around the edges, through which one can clearly see the orange glow
of the substrate heater. As the detection optics of the pyrometer has a finite spot
size on the wafer, it is not surprising that this heater radiation is also captured by
the pyrometer, causing a periodic perturbation in measurement as the wafer rotates.
As further evidence of leakage, the fluctuations are much larger during wafer heat-up
as the heater is hotter, compared to during cool down, as shown in Fig. 3.11. A full
3-inch wafer also leaves a small gap around its major flat, so it also exhibits similar
fluctuations, although smaller in amplitude. The magnitude of these fluctuation was
at most ±1o C for 3-inch wafers, or ±2o C for 2-inch wafers, which was good enough
for reproducible growth of GaInNAsSb QWs. Fluctuations for quarter 3-inch wafers
were found to be too large for reliable growth, sometimes being larger than ±5o C.
Measurement wavelength was also found to be a critical choice for pyrometry.
We initially used 980nm as the detection wavelength, but this turned out to be a
poor choice, because GaAs is transparent at this wavelength up to around 400o C,
allowing the substrate heater radiation to pass through the wafer, thus swamping the
blackbody radiation from the wafer itself. We finally chose 886nm, for which GaAs
turns opaque at approximately 100o C, which is sufficiently lower than our QW growth
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Figure 3.10: Schematic of typical wafers sizes when loaded on the substrate heater
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Figure 3.11: Pyrometer measurement during cool-down and then heat-up, for a quarter of 3-inch wafer
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temperature of 440o C.
Reflected radiation from other heat sources in the chamber can also affect pyrometry. Effusion cells, especially the gallium cell, can be as hot as 1000o C during
growth. The cracker section of the arsenic cell is at 850o C even in the idle state.
This is much hotter than the wafer during growth, and their blackbody radiation
is larger by several orders of magnitude. Some of this radiation is captured by the
pyrometer after reflections in the chamber, limiting the minimum temperature that
the pyrometer can measure. Although the intrinsic capability of the pyrometer (when
the detector noise is compared to blackbody radiation) has no problem measuring as
low as 300o C, reflected radiations from hot cells prevented the pyrometer from reading lower temperatures than 360o C , even when the wafer was at room temperature.
Fortunately, this was sufficiently lower than our typical growth temperature that this
technique proved useful.
Implications for temperature control
Despite these difficulties as discussed above, pyrometry proved to be a useful technique
with a reasonable accuracy of ± a few degrees Celcius. It was also much faster, more
convenient, and more versatile compared to the band-edge absorption method, which
required several hours of measurement for each wafer and worked only for bare SI
wafers. Pyrometry is also much more accurate than the thermocouple, which could
be off by 100 or even 200o C.
Pyrometry also allowed us to discover a few more interesting characteristics of
wafer heating in the MBE chamber.
First, different wafers may heat up at completely different rates and efficiency.
Especially dominant is the effect of wafer doping. Undoped wafers require much
higher thermocouple temperature and higher heater power than doped wafers. Undoped wafers are also much slower to heat than doped wafers. When we increase
the temperature setpoint, undoped wafers tend to take several minutes to reach the
setpoint, following a smooth curve. On the other hand, doped wafers heat up very
quickly overshooting by a large amount (as much as 50o C), and then settle down to
the setpoint temperature. Typical trajectories of wafer temperatures during heat-up

3.1. SUBSTRATE TEMPERATURE

43

Measured temperature(oC)

560
540
520
500
480
460
440
0

2

4
6
Time(minutes)

8

Figure 3.12: Pyrometer measurement during heat-up, for a 3-inch n-type wafer. Small
bumps are due to wafer tilting for easier RHEED observation
are shown in Fig. 3.12 and Fig. 3.13. This difference shows that the wafer is heated
mainly by absorbing the radiation from the heater, rather than by heat conduction.
It also shows that we have to be very careful and patient when determining the deox
temperature, because the wafer temperature might still be in a transitory state if we
don’t allow the wafer enough time to stabilize at a given temperature.
The second important finding is that the GaAs oxide desorption temperature is
indeed very constant and reliable. We observed a very similar temperature reading
(within a few degrees) on the pyrometer as the oxide desorbs from the wafer, regardless of wafer type, size, and vendor. We did doubt in the past whether the deox
temperature was really constant because we saw no consistency in the TC reading
at the deox temperature [56], but pyrometry enabled us to finally use this reference
with confidence.
It was also found that the TC reading offset between the deox and the QW growth
temperatures were quite repeatable, although each of them varied a lot in TC reading,
wafer to wafer. Fig. 3.14 shows the thermocouple readings at the deox(580o C) and the
QW growth(440o C) temperatures, for several 3” n-type wafers. The deox temperature
was determined by inspecting RHEED in the sys4, and the QW growth temperature
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Figure 3.13: Pyrometer measurement during heat-up, for a 3-inch undoped wafer
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was determined by pyrometry in the sys5. The difference in thermocouple reading
between the two temperatures was consistently very close to 280o C, even though the
two temperatures were measured in two different chambers. It was also found that the
thermocouple readings from the two chambers at deox temperature were 50o C apart
from each other. From then on, we decided to grow QWs at 230o C lower than the
sys5 deox temperature by thermocouple reading, or equivalently, 280o C lower than
the sys4 deox temperature by thermocouple reading. For full 3” n-type wafers, we
checked the pyrometer reading during growth as well, to make sure the temperature
was correct, and we didn’t experience any unexpected deviation. For quarter 3” ntype wafers, we used the same method, only putting less weight on the pyrometer
reading due to its higher error for smaller wafers. Using this method, we grew quite
a few PL samples on quarer 3” n-type wafers and they showed very repeatable PL
intensity and wavelength. Though we have not estabilished whether a similar method
can be used for undoped or p-type wafers, establishing this relationship for n-type
wafers was sufficient for the purposes of this thesis, as the PL samples and the lasers
only required n-type wafers.

3.2

Improvement in annealing conditions

Dilute nitride materials typically have quite a large number of defects as-grown, due
to low N solubility in GaAs or InGaAs [21,22] , and in the case of MBE growth, from
the ion-related damage from the rf plasma cell [29]. Post-growth annealing has been a
standard process for dilute nitrides to remove as-grown defects and improve material
quality [109] and there have been many reports about the annealing properties [65,
72, 77, 85, 110–114].
The annealing experiments have been done by two different methods: One is
to anneal the as-grown samples in the growth chamber(in-situ) or a furnace for a
relatively long time (tens of minutes) with arsenic fluxes supplied to suppress arsenic
desoprtion from the sample surface [113]. The second is to anneal the samples in
an RTA chamber for a short time (up to a few minutes), with a GaAs cap wafer to
minimize arsenic desorption [72, 111, 112, 114, 115]. It may seem natural to wonder
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which annealing method produces a better quality after annealing, but for some
unknown reasons, most research groups tended to stick to one method rather than
comparing the two and choosing the better one. Our group was no exception in this
respect, sticking to 1-minute annealing at a few different temperatures in an RTA. We
were able to achieve very low threshold for 1.55µm GaInNAsSb lasers [52] by using
1-minute annealing, but this doesn’t necessarily mean that it is the best that could
be achieved.
For silicon CMOS processing, it is well known that short-duration high-temperature
annealing is better than long-duration low-temperature annealing because the defect
annealing effects have stronger temperature dependence than the undesirable transient enhanced diffusion(TED). We were interested in finding out whether GaInNAsSb
QWs follow an analogous or an opposite trend. In the case of dilute nitrides, there are
two distinct processes affecting the material quality during annealing: one is removal
of growth-induced defects and the other is creation of annealing-induced defects [77].
Comparison of temperature dependencies of the two processes would reveal whether
short-duration high-temperature annealing or long-duration low-tempature annealing
results in higher material quality.
To determine the temperature dependencies of annealing processes, we annealed
GaInNAsSb PL samples using various temperatures and durations. A PL sample has
a 7.5nm-thick Ga0.62 In0.38 N0.03 As0.943 Sb0.027 QW with 21nm GaN0.04 As0.96 barriers on
both sides, after growing 300nm updoped GaAs buffer layer and is followed by a
50nm GaAs layer. The GaAs layers are grown at 580o C and the QW is grown at
440o C with V/III BEP(beam equivalent pressure) ratio of 20. This is nominally the
same composition and growth condition as those QWs used for our lowest threshold
1.55µm GaInNAsSb lasers as reported in [52]. It is important to use high quality
QWs as in this study to make sure that the intrinsic property of GaInNAsSb QWs is
not obscured by extrinsic behaviors due to an unnecessarily high level of defects, as
the level of defects can affect the annealing properties significantly [87, 88].
Figure 3.15 shows the peak photopluminescence(PL) intensity and wavelength
after annealing GaInNAsSb PL samples for 1-minute in the RTA. As previously reported by many researchers, the PL intensity initially increases with temperature as
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Figure 3.15:
Result of 1-minute annealing at different temperatures for
Ga0.62 In0.38 N0.03 As0.943 Sb0.027 QW
growth-induced defects are annealed, but starts to degrade when the temperature
gets too high. The optimum occurs around 780o C. The wavelength becomes shorter
as the QW is annealed at higher temperatures. The mechanism of the blueshift was
initially hypothesized to be indium [79, 80, 116] or nitrogen [3, 23] outdiffusion from
the quantum wells, but later research indicated that the change in nearest-neighbor
configuration of nitrogen atoms explains most, if not all, of this effect [85]. In Fig.
3.15, the PL intensity is normalized with respect to the optimum at 780o C, and this
optimum intensity is used as the reference for the annealing and growth studies in
this and following sections.
The first experiment was to anneal the same PL samples at 700o C, for 10 to 150
minutes, as shown in Fig. 3.16. The 700o C result resembles that in Fig. 3.15, in that
the PL intensity initially increases and then eventually decreases when annealed too
long or too hot. But unlike Figu. 3.15, Fig. 3.16 shows a very wide window of flat
PL intensity(as long as 2 hours), and the peak PL intensity is more than two times
higher than the 1-minute annealed samples. Note that a similar wide plateau was
also observed in [65], where the PL intensity improvement saturates after about 5
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minutes and stays flat up to 30 minutes. [65]. But eventual degradation after 2 hours
of apparent stability of material quality was not reported in [65] or any other reports,
to the best of our knowledge.
Such a long stability plateau and the following degradation is a very interesting
behavior in itself, and the higher PL intensity compared to 1-minute annealing is also
very intriguing. Additionally, at 700o C, the over-anneal degradation does not begin
until the sample is annealed more than 2 hours. On the other hand, a 1-minute anneal
at 800o C was enough to generate annnealing-induced defects, as shown in Fig. 3.15.
This implies that the annealing-induced degradation has a very steep temperature
dependence, or equivalently, a large activation energy. To examine the temperature
dependence of the annealing-induced degradation, we next annealed samples at 720o C
and 740o C until substantial degradation was observed, and the result is also shown
in Fig. 3.16. While it took as long as 150 minutes until the onset of degradation at
700o C, it took only 60 minutes at 720o C, and only about 10 minutes at 740o C. This
is roughly ×3–×5 difference for every 20o C, which in turn translates into activation
energy of 6–7eV assuming an Arrhenius relationship.
On the other hand, removal of growth-induced defects was found to have a much
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shallower temperature dependence than that of annealing-induced defect generation.
Figure 3.17 shows the result of annealing experiments at 680–720o C. The PL intensity
saturates after about 40 minutes of 680o C annealing, whereas it takes 30 and 10
minutes at 700o C and 720o C respectively for the PL intensity to saturate. This
temperature dependence is about ×2 faster per 20o C increase, which translates into
activation energy of about 3eV.
Due to this combination of a shallow temperature dependence for removal of
growth-induced defects, and the steep temperature dependence of annealing-induced
degradation, longer and cooler anneals produce not only higher but also more reproducible PL intensity than shorter and hotter anneals, because the lower temperature
inhibits the degradation process more significantly than it slows the improvement
process. The optimum intensity that can be achieved with long anneals at 700o C
was indeed about ×2 higher than our previous best for 1-minute anneals. (Compare
Figs. 3.15 and 3.16. Their PL intensities are plotted in the same scale, so that direct
comparison is possible.) This higher PL intensity by low-temperature long-duration
annealing implies better material quality, which in turn can produce better laser
results. In addition, low-temperature, long-duration annealing allows a very wide
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Figure 3.18: PL intensity vs. annealing duration for Ga0.7 In0.3 N0.012 As0.968 Sb0.02 QW.
optimum processing window, which significantly improves process control.
Similar experiments were done for a significantly different QW composition, namely
7nm-thick Ga0.7 In0.3 N0.012 As0.968 Sb0.02 QW, for 1.26µm emission after anneal(1.31µm
before anneal). The result is shown in Fig. 3.18. We can see a very similar trend
as in Figs. 3.16 and 3.17. The PL intensity degradation by annealing-induced defects have a steep temperature dependence, exhibiting a widely different behavior for
only 40o C difference in the annealing temperature. Compared to that, the removal
of growth-induced defects show a much shallower temperature dependence.
Another kind of PL samples with a completely different structure was also annealed and measured, namely 150-nm thick Ga0.92 In0.08 N0.02 As0.98 . This is a latticematched thick layer with light emission at 1.15µm, rather than a strained QW. It
has no Sb and only 5nm GaAs cap layer, unlike the other two kinds of PL samples
discussed above, which had Sb incorporation and 50nm cap layers. Despite these
differences, Fig.3.19 shows a similarly shallow temperature dependence for the removal process of growth-induced defects, namely roughly ×4 every 40o C, which is
equivalent to ×2 every 20o C. On the other hand, we were not able to extract meaningful temperature dependence for the creation of annealing-induced defects due to
rather noisy result as shown in Fig.3.19(b) and insufficient amount of samples left for
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Figure 3.19: PL intensity vs. annealing duration for lattice-matched 150nm-thick
Ga0.92 In0.08 N0.02 As0.98 layer.
measurment. However, this result still agrees with those of the other two samples in
that the lower-temperature annealing results in roughly ×2 higher PL intensity than
higher-temperture annealing for a short duration. ( PL intensities of Fig.3.19(a) and
(b) can be directly compared with each other. )
These measurements indicate that different alloys of GaInNAs(Sb) exhibit similar
dependence on annealing temperatures, even for vastly different compositions and
thicknesses. This implies that the same defect removal and defect creation mechanisms are in action during annealing for any GaInNAs(Sb) compositions, which is
not surprising since this annealing behavior is unique to the dilute nitride materials
and is definitely closely associated with their unique growth conditions due to the low
solubility of nitrogen.
On the other hand, the improvement and degradation processes by annealing are
observed at widely different temperatures depending on the composition, as reported
by many researchers [72,85,112,114,115]. This indicates that the PL degradation from
over-annealing does not arise from arsenic vacancies from the surface or elsewhere in
the substrate, because the annealing temperature and duration at which the arsenic
vacancies reach the GaInNAs(Sb) layer would not depend much on its composition.
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Outdiffusion from the QW [77] was also suggested as a cause of PL degradation from
over-annealing, but apparently this is not the case either, as the interdiffusion process
has been reported to have an activation energy of about 3eV [89, 110, 117], which is
significantly smaller than the activation energy of annealing-induced defects as discussed above. A 6–7eV activation energy is observed for annealing-induced defects
for our GaInNAs(Sb) QW samples, which is rather large for point defects, so we
suspect it is more likely to be associated with extended defects, i.e. dislocations. Actual observation of dislocations was reported in [77] using TEM(transmission electron
microscopy), but more research is needed to fully understand the mechanism of the
annealing-induced defects.

The wavelength blueshift is another important process that happens during annealing. It is now known that a large portion of the blueshift is due to the nearestneighbor reconfiguration of nitrogen atoms, and the activation energy of the reconfiguration process is quite low (∼0.6eV) [85, 117]. This reconfiguration happens rather
quickly during the initial phase of annealing, and then additional blueshift due to
interdiffusion and its activation energy of about 3eV is reported [110, 117]. Our
wavelength measurements in Figs. 3.17 and 3.16 qualitiatively agree with these reports with very rapid initial blueshift commensurate with the low activation energy
of ∼0.6eV, and very small, if any, additional blueshift agreeing with the higher activation energy of ∼3eV. However, the additional blueshift due to interdiffusion is so
small compared to the initial large blueshift due to nearest-neighbor reconfiguration
that it can be practically ignored for device applications.

The most important implication of this annealing experiment for this thesis work is
that about ×2 higher PL quailty can be achieved by annealing at lower temperatures
for longer durations, instead of the traditional 1-minute annealing. In addition, the
PL intensity stays high for a very wide window of annealing durations, making the
process far easier to control.
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3.3

Improvement by Lower group-V flux

Early theoretical and experimental work proposed that low growth temperatures and
high arsenic fluxes were required for single phase molecular beam epitaxy (MBE)
of dilute nitride materials [3, 118], as shown in Fig.3.20. Following these growth
guidelines, we were able to realize low threshold 1.5µm GaInNAsSb lasers by growing
at relatively low temperatures ( 440o C) and high group-V fluxes (×20 V/III ratio in
BEP(beam equivalent pressure)) [52]. On the other hand, significant improvement
in material quality for Sb-free GaInNAs was reported when grown at a much lower
arsenic flux(only ×1.2 of group-III flux) and also much lower temperature(350o C) [5].
This result does not contradict with the growth regime illustrated in Fig.3.20 as
lower temperature does allow lower arsenic pressure, but it draws our attention to
the fact that the analysis underlying Fig.3.20 [3] only deals with the avoidance of
phase segregation, and thus does not actually specify exactly which growth condition
to choose in the wide parameter range that allows segregation-free growth. Low
temperature and high arsenic flux prevents phase segregation, but on the other hand it
may reduce the surface mobility too much by limiting arsenic re-evaporation, leading
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Figure 3.21: PL results for GaInNAsSb QWs, as a function of the As/III flux ratio

to undesirable excess As point defects. As this possibility was not explicitly explored,
it seemed likely that the high arsenic flux growth previously considered optimum was
not actually the best achievable.
We first examined the possibility by trying different arsenic fluxes at 440o C, the
result of which is shown in Fig.3.21 and reported in [76]. The graph is shown in terms
of actual As/III flux ratio, which is about half of the BEP(Beam Equivalent Pressure),
and the sample with the heighest As/III ratio in the graph corresponds to the As/III
BEP ratio of 20. From this result, 440o C and x20 As/III BEP ratio actually is
the optimum, with the PL intensity decreasing slowly as the ratio is lowered, before
dropping precipitously as the flux ratio drops below 3. On the other hand, the
wavelength becomes longer as we lower the arsenic flux, which is probably due to
increased antimony incorporation as the Sb/As ratio increases with lower As flux. In
addition to wavelength change, the Sb/As ratio is also known to affect the growth
quality as shown in Fig.3.22 [4], so it is very possible that changing the As flux alone
is not the best way to explore the growth parameters.
Therefore, we instead set out to change the As and Sb fluxes together, while
keeping their ratio constant. We grew 1.55µm PL samples at various (As+Sb/)/III
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Figure 3.22: PL results versus Sb flux from [4]

flux ratios at two different growth temperatures. The first set of samples were grown
with 39% indium with the (As+Sb)/III flux ratios ranging from ×11 to ×20 in BEP
ratio (roughly ×5.5 to ×10 in real flux ratio) at 410o C. The ratio between arsenic
and antimony fluxes was fixed at 54 in BEP, and the nitrogen plasma was also kept
constant, with the same gas flow and power. Another set of similar PL samples
was grown at 410o C, under (As+Sb)/III ratios ranging from ×3 to ×11. And the
third set of PL samples was grown at 440o C with (As+Sb)/III ratios between ×2 and
×15. This first set was grown about 18 months before the other two samples, and its
results were reported earlier in [76]. During the 18 months, the MBE chamber was
not operational going through significant repairs and maintenance, and the nitrogen
plasma cell was operating under a significantly different condition after the repairs, as
described in the previous chapter. Despite the significant lapse of time and different
chamber condition, the results of all three sets of growths align with one another
reasonably well, which is a good sign for the repeatability of GaInNAsSb growth.
Figure 3.23 shows the peak PL intensity after 1-minute annealing for the first set
of samples (Growth T=440o C). Figure 3.24 shows the peak PL intensity for all the
three sets of samples. ( note: The result for ×2 flux ratio grown at 440o C is not
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shown because the sample was optically inactive.)
The most important point from this result is that much higher PL intensity (∼ ×2)
is achieved by lowering As and Sb fluxes together. It is to be noted that the PL
intensity graphs are normalized with respect to the peak intensity we achieved under
the growth condition of ×20 flux ratio and 440o C and 1-minute annealing, which was
previously considered optimal.
And there is an optimum flux ratio, which varies depending on the growth temperature. Fig.3.24 shows that both too high and too low fluxes result in sub-optimal
PL intensity, with an optimum flux ratio of about 9 when grown at 440o C. On the
other hand, the optimum flux ratio is either 2 or even lower at 410o C. Both growth
temperatures give similar optimum PL intensity, but we chose to use 440o C as the
growth temperature, because the optimum V flux is too low (close to 1 in real V/III
flux ratio) for the 410o C growth, and the growth quality would be too sensitive to the
group-V flux control as shown in Fig.3.25 [5]. There is also less concern about the
controllability of the arsenic flux when grown at 440o C, because the adjacent GaNAs
layers are grown at a (As+Sb)/III BEP ratio of 15, which is much higher than the low
flux required for 410o C growth of GaInNAsSb, but closer to ×9 required for 440o C
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growth. Temperature control is also easier at 440o C, as the pyrometer noise floor is
too high for good control at 410o C, and the required temperature change from the
580o for adjacent GaAs layers is smaller for 440o C.
The trend of lower optimal flux for lower growth temperature can be easily understood from the conventional tradeoffs in MBE growth conditions, whereby either
high growth temperature or low group-V flux leads to excessive surface desorption
or phase segregation, while growth at too low temperature or too high group-V flux
impedes atoms from reaching the correct lattice sites. The effect of antimony flux
is especially important, as it is a reactive surfactant, which improves the quality of
epitaxy by inhibiting the surface diffusion length [90] when the epitaxial layer is either
strained or has a large miscibility gap, both of which are true for GaInNAsSb grown
on GaAs [21,22]. As the antimony flux has a strong influence on the surface diffusion
properties, reduction of Sb flux together with As flux was critical to improving the
material quality in this report, while no improvement was observed if only the As
flux was changed. On the other hand, the other group-V element, nitrogen, showed
no measurable variation in composition as determined by SIMS over the samples in
this study, despite the huge variation in the As and Sb fluxes. This insensitivity of N
incorporation to other group-V fluxes agrees with our previous finding that nitrogen
behaves more like a group-III element as far as composition control is concerned, and
its composition is mainly dependent on the growth rate, which is determined by the
group-III fluxes [23].
Figure 3.26 shows a dependence of wavelength on the (As+Sb)/III ratio, where the
wavelength tends to decrease as the flux ratio approaches the optimum ratio for high
PL intensity. Although it might be possible that antimony incorporation increases
slightly under high Sb and As fluxes and nitrogen incorporates more under low Sb
and As fluxes, the acutal SIMS results shown in 3.28 do not support this hypothesis.
No significant difference was found in the HRXRD measurements either, as shown in
Figure 3.27 for 440o C growths. The HRXRD scans show very similar high structural
qualities and the strains do not show any discernable difference. We were not able to
determine the mechanism of the wavelength dependence, but shorter wavelength for
the optimum PL intensity was repeatedly observed. Therefore, we tried to increase
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the emission wavelength closer to 1550nm, by increasing the In composition.
We grew two different samples with 39%(n852) and 41%(n851) indium in the
GaInNAsSb layer under ×11 (As+Sb)/III ratio (in BEP), and one sample(n864)
with 41% indium under ×9 (As+Sb)/III ratio. Growth temperature was 440o C for
all three samples. The samples were first annealed at different temperatures for 1
minute. The result is shown in Fig. 3.29. An improvement of about 1.5-2 times is
observed for all samples, with the ×9-V/III-ratio growth being the best, which agrees
with the result in Figs.3.23 and 3.24. Also worth noting is that the 2% difference
in the indium concentration does not have any significant impact on the material
quality.
The samples were then annealed at lower temperatures(620o C) for durations of
up to 105 minutes. The result is shown in Fig.3.30. The results for the three samples
all show that there is an additional 1.5-3 times PL intensity improvement over the
1-minute annealing results in Fig.3.29. This is essentially the same result as discussed
in the previous section, where the steeper temperature dependence of the over-anneal
degradation than that of defect annihilation by annealing led to a twice higher peak
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Figure 3.29: PL result for low As+Sb flux growths, after one-minute annealing

5.5
5

PL intensity (A.U.)

4.5
4
3.5
3
2.5
2
1.5

n851, 41% In, (As+Sb)/III=11

1

n852, 39% In, (As+Sb)/III=11
n864, 41% In, (As+Sb)/III=9

0.5
0
0

20

40

60

80

100

Anneal duration (minutes)

Figure 3.30: PL result for low As+Sb flux growths, after long annealing

62

CHAPTER 3. ADVANCES IN GAINNASSB GROWTH

GaInNAsSb/GaNAs
QW

p U pper mirror

GaAs cap (50nm)

i Q uantum W ells
n

L ower mirror

n+ G aAs
S ubs trate

(a) PL sample

(b) Edge-emitting laser

(c) VCSEL

Figure 3.31: PL sample and laser structures studied for this thesis
PL intensity when annealed for a longer duration (tens of minutes) at a lower temperature (60-80o C below the optimum 1-minute annealing temperature). The difference
for this study is that the samples in this study are grown under the newly-discovered
optimal (As+Sb) flux, resulting in roughly 2X better PL intensity for 1-minute annealing. Therefore, the overall improvement in peak PL intensity by combining the
low group-V-flux growth and the low-temperature long-duration annealing is as much
as 3-5 times compared to our previous best samples, which were grown under high
(As+Sb) fluxes and annealed for 1-minute at higher temperatures.

3.4

Effects of self-annealing

Self-annealing refers to the inevitable in-situ annealing that the QW experiences
during growth of actual devices, such as edge-emitting lasers, photo detectors, or
VCSELs, because it takes from tens of minutes to several hours to grow the upper
structures above the QWs [111, 119]. Figure 3.31 shows the three different structures
that were grown and studied for this work. PL samples have a 50nm GaAs cap layer,
which takes 10–15 minutes. On the other hand, it takes about 2.5 hours to grow the
upper cladding for an edge-emitter, and more than 6 hours to grow the upper DBR
for a VCSEL. The growth temperature is 580o C for all these upper structures for PL
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(a) Room-temperature pulsed L-I curve for
lasers based on two different active regions
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Figure 3.32: Laser result and PL for high-indium QW

samples or laser structures.
10–15 minutes of self-annealing during PL sample growth has not been an issue for
the study of GaInNAsSb material, as the PL improvement and blueshift due to the
self-annealing seem neglible compared to those due to the additional ex-situ annealing
( For example, in Figs.3.16 and 3.17, 0-minute annealing refers to the nominally asgrown sample, which actually experienced 10–15 minutes of self-annealing ). On
the other hand, the self-annealing has been an important factor for edge-emitters
and VCSELs. We have had to anneal edge-emitting lasers at lower temperatures
(by 20–40o C) than the ’optimum PL’ temperature [52, 96, 120]. And the previous
VCSEL operated best when no ex-situ anneal was performed [121]. However, the
self-annealing process has not been studied directly, and because of that, the search
for the right ex-situ annealing condition has been an ad-hoc blind search process
rather than a systematic one, which complicated the laser fabrication.
The need for a more explicit study of the self-annealing process was more urgently
felt when we saw poor laser performance from a QW design that showed high PL
intensity, when we were trying to achieve low threshold 1.55µm lasers for the first
time [122]. Our initial approach to increase the emission wavelength out to 1.55µm
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was to increase the In composition (to 41%) to the GaInNAsSb QW. Although this
resulted in decent PL, the laser using the high-indium QW showed high threshold
current. On the other hand, increasing nitrogen while keeping In at 38% showed
similar PL intensity up to 1.55µm and enabled us to achieve the lowest-threshold
GaInNAsSb laser at 1.55µm. The dicrepancy between the good PL and the poor laser
for the high-In QW was attributed to over-annealing the QWs by the self-annealing
process, as shown in Fig. 3.32. In this experiment, an undoped laser structure is
grown using the 41%-In QW, and compared against a PL sample after 1-minute
annealing using the same QW. This structure is identical to an edge-emitting laser,
except that the AlGaAs claddings are not doped, to minimize optical loss and carrier
loss in the doped layers in order to maximize the PL signal. Fig.3.32 indicates that
the QW appears to get over-annealed after 2.5 hours of self-annealing, thus showing
decreasing PL intensity with any additional ex-situ annealing. It was hypothesized
that higher compressive strain in the QW due to additional In was responsible for
this reduced thermal stability of the 41%-In QW against self-annealing, resulting in
inferior laser performance despite decent PL quality.
In the previous section, significant improvement in PL intensity was realized by
growing QWs at lower (As+Sb) fluxes, but it came with an undesirable side effect
of slightly shorter emission wavelength. In order to extend the wavelength again, we
tried increasing the indium content to 41% despite the potential problem of reduced
thermal stability against self-annealing. Interestingly, we did not find any sign of
inferior thermal stability of a 41%-In QW compared to a 39%-In QW as shown in
Fig.3.30, which would imply that a 41%-In QW can survive the 2.5-hour self-annealing
just as well as a lower-In QW does. Though this contradicts our previous hypothesis
that a 41%-In QW is irreversibly damaged during 2.5-hour self-annealing, and the
cause of this discrepancy needs more investigation, this encouraged us to explore the
41%-In QWs further in the hope that the 41%-In QW may be thermally stable enough
to be useful for GaInNAsSb lasers.
We grew two GaInNAsSb PL samples for emission wavelength around 1.5µm, one
with 39% In and the other with 41% In. They were both grown at ×9 (As+Sb)/III flux
ratio as measured in BEP(Beam equivalent pressure) and at the growth temperature
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Figure 3.33: PL intensity and wavelength after self-annealing of plain PL samples

of 440o C, to achieve the optimum PL intensity as described in the previous section.
After growth, each wafer was cleaved into quarter-wafer pieces, and 2 pieces of each
wafer are loaded back into the MBE chamber. One piece of each wafer is annealed in
the MBE chamber at the GaAs/AlGaAs growth temperature of 580o C(measured by
the pyrometer) for 2.5 hours to emulate the upper cladding growth for edge-emitting
lasers, and the other piece is annealed at the same temperature for 6.5 hours to
emulate the upper DBR growth for VCSELs. The growth of each PL sample involves
a 12-minute growth of a 50-nm GaAs cap layer, so the total self-annealing time is 2.7
hours and 6.7 hours for each piece, respectively. Arsenic pressure was applied during
the in-situ annealing to prevent arsenic desorption from the surface.
Figure 3.33 shows the PL peak intensity and wavelength after self-annealing only,
with no additional ex-situ annealing. Our concern with the 41%-In was that it may
degrade by over-annealing when it is ’self-annealead’ during the growth of upper
structures of lasers, but we did not see any such degradation from this result.
Moreover, when we apply additional 1-minute ex-situ annealing to the 41%-In
samples after 0, 2.5-hour, and 6.5-hour self-annealing, we see additional PL improvement and wavelength blueshift for 2.5-hour and 6.5-hour self-annealed samples as
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Figure 3.34: Results of additional ex-situ 1-minute annealing of 41%-In plain PL
samples after 0-, 2.5-, and 6.5-hour self-annealing
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shown in Fig. 3.34, in the same way as we see without self-annealing. Although
longer self-annealing results in higher PL intensity and shorter wavelength for lower
ex-situ annealing temperatures, all three samples reach similar PL intensity and wavelength for higher ex-situ annealing temperature. Moreover, longer self-annealing gives
higher optimum PL intensity, although the difference is not large. Now it seems very
clear that hours of self-annealing during edge-emitter upper-cladding growth and even
thicker VCSEL upper-DBR growth does not cause over-annealing degradation, even
for a high In content of 41%.
This is a very encouraging result, but we still had doubts because of our previous
disappointing experience with 41%-In QWs. Noticing that the PL samples differ from
actual laser structures in that PL samples do not have doped AlGaAs claddings, we
grew another PL sample with a more laser-like structure to more faithfully reproduce
the conditions that a QW is placed in during self-annealing. This laser-like PL structure is essentially an edge-emitting laser structure, only with thinner claddings for
more efficient PL measurement. It has a 500-nm thick Al0.4 Ga0.6 As bottom cladding
with n-type doping of 1018 cm−3 and a 100-nm thick Al0.4 Ga0.6 As top cladding with
p-type doping of 1018 cm−3 , while an edge-emitter structure has 1.8µm-thick claddings
on both sides. After growth, this laser-like PL sample was cleaved into quarter wafers
and two quarters pieces were annealed for 2.5 and 6.5 hours respectively in the MBE
chamber, at the GaAs/AlGaAs growth temperature of 580o C.
The result of PL measurement for ex-situ 1-minute annealing on the self-annealed
laser-like PL samples shown in Fig.3.35 shows a very similar trend with Fig.3.34. Some
PL improvement and wavelength blueshift happens in-situ during self-annealing, but
definitely no degradation happens due to self-annealing. There is also additional PL
improvement and wavelength blueshift by ex-situ annealing, which is an indication
that the QW is not over-annealed by self-annealing, although the QW seems to have
been almost fully annealed after 6.5 hours of in-situ self-annealing. In addition, the
similarity of annealing results for laser-like PL samples (Fig.3.35) to those for plain PL
samples (Fig.3.34) implies that the observed annealing properties are truly intrinsic
properties of the QW, rather than extrinsic properties influenced by the presence of
nearby AlGaAs layers or their doping levels, or distance of the QW to the surface or
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Figure 3.35: Results of additional ex-situ 1-minute annealing on ”Laser-like” PL
samples with 41%-In QW
the substrate.
It becomes clearer that the QW is far from being fully or overly annealed even
after 6.5 hours of self-annealing, when we apply long and cool ex-situ annealing to
the samples. Fig.3.36 shows that additional 2–3 times improvement in PL intensity is obtained by ex-situ annealing, even after many hours of in-situ self-annealing.
The apparent redshift of wavelength with longer annealing seems to contradict the
usual observation of blueshift under annealing, but we suspect this is due to the
non-uniformity of wavelength over the wafer. There is about 40nm difference in PL
emission wavelength between the center and the edge of a wafer, with the center emitting at a longer wavelength. This particular long-annealing experiment was executed
in such a way that pieces closer to center are annealed longer. If we remove the effect
of this wavelength nonuniformity, we expect to see negligible wavelength shift after
20 minutes.
These laser-like PL samples were also useful as benchmark samples for optimizing
the annealing process for actual edge-emitting laser or VCSEL wafers. When we
grow edge-emitting lasers or VCSELs, we grow a laser-like PL sample with nominally
the same QW composition along with lasers, preferably in the same day or at least
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Figure 3.36: Results of long-annealing at 620o C on laser-like PL samples with 41%-In
QW
within a few days. We determined the optimal annealing temperature and duration
by annealing and measuring the laser-like PL sample, and applied the same annealing
conditions to the laser wafers. This enabled us to determine the annealing conditions
at the beginning of laser fabrication, instead of having to anneal different wafer pieces
at a few different temperatures, fabricate them all into lasers, and then pick a good
one by measuring the completed lasers. In addition, as discussed in 3.2, annealing
at lower temperatures for long durations resulted in higher PL intensity and easier
process control than the 1-minute annealing at a few randomly chosen temperatures,
which had been previously administered. The results of edge-emitting lasers and
VCSELs using the new growth and annealing conditions are presented in the following
chapters.
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Chapter 4
Edge-emitting lasers
4.1

Laser structure

Edge emitting lasers were grown using the new growth and annealing methods discussed in the previous chapter. The laser structure is shown in 4.2, which is a simple
separate confinement heterostructure(SCH) ridge waveguide type. The active layer
is embedded at the center of the 460nm-thick GaAs waveguide core region. The bottom and top cladding are 1.8µm-thick Al0.33 Ga0.67 As layers. The bottom cladding is
doped n-type with Si, with the lower half doped at 3 × 1018 cm−3 and the upper half
at 7 × 1017 cm−3 . The upper cladding is doped p-type with C, with the upper half
doped at 3 × 1018 cm−3 and the lower half at 6 × 1017 cm−3 . 50-nm thick GaAs cap
layer is doped with C at 1 × 1020 cm−3 , to facilitate the formation of low-resistance
Ohmic contacts.
The active region is a 7-nm Ga.59 In.41 N.028 As.942 Sb.03 QW embedded between a
pair of 20-nm GaN.03 As.97 barrier layers. A laser-like PL sample, as discussed in the
previous chapter, was first grown and annealed at 620o C for a number of different
durations in the RTA chamber in the SNF(Stanford Nano-Fabrication) facility, to
determine the appropriate annealing condition. As shown in Fig.4.1, the optimum
PL intensity was achieved at about 10 minutes. To compare the effects of under, optimum-, and over-annealing the lasers, the wafer was cleaved into quarters after
growth and three of the quarter pieces were annealed at different durations (5,10, and
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Figure 4.1: Results of long-annealing at 620o C on laser-like PL samples with 41%-In
QW
15 minutes) at 620o C. Unfortunately, the 5-minute and 10-minute annealed samples
were damaged during later fabrication due to sample mishandling.
After annealing, ridge widths of 5, 10, 20 µm were defined using a combination of
lift-off of evaporated Ti/Au/Pt contact layer and a self-aligned etch was done through
the active region to the top of the bottom AlGaAs cladding layer. The etch depth
was monitored by reflectivity oscillations using an 820nm laser. The wafer was then
thinned to 120µm and Au/Ge/Ni/Au n-contact layer was deposited on the back side.
Laser bars were manually cleaved, with the cleaved facets naturally forming mirrors.
Lasers were mounted epitaxial-side up on an oxygen-free copper carrier with InSn
solder and the copper carrier was mounted on a thermoelectric cooler, which in turn
was mounted on a copper cooling block. More details about laser mounting and
testing can be found in Ref. [55].

4.2

SQW laser performance

Figure 4.3 shows the LI curve for the laser under pulsed and CW mode operation at an
ambient temperature of 15o C. The threshold current densities are 540A/cm2 in pulsed
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Figure 4.2: Schematic of the edge-emitting laser.

mode and 554A/cm2 in CW mode. The external efficiency was about 40%, although
this number was a little noisy from sample to sample due to slight alignment errors
between the laser and the detection optics. The maximum output power was 750mW
(limited by the current supply, not the laser itself) in pulsed mode and 230mW in
CW mode, and the lasing wavelength is about 1.49µm at thermal rollover, as shown
in Fig.4.4.
The output powers and threshold current densities are on par with the results
of previous generations of lasers (e.g., CW threshold density 370A/cm2 , CW power
250mW, pulsed power 750mW for 1.55µm), but admittedly, it is rather disappointing
and surprising that the significant improvement in PL intensity as discussed in the
previous chapter did not result in improvement in laser performance.
As shown in Fig.4.5 and reported by Infineon researchers [5], the PL intensity
from GaInNAs(Sb) QWs and the laser threshold using such QWs have shown a strong
negative correlation (i.e., higher PL intensity leads to lower threshold current). Our
group has also observed such correlation multiple times in the past, and PL intensity
has been a very reliable guide to the expected laser threshold current. One notable
exception to this was encountered when we tried to increase the emission wavelength
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Figure 4.3: CW and Pulsed L-I curve for a 2050µm×20µm laser.
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by adding more In to the QW [122]. The PL intensity was good but the laser threshold
was quite high. High strain in the QW and the resultant low thermal robustness of the
QW against 2.5 hours of self-annealing during cladding layer gorwth were suspected
to be the cause of this departure from the previous correlation between PL and
threshold. As we decided to have 41% In in the QW for this generation of lasers
in order to compensate for the shorter wavelength from lower group-V flux growth,
we were once again concerned about this thermal robustness problem. But the selfannealing experiments presented in the previous chapter assured us that the QWs are
robust enough against the self-annealing during laser cladding growth. Now that the
QW quality is not affected during laser growth, a new explanation has to be found
as to why PL improvement did not translate into laser performance improvement.
Throughout previous optimizations of QW growth and annealing for better laser
performance based on PL measurement (e.g., deflection plates, addition of Sb, and
GaNAs barriers), the following assumptions were made, either explicitly or implicitly:
1) PL technique is sensitive to the defects in the QW material, and 2) laser threshold is
most dependent on the number of defects of the GaInNAsSb QW. As a novel material
with a large miscibility gap, GaInNAsSb seems to have satisfied these assumptions,
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resulting in the observed strong correlation between PL intensity and laser threshold.
In the following sections, we will investigate whether these two assumptions still hold
for the GaInNAsSb QWs and lasers studied for this thesis. The second assumption
is examined first.

4.3

Recombination mechanisms

Although recombination current due to defects has been an important factor for
GaInNAsSb-based laser threshold, it is not the only component of threshold current. The threshold current for an edge-emitting semiconductor is usually expressed
according to:

Ith = qV R(nth )
R(nth ) = Anth + Bn2th + Cn3th + Rleak

(4.1)
(4.2)

where Ith is the threshold current, q is the charge of an electron, V is the volume
of the active region, nth is the carrier density in the active region, and Rleak is the
leakage rate out of the active region. A,B, and C are coefficients for monomolecular,
radiative, and Auger recombinations, respectively.
The first-order term is due to recombination through defects, i.e., Shockley-ReadHall recombination. Assuming Boltzmann statistics, the defect recombination rate is
given by: [123, 124]
np − n2i
(n∗ + n)τh + (p∗ + p)τe
Et − Ec
= Nc exp(
)
kT
Ev − Et
= Nv exp(
),
kT

Rd =

(4.3)

n∗

(4.4)

p∗

(4.5)

where Et , Ec , and Ev are the energy levels of the defects, the conduction band
minimum, and the valence band maximum, respectively, and τe and τh are electron
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and hole capture times, respectively. The capture times are related to the thermal
velocity, the capture cross-section, and the defect concentration as follows:
1
= ve,th σe Nt
τe
1
= vh,th σh Nt .
τh

(4.6)
(4.7)

The most effective recombination centers are those with energy levels close to the
middle of the gap, so-called deep-level traps. Assuming high injection and charge
neutrality which is typical for laser applications (i.e., n = p >> ni ) and deep-level
traps such that n = p >> n∗ , p∗ ), Eq.4.3 reduces to:
Rd =

n
.
τh + τe

(4.8)

Thus, defect recombination follows a linear dependence on carrier density in the
active region of lasers, and the defect recombination appears as Rd = Anth in Eq.4.1
with A = 1/(τh + τe ).
Spontaneous recombination of electron-hole pairs gives rise to the second-order
term Bn2th when Boltzmann statistics is assumed, because, following Fermi’s Golden
Rule, the spontaneous recombination rate is proportional to the product of the electron and hole Boltzmann factors.
The third-order term (Cn3th ) is due to Auger recombination, whereby an electronhole pair recombines and transfers its energy to another carrier, exciting it to a higher
energy state. Applying Fermi’s Golden Rule to calculate the transition rate while
assuming charge neutrality and Boltzmann statistics, the rate is proportional to the
cube of the carrier density, thus giving the third order term. The Auger coefficient C is
known to increase exponentially for smaller bandgaps [125], and it is also known that
InGaAsP/InP-based long-wavelength lasers suffer from Auger recombination [126,
127]. Operating in the same wavelength range (therefore similar bandgap range) as
InGaAsP/InP lasers, GaInNAsSb/GaNAs lasers are also very likely to suffer from
significant Auger recombination in the QW.
The last term, leakage current, is due to the carrier leakage through thermionic
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emission over a heterostructure barrier of finite height. The rate of carrier leakage is
theoretically derived [128–130] to be:
Jleak

4πqk 2 T 2 m
Eb − Ef
=
)
exp(−
3
h
kT

(4.9)

This equation is straightforward, but it only gives an upper bound to the leakage
current for a semiconductor laser, because this equation was derived assuming that
carriers do not come back after going over the potential barrier, while in a semiconductor QW laser carriers may come back by diffusion or be recaptured before
being lost by diffusing away or recombining. Actual leakage current is typically only
20%–30% of the value suggested by Eq.4.9 [125] and more complete analysis requires
consideration of diffusion parameters [125]. However, despite this complication, the
exponential dependence on temperature would always be valid.
In our GaInNAsSb/GaNAs QW lasers, there are three areas (layers) to which
carriers can leak.
• AlGaAs cladding layers
• GaAs SCH region
• GaNAs barriers
For the Al.33 Ga.67 As cladding layers used for this study, the hetero-barrier between
the GaAs SCH layer and the doped AlGaAs cladding layer is as high as 400meV [131],
so leakage over to the AlGaAs claddings is expected to be very small ( < 1A/cm2
) [132].
The band offset between the GaAs SCH layer and the GaInNAsSb QW is ∼500meV
for electrons and ∼160meV for heavy holes, as shown in Fig.4.6. This is larger than
or at least as large as the band offsets for InGaAs/GaAs lasers (Fig.4.7), for which
leakage to the GaAs SCH region is known to be not problematic [130]. Therefore,
it is fair to assume that leakage to the GaAs SCH region is not an issue for GaInNAsSb/GaNAs lasers either.
The band offsets for the GaNAs/GaInNAsSb interface are however much lower,
with ∼160meV for electrons and <100meV for heavy holes. This can lead to a large
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Figure 4.6: Band offsets of GaInNAsSb/GaNAs QWs measured by contactless electroreflectance. [133]

Figure 4.7: Band offsets of InGaAs/GaAs and InGaAsN/GaAs [6]
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carrier population in the GaNAs barriers. This large population would not be a
problem if the quality of GaNAs material is high, with most of the carriers eventually
relaxing to lower QW energy levels from which they recombine radiatively to give
rise to spontaneous emission or optical gain. On the other hand, if the quality of the
GaNAs barriers is poor, the carriers in the barriers will recombine non-radiatively,
giving rise to a ’leakage current’. This leakage current would be very sensitive to
temperature, as the carrier population in the barrier has an exponential dependence
on temperature through the Boltzmann factor in Eq.4.9. It has been found, unfortunately, that GaNAs layers are of relatively poor quality with a high concentration of
defects [73,92,97], so it is expected that leakage to the GaNAs barriers is a significant
component of threshold current [132]. From purely theoretical considerations, use of
GaAs barriers instead of GaNAs would be a natural solution to this problem, but in
practice GaNAs was introduced intentionally in order to overcome the material quality
problem by providing strain compensation to the highly strained GaInNAsSb/GaAs
QWs when emission wavelengths longer than 1.4µm are required [3, 23, 28, 79].
A closer look at the strain and bandgap of a GaInNAsSb/GaNAs QW (Fig.4.6)
reveals that the leakage problem is bigger than one might expect from the Boltzmann
factor alone, because the in-plane light hole mass in the GaNAs layer is a few times
larger than the in-plane heavy hole mass in the GaInNAsSb layer, due to the strain
effects [134]. Because the in-plane mass is proportional to the density of states, the
LH levels in the GaNAs barrier has a few times larger density of states compared to
the HH levels in the GaInNAsSb. Larger width of confinement for the holes in the
GaNAs barriers also increases the number of confined levels, further increasing the
number of available hole states in the GaNAs barrier. A simplified simulation of the
QW shows the severity of the situation, with the rapidly increasing density of states
above the barrier leading to significant hole population in the higher energy levels
(Fig.4.8).
Components of threshold current other than the spontaneous emission term represent unnecessary loss of carriers, increasing the threshold current and also degrading other performance metrics via increased junction temperature. For GaInNAsSb
QWs, we have been focusing on the defect recombination term for minimization of
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the threshold current, by measuring the PL intensity. However, other nonradiative
terms ( Auger and leakage ) have to be considered to achieve lower laser threshold as
dicussed above. Moreover, Auger and leakge terms also degrade another important
performance criteria, namely the temperature stability of lasers, so identification and
reduction of these terms is even more important. On the other hand, poor temperature stability of a laser can be a sign of presence of Auger or leakage processes.
The relationship between the components in the laser threshold and the temperature
stability is discussed in the following sections.

4.4

Temperature stability : Theory

Temperature stability of laser threshold is a very important parameter for commercial
viabibility of semiconductor lasers, because poor temperature stability often leads to
requirements of additional temperature control or bias point control, driving the
system cost higher. Poor temperature stability of InGaAsP/InP lasers due to their
small conduction band offset and Auger recombination is one of the reasons of high
cost of semiconductor laser systems for optical communications. The promise of
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better temperature stability thanks to a higher conduction band offset was one of
the important motivations for pursuing dilute nitride research [17]. This promise
has been more or less realized for 1.3µm lasers [30–35, 37–39, 130], but it has not
been really realized for 1.5µm lasers. Before jumping into our experimental results
of temperature stability measurements, we first discuss the theory of temperature
stability of laser threshold.
Temperature stability of threshold current is usually expressed by using the characteristic temperature T0 , assuming the following exponential relationship [125]:
Ith = Ith0 exp(

T
).
T0

(4.10)

T0 can be calculated from measurements of threshold vs. temperature using the
following equation [127]:
d[ln(Ith )]
1
=
T0
dT

(4.11)

The threshold current can be decomposed into a few components according to
Eq.4.1, and each component shows different characteristic temperature when it is
dominant, as discussed below. Eq.4.1 is repeated here for easy reference.
Ith = qV (Anth + Bn2th + Cn3th + Rleak )

(4.12)

The temperature dependence of the recombination coefficients A, B, and C is
expected to be [135, 136]:
A ∝ T 1/2

(4.13)

B ∝ T −1

(4.14)

C ∝ exp(−

Ea
)
kT

(4.15)

where Ea is the activation energy for the Auger process.
The threshold carrier density nth follows a slightly super-linear dependence on
temperature [127]:
nth ∝ T 1+x

(4.16)
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where x = 0 in an ideal QW in an ideal semiconductor laser. For real QWs for which
we have to consider occupation of higher subbands, carrier spillover, or temperaturedependent IVBA, x becomes positive, making nth more sensitive to temperature.
If defect recombination (Anth ) is dominant,
T0 =

T
.
1.5 + x

(4.17)

If spontaneous recombination (Bn2th ) is dominant,
T0 =

T
.
1 + 2x

(4.18)

If Auger recombination (Cn3th ) is dominant,
T0 =

T
3 + 3x + Ea /kT

(4.19)

where Ea is the activation energy for the Auger process. Ea is expected be 20–30meV
for phonon-assisted processes and ≤70meV for direct processes [127].
On the other hand, the leakage current is proportional to exp(− Ebarrier
), which
kT
leads to
T0 = T ∗

kT
Ebarrier

.

(4.20)

if leakage current is dominating the threshold current. ( Ebarrier is the effective height
of the energy barrier. ) T0 is thus larger for lower barriers and smaller for higher
barriers, although leakage current is less likely to be dominant for higher barriers. For
∼100meV barriers for holes in GaInNAsSb/GaNAs QWs, the leakage current could
actually dominate the threshold current density, driving T0 lower(∼ T /4).
In real semiconductor lasers, x is usually larger than 0, but smaller than 1 by
enough margin, so that T0 is relatively large when the threshold current is dominated
by defect recombination or spontaneous recombination, and T0 is smaller when the
threshold is dominated by Auger or leakage processes. For example, GaAs/AlGaAs
QW lasers and InGaAs/AlGaAs QW lasers show high T0 values ( 150–180K for
GaAs/AlGaAs lasers, and ≥200K for InGaAs/AlGaAs QW lasers [125] ) because
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they are dominated by the spontaneous recombination term. On the other hand,
InGaAsP/InP lasers in the 1.3–1.55µm range exhibit low T0 ( 50–70K ) due to Auger
recombination and leakage.
For 1.3µm GaInNAs/GaAs QW lasers, T0 values above 100K are routinely reported, along with low threshold current density (250–320A/cm2 ) [30, 31, 35, 39]. On
the other hand, GaInNAsSb/GaNAs QW lasers for ≥1.5µm have shown an interesting tradeoff between low threshold current density and high temperature stability.
Our first generation 1.5µm laser had good temperature stability (T0 =139K) but high
threshold current density (1.06kA/cm2 ) [51]. After improving the material quality
based on PL intensity measurements, the second generation of 1.5µm lasers showed
significantly improved threshold current density( 580A/cm2 ) but the temperature
stability degraded more significantly ( T0 = 73K ) [137]. This has been explained
by reduction of the defect recombination term by improving the QW material quality. Before the improvement, the threshold was dominated by defect recombination
leading to relatively high T0 . If we reduce the defects in the QW, then Auger recombination or leakage seem to dominate the threshold current, leading to much lower
T0 .
It can be easily expected that 1.5µm GaInNAsSb/GaNAs lasers would experience
more Auger recombination ( due to smaller bandgap ) and more leakage current
( due to lower GaNAs barrier than GaAs ) than 1.3µm GaInNAsSb/GaAs lasers.
Therefore, lower T0 for 1.55µm lasers is not surprising. However, it has not been
really clear whether Auger recombination or leakage is more responsible for the lower
temperature stability, and this issue requires more research.
In order to gain more insight into which process is dominating the threshold
current density, temperature stability measurement results are presented for the latest
GaInNAsSb/GaNAs QW lasers in the next section. T0 is an important parameter for
its own right, too, as it is a measure of laser stability. A few different QW structures
were tried looking for the possibility of improving T0 without excessive increase in
the threshold current density. In addition, measurement results from a segmented
contact method [138, 139] are presented that gave us more clue about the origin of
non-radiative recombination in the GaInNAsSb/GaNAs QW lasers.
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Figure 4.9: Pulsed L-I curve for a 2050µm×20µm laser.

4.5

Temperature stability measurements and Origin of nonradiative recombination

Temperature stability measurements for the same laser as in Fig.4.3 and Fig.4.4 are
shown in Fig.4.9 and Fig.4.10.
Similar to previous low threshold 1.5µm or 1.55µm lasers, this laser has a relatively
low T0 value, which implies that the threshold current is mainly dominated by Auger
or leakage processes. Low T0 also means that the threshold current has a steep
dependence on temperature. Fig.4.9 shows that the threshold nearly doubles as the
temperature changes from 15o to 65o C. In an effort to improve temperature stability,
we grew two more different QW structures as shown in Fig.4.11. In addition to the
standard single QW with 20nm GaNAs barriers that we have been discussing up to
this point, we also grew a 3QW laser and a SQW laser with thinner(10nm) GaNAs
barriers. With the 3QW lasers, we wanted to reduce the required gain per QW, thus
reducing nth and Auger recombination. With the thin-barrier lasers, we wanted to
reduce the amount of low-quality GaNAs material, in order to reduce the leakage
problem. We did not go all the way to removing GaNAs layers altogether, because
our previous attemps to use GaAs barriers resulted in very high laser threshold and
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Figure 4.10: T0 for a 2050µm×20µm laser.
high T0 which indicated significantly degraded GaInNAsSb quality due to lack of
strain compensation. It was hoped that 10nm GaNAs barriers would strike a right
balance between reducing barrier material (to reduce leakage problem) and providing
enough strain compensation(to improve GaInNAsSb quality).
T0 measurements for 3QW and thin-barrier SQW lasers are shown in Fig.4.12
and Fig.4.13. 3QW and thin-barrier SQW lasers show improved T0 compared to
the standard SQW with 20nm GaNAs barriers, but the improvement is not large :
only 10–15K, and 85–90K is still a relatively low T0 with poor temperature stability,
which implies that Auger and/or leakage processes are still dominant. Moreover,
this marginal improvement in T0 is obtained at the cost of higher threshold current
density. The threshold current density of a thin-barrier SQW laser was 855A/cm2 in
pulsed mode, and the 3QW laser showed threshold current density of 1263A/cm2 in
pulsed mode. For practical purposes, thin-barrier SQW or 3QW structures provide
no advantage over the standard SQW structure.
We also grew another 3 sets of lasers with the same standard SQW, 3QW, and
thin-barrier QW structures, with the only difference of higher nitrogen content, in
order to see the effect of higher nitrogen content: 3.1% instead of 2.8%. Their results
are shown in Fig.4.14. The 3.1%-N QWs show a similar trend to the 2.8%-N QWs,
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Figure 4.11: 3 different QW structures
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Figure 4.12: T0 for a thin-barrier laser, 2050µm×20µm.
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Figure 4.13: T0 for a 3QW laser, 2050µm×20µm.
with the 3QW and thin-barrier SQW lasers showing marginal (if at all) improvement
in T0 at the cost of a significant increase in the threshold. Higher nitrogen in the
QWs generally led to higher threshold and lower T0 . This can be explained equally
well by increased Auger recombination due to a smaller bandgap, or by increased
leakage due to decreased light-hole barrier1 .
Low T0 for all three QW structures indicate that highly temperature-sensitive
carrier loss mechanisms (i.e., Auger and leakage) are dominating the laser threshold.
This same conclusion that Auger and/or leakage is dominant has been obtained on
our previous generations of lasers [52, 55, 132], especially after improving QW quality
and laser threshold by reducing defects in the QW. Unfortunately, we have not been
able to clarify which one of the two mechanisms is dominating the laser performance.
This has to be determined in order to further reduce laser threshold and increase T0 .
In order to identify the most dominant mechanism in the laser threshold, the laser
samples were characterized using segmented contact method by our collaborators at
Cardiff University, UK. Under this method, an edge-emitting laser bar is fabricated
1

Due to limited number of effusion cells in the MBE growth chamber and the inverse proportionality of nitrogen incorporation with respect to the growth rate, we are forced to put more nitrogen in
the GaNAs layer as we increase nitrogen in the GaInNAsSb layer. With more nitrogen, the tensile
strain of the GaNAs layer increases.
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Figure 4.14: T0 and Jt h for all 6 sets of lasers.
with segmented contacts ( i.e., the contact metal is a collection of eqaul-length segments, rather than one long metal line ). The total amplified spontanoues emission
(ASE) spectrum is measured as a function of the pumped stripe length, from which
such parameters as spontaneous emission spectrum, internal loss and optical gain
spectrum can be calculated. The most interesting parameter to be extracted from
this measurement is the spontaneous emission current in real units, which is possible
with proper calibration. With this information, non-radiative recombination current
can be determined unambiguously. The details of the measurement can be found
in [138, 139].
The most important results from the segmented contact measurements are shown
in Fig.4.15 and Fig.4.16. In order to understand these two graphs, their x-axis parameter needs explanation, which is shown in Fig.4.17. The transparency point(TP)
is the photon energy at which the optical gain is 0 at a given driving current. The
absorption edge(AE) is the photon energy at which the net modal loss is 25cm−1 for
a SQW and 75cm−1 for a 3QW (i.e., about half of the maximum modal loss for an
unpumped QW). The separation between the TP and the AE is a measure of how
hard the QW is driven. Two different QW samples with the same TP–AE difference
can be considered to be being driven to the same separation of quasi-Fermi levels and
therefore the same carrier density per QW.
Fig.4.15 shows the nonradiative current per QW, for all 6 different QW structures.
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Figure 4.15: Non-radiative current divided by the number of wells. Closed red symbols
3.3%N, open blue symbols 3%N. Circles are thin barrier SQW, Triangles are thick
barrier SQW and squares are 3QW

Figure 4.16: Non radiative current divided by total barrier width. Closed red symbols
3.3%N, open blue symbols 3%N. Circles are thin barrier SQW, Triangles are thick
barrier SQW and Squares are 3QW
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Figure 4.17: Definition of the absorption edge and transparency point extracted from
the modal gain and loss spectra
The standard SQW (with 20nm GaNAs barrier), thin-barrier SQW, and 3QW lasers
all have different nonradiative current per QW, which suggests that Auger recombination or defect recombination is probably not the dominant mechanism, because
the non-radiative recombination current per QW would be independent of barrier
thickness or number of QWs if defect or Auger recombination were dominant.
On the other hand, Fig.4.16 shows nonradiative current per nm of GaNAs barrier
material. It is to be noted that the standard (thick-barrier) SQW, the thin-barrier
SQW, and the 3QW have a total of 40nm, 20nm, and 80nm of GaNAs barrier material,
respectively. In this figure, it is very interesting that the thick-barrier SQW and the
3QW lasers lie on the same line, indicating that for these two structures the nonradiative recombination is the same for the same thickness of GaNAs material, which
in turn implies that the leakage into and non-radiative recombination in the GaNAs
barriers is the most dominant non-radiative carrier loss mechanism.
It is interesting to note that in both Fig. 4.15 and Fig. 4.16, the thin-barrier
SQW lies significantly higher in the graph, indicating disproportionately higher nonradiative current. It is well known that 20-nm GaNAs barriers result in much better
QW quality than GaAs barriers due to strain compensation, and it is suspected that
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Figure 4.18: PL intensity of GaInNAsSb QW for 20nm, 10nm, and 0 GaNAs barrier
thicknesses
10-nm GaNAs layers do not provide enough strain compensation, resulting in poorer
material quality (i.e., more defects) in the QW. This hypothesis is corraborated in
Fig.4.18, where PL intensity degrades as the thickness of GaNAs barriers is reduced.
Another interesting point is that the comparison between higher-nitrogen and
lower-nitrogen samples does not show much difference in Fig.4.15 and Fig.4.16, which
refutes the previously highly-held conception that more nitrogen leads to more defects in the QW and degraded laser performance. In this experiment, non-radiatiave
recombination for a given TP–AE difference is the same, even for increased nitrogen
content, indicating the same QW quality. On the other hand, higher-nitrogen QWs
are found to have higher internal loss (12 vs. 6 cm−1 for thin-barrier SQW, and 18
vs. 14 cm−1 for 3QW [140]), leading to higher threshold current.
Now that leakage current appears to be the dominant carrier loss mechanism in
the active layer of the GaInNAsSb/GaNAs QW lasers, further improvement of laser
performance, including both T0 and Jth , should come from a reduction of this carrier
leakage component. As this leakage current results from the combination of low band
offset and poor barrier material quality, it can be tackled by either improving the
barrier material quality or increasing the band offset.

92

CHAPTER 4. EDGE-EMITTING LASERS

The quality of GaNAs barrier material was investigated by PL measurements of
GaNAs/GaAs QWs [92] and was found to be rather insensitive to growth conditions.
It is thus not clear whether the GaNAs quality has the potential for significant improvement. On the other hand, the addition of small amount of Sb to the GaNAs
layer was found to improve the quality significantly, while addition of large amount of
Sb degraded the material quality [92, 141]. This observation can be used to improve
the barrier material quality by using GaNAsSb layer with the proper Sb composition.
Unfortunately, in our system with a non-valved Sb cracker, it is not possible to change
the Sb flux fast enough between the GaNAsSb barrier and the GaInNAsSb QW to
adequately control the Sb composition. Thus, our growth process incorporates too
much Sb in the GaNAsSb layer when the proper amount of Sb is incorporated in the
GaInNAsSb QW. A valved Sb cracker or an additional Ga cell needs to be installed
on the MBE chamber in order to obtain higher quality GaNAsSb barriers.
Increasing the barrier height appears to be a more feasible solution with the current configuration of our MBE chamber, as a phosphorous cell is already installed,
which enables growth of GaAsP layers. GaAsP is tensily strained on GaAs and has
a higher bandgap than GaAs, so it satisfies both requirements of high barrier height
and strain compensation at the same time. This is a very promising opportunity
for improving GaInNAsSb lasers, but growth of GaAsP barrier layers also has its
challenges, especially with the unvalved GaP source we currently have. A significant
amount of phosphorous goes around the shutter even when it is closed, so a significant amount of phosphorous incorporates into the GaInNAsSb layer, increasing its
bandgap and possibly affecting its quality. The larger bandgap of GaAsP can also
affect the carrier capture efficiency into the QW. This will affect the PL samples and
lasers, reducing the observed PL intensity and/or the modulation speed of lasers.
Despite these challenges, growth of high quality GaInNAsSb/GaAsP QWs is being
attempted at the time of writing, which, if successful, can help realize low-threshold
and high-T0 lasers at 1.55µm on GaAs substrates.
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Chapter 5
1528nm VCSEL
Realization of vertical-cavity surface-emitting lasers (VCSELs) for communications
wavelengths of 1.3–1.6µm has been a very important motivation for the substantial
research efforts for GaInNAs(Sb) material. The advantages of VCSELs compared
to edge-emitting lasers include lower threshold current, better coupling with optical
fibers, better temperature stability of emission wavelength, much easier testing, and
the possibility of making 1-D or 2-D arrays for high-density interconnects.
However, VCSELs have not been available for some important wavelengths, especially the wavelengths approrite for fiber communications. Like conventional edgeemitting lasers, VCSELs are composed of an active region and a pair of mirrors around
the active region. Unlike the edge emitting lasers for which simple cleaved facets with
or without dielectric coating are sufficient as the mirrors, much more complex distributed Bragg reflectors (DBRs) are necessary for the mirrors for a VCSEL. These
are necessary because of the requirement to achieve very high reflectivity over 99%,
and a vertical configuration for the cavity. DBRs require high quality deposition of
many alternating layers of different refractive indices and GaAs provides the best substrate for making such DBRs, thanks to the availability of the AlGaAs alloy system
which provides good index contrast, good electrical/thermal conductivities, and close
lattice match to GaAs.
The challenge has been that emission in 1.3–1.6µm wavelength range was not
available from III-V alloys lattice-matched to GaAs substrates, until the discovery
94

95

of GaInNAs(Sb) [15, 17]. On the other hand, InGaAsP, which is lattice-matched to
InP substrates, is able to emit in the 1.3–1.6µm wavelength range, but it has lacked
a simple, reliable, and commercially viable DBR material technology despite many
efforts and some laboratory successes [142, 143].
GaInNAsSb material enables VCSELs in the communications wavelength range
by providing the long-awaited optical gain. VCSELs around 1.3µm wavelength were
realized [67,144] using GaInNAs QWs not long after the first reports of dilute nitrides
[15,16]. Since then, low threshold current (1–2mA), low threshold voltage (<2V), high
output power(0.8mW or higher) [44–46], and 10Gbps direct modulation [47, 145, 146]
have been reported.
On the other hand, GaInNAs(Sb) VCSELs over 1.5µm wavelength have been very
slow to be realized. The biggest hurdle has been the difficulty of achieving high-quality
QWs for longer wavelengths, as more indium and nitrogen must be incorporated. This
problem was greatly alleviated by the addition of antimony [91, 147], but it still took
significant time and effort to improve the QW quality and achieve low-threshold edgeemitting lasers [96, 122, 148], the first VCSELs at 1.46µm VCSEL [53] and then at
1.53µm [54]. Despite significant efforts, these VCSELs have not achieved continous
wave(CW) operation at room temperature.
In addition to the QW quality problem, low loss DBRs also posed significant challenges for 1.5µm or longer-wavelength VCSELs, because the index contrast between
GaAs and AlGaAs layers is smaller and the free carrier absorption is larger for longer
wavelengths. There also have been practical issues with our MBE system, such as the
difficulty of thickness control due to flux fluctuation from the effusion cells and the
random quality problems either due to the ”mystery” pressure burps in the chamber
and the instabiilty of the plasma cell.
We were able to achieve CW operation near room-temperature and pulsed operation at room temperature for a 1528nm GaInNAsSb VCSEL by combining improvmenets in the MBE chamber, growth and annealing conditions that have been
researched over many generations of graduate students and careful design and control of the thicknesses and doping of the epitaxial layers. The current VCSEL design,
growth, fabrication, and results are described in the following sections.
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5.1

Structure and design

The gain and loss in a VCSEL should satisfy the following equation for lasing to
occur [149]:
Γz gth = Γz αac + (1 − Γz )αSCH +

1
1
ln
2L R1 R2

(5.1)

where L is the length of the cavity, Γz is the longitudinal (i.e., vertical for a
VCSEL) confinment factor, and αac and αSCH are internal losses from the active
region and the SCH region, respectively. According to [149], Γz = Γr d/L, where
d is the thickness of the active layer and Γr is a relative confinement factor, which
asymptotes to 2 when d is much smaller than L. Assuming Γr = 2 for simplicity as
we are dealing with QW active layers, the equation can be rewritten by multiplying
both sides by 2L to get an equation of gain and loss per round trip.
4dgth = 4dαac + 2(L − 2d)αSCH + ln

1
R1 R2

(5.2)

Assuming very high reflectivities for both mirrors, ln (1/R) can be approximated
by (1-R), so we have
4dgth = 4dαac + 2(L − 2d)αSCH + (1 − R1 ) + (1 − R2 )

(5.3)

The material gain at threshold gth follows the equation
gth = g0 ln(

ηJ
)
Jtr

(5.4)

with g0 around 1000 per cm and Jtr /η around 600A/cm2 measured by the segmented
contact method [140] for the standard SQW lasers described in the previous chapter.
Using this data and assuming a linear increase in gain and current density with
increased number of QWs, the round-trip gain (4dgth ) is calculated and shown in
Fig.5.1.
A SQW would be the best choice if we can guarantee very low round-trip loss, but
more QWs would be a safer choice considering the challenges facing the design and
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Figure 5.1: Round-trip gain for different number of QWs
growth of the DBR mirrors. On the other hand, too many QWs can be challenging to
grow and may also break the assumption of Γr = 2 as the total active region thickness
increases. We chose 3 QWs as a trade-off.
An upper-bound for αac can be found from the measurements of SQW edgeemitting lasers, where αi is found to be around 5cm−1 [140]. This αi contains losses
from both the active layer and the cladding, but if we assume all the loss is from the
active layer with confinement factor of 1.4% [55], αac can be estimated at 360cm−1
and 4dαac is about 0.003, or 0.3%.
αSCH can be assumed neglible as the SCH layer is undoped and the carrier density there would be quite small, even under strong forward bias thanks to the large
bandgap offset of GaAs from the GaInNAsSb QW.
Although not explicitly shown in the equations above, there is also diffraction (or,
scattering) loss due to the dielectric aperture when the aperture is defined by air or
oxide, or due to lack of index guiding when the aperture is defined by proton implant.
We chose to use oxide apertures defined by wet-oxidation of high-Al AlGaAs layer
[150,151], as it has the advantage of providing both optical and electrical confinement
at the same time.An analytical model for scattering loss due to dielectric apertures
is provided in [152], according to which we get an effective cavity length Lc = 2µm
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Figure 5.2: Results of the single-pass estimate for scattering loss for laterally abrupt
aperture [152]. The graph should be read based on two numbers, φ0 and F . ’a’ means
aperture radius.

and effective index step size ∆nd = 0.07, for a single-lambda cavity for λ = 1.55µm.
Then, for an aperture radius of 1µm the diffraction loss could be quite high (∼2%
per round-trip), but for a radius of 2µm , it decreases to about 0.4% per round-trip.
(φ0 = 0.56, and F∼1 for a=1µm and F∼4 for a=2µm, to be looked up in Fig. 5.2)
Comparing the gain as shown in Fig.5.1 with the calculated loss components,
we decided that we need to limit the round-trip mirror loss to less than 0.5%, as we
wanted to keep the threshold current density below 10kA/cm2 to minimize heating for
CW operation(thus limiting the round-trip gain below 1.5%) and have some margin
for unexpected losses that arise from ignored factors in the theoretical calculations or
from variations during growth or fabrication.
Although the GaAs/AlAs-based DBR technology is very well established for shorterwavelength VCSELs on GaAs and its manufacturability and reliability are one of the
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key motivations for GaInNAs(Sb) VCSEL research for 1.3 or 1.55µm wavelength
range, different optical properties of the DBR materials present additional challenges
for long wavelength VCSELs. The contrast between the two materials becomes
smaller for longer wavelengths, necessitating more mirror pairs to provide a given
reflectivity. Another serious challenge is that the free carrier absorption and intervalence-band absorption (IVBA) increase for longer wavelength, increasing mirror
loss, especially for the p-doped DBR mirror 1 . Lower doping has to be used to limit
the optical loss, but then the elctrical resistance increases (again, more severe for the
p-doped mirror due to lower mobility), which leads to unnecessary device heating
and degradation of laser performance. Longer wavelength also means that each mirror pair has to be thicker, which exacerbates all these optical, electrical and thermal
problems. These problems have indeed made the realization of 1550nm VCSELs quite
challenging, especially when combined with the growth challenges for GaInNAs(Sb)
QWs for 1.55µm emission.
It is possible to circumvent the challenges for DBR design at 1.55µm by using
alternative structures, such as intra-cavity contacts or a tunnel-junction, instead of
the simplest structure with one n-DBR and one p-DBR illustrated in Fig. 5.3 as a
conventional ’PIN’ structure. The intra-cavity contact structure uses undoped layers for one or both of the DBR mirrors and currents are injected through highlydoped injection layers with electrical contacts placed between the active layer and
the DBR(s) [47, 48, 145, 146, 154]. The design of DBR mirrors becomes significantly
simpler, especially for the p-DBR, but it requires additional care and optimizations
for the best tradeoff between uniform current injection vs. lower optical loss. A
tunnel junction provides a conversion between n-type and p-type carriers with low
additional resistance, allowing us to use two n-DBRs instead of one n-DBR and one
p-DBR [42, 43, 155]. Without a high-optical-loss high-resistance p-DBR, it becomes
much easier to design the DBR mirrors. But this structure also requires significant
efforts to achieve high-quality growth with high doping confined to the thin tunnel
According to the experimental results in [153], the absorption coefficient for 1018 cm−3 p-type
GaAs is 13cm−1 at 1.3µm and 26cm−1 at 1.6µm. Very similar numbers are observed for InP and
In.4 Ga.6 As [153]. On the other hand, the absorption coeffiecient is about 5cm−1 for n-type GaAs at
1.55µm.
1
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Figure 5.3: Convetional PIN, intra-cavity, and tunnel-junction VCSEL strcutrures
junction and to test and optimize the electrical resistance.
Despite the challenges, we chose the simplest conventional structure composed of
a p-DBR, an undoped cavity, and an n-DBR because of its simplicity for growth and
fabrication, thus not having to worry about too many new factors at the same time
for our attempt to achieve the first room-temperature CW 1.55µm VCSEL.
For this conventional PIN structure, the p-DBR poses the biggest challange, due
to larger absorption and lower mobility for p-doped layers than n-doped layers. The
hetero-junction barrier between high-index and low-index layers is another important
factor that increases electrical resistance significantly, degrading the carrier movement
over or through the barrier exponentially with respect to the barrier height and thickness. This problem can be solved by using linear or parabolic composition grading
with delta- or step-doping profiles at GaAs/AlAs interfaces, as discussed in [156–159].
This can be done relatively easily in OMVPE(Organo-Metallic Vapor-Phase Epitaxy)
thanks to its capability of smooth compositional grading, but is not so easy in MBE
because only a small set of discrete compositions are available for a given growth
run, as the composition is controlled by opening/closing of the shutters in front of
a limited number of effusion cells, for which it is very hard to change the temperatures reliably on the fly. It is possible to emulate the linear or parabolic grading
using a process called ‘digital alloying’, whereby continuous grading is approximated
by fast switching between two different compositions while slowly varying the duty
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cycle. But this process requires a very large number of shutter operations, requiring
hundreds or even over thousand shutter operations per DBR growth, which presents
a significant reliability issue for the MBE machine. Especially problematic are the Ga
shutters, which can get stuck to the chamber wall because of wetting by the Ga melt
on them and then be bent out of shape when the shutter actuator tries to open/close
it forcefully. Use of externally-adjustable shutters greatly reduced the repair time
and the associated pain and risks of this shutter problem, but such a shutter problem
during a VCSEL growth is still very costly to recover from, setting us back by a few
days at best and a month or more in the worst case.
Therefore, we instead used step-wise composition grading for DBR interfaces to
limit the number of shutter operations, while still trying to minimize the electrical
resistance with minimum doping. The high-index layer is GaAs and the low-index
layer is 91% AlGaAs. There are 2 Ga cells and 2 Al cells in our System4 MBE chamber
used for DBR growth. To obtain the finest step-grading with minimum number of
shutter operations, we set the growth rates of Al1, Al2, Ga1, and Ga2 cells at 0.47,
0.23, 0.64, and 0.07 µm/hr respectively, and by following the sequence shown in Table
5.1, we get a 6-step grading in composition going from a GaAs to an Al.91 Ga.09 As
layer, over 30nm. Doping is higher in the graded interface (especially at the optical
nodes) than in the GaAs or Al.91 Ga.09 As layers, because the thermionic injection and
tunneling processes occuring in the graded interfaces have a much steeper dependence
on doping than the drift process occuring in a GaAs or Al.91 Ga.09 As layer. The base
doping level for the 91% AlGaAs layers was slowly increased from 3 ∗ 1017 cm−3 for
the innermost layers (i.e., closest to the cavity) to 2 ∗ 1018 cm−3 for the outermost
layers. Be was used to provide the slowly-varying low background p-doping for all
the layers, while C was added to increase doping in the graded regions2 . On the other
hand, much steeper 3-step grading over 5nm is chosen for the n-DBR ( using only
layer #0, 1, 4, and 6 from Table 5.1 ), as the resistance problem is much less severe
for the n-DBR due to the higher mobility and the smaller effective mass for electrons
than holes.
2

The Be effusion cell is harder to control quickly than the CBr4 source, and Be diffuses more
readily than C at high concentrations and while the wafer is heated up, i.e., during growth or
annealing.
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Layer index
0
1
2
3
4
5
6

Al1 Al2 Ga1 Ga2 Al composition(x in Alx Ga1−x As)
c
c
o
o
0
c
o
o
o
0.25
o
c
o
o
0.40
o
o
o
o
0.50
c
o
c
o
0.77
o
c
c
o
0.87
o
o
c
o
0.91

Table 5.1: Shutter operations (o/c for open/closed) and composition grading. Special
care was taken to reduce number of shutter operations, especially for the Ga shutters,
which are more vulnerable.

We calculated the reflection, absorption, and transmission of the DBR mirrors
using a multi-layer 1-D transmission matrix solver, while changing the number of
layers until a proper level of reflectivity is attained. We first considered growing on a
p-type substrate, thus placing the p-DBR at the bottom and the n-DBR at the top
to help minimize the resistance of the p-DBR(the bottom DBR has a wider effective
area, as the top DBR is etched down to form a cylindrical mesa, while the bottom
DBR is not etched). But it was not possible to achieve less than 0.4% mirror loss (=
absorption + transmission ) for the p-DBR due to the wide 30-nm grading and the
high IVBA, without reducing the doping level too much. Since there must be some
transmission loss in the upper DBR to guarantee that the external efficiency does not
suffer too much, we suspected that the total mirror loss might be too high with this
structure. On the other hand, if we grow on an n-substrate, the bottom n-DBR can
attain reflectivity over 99.97% (due to narrower grading region and lower absorption
loss) and the upper p-DBR can attain 99.6% reflectivity. The bottom n-DBR has 35
layers, and the top p-DBR has 23 layers in our current design.
The first (closest to the cavity) Al.91 Ga.09 As layer in the p-DBR also serves as
the oxide aperture. The uppermost 40nm of this layer is Al.98 Ga.02 As, obtained
by alternating Al.91 Ga.09 As and AlAs layers 10 times (digital alloying). Because
the oxidation rate is exponentially faster for higher Al content [160], the thin 98%
AlGaAs layer oxidizes laterally first, and then the 92% AlGaAs layer oxidizes slowly
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Chamber Name
Sources
System4
Al1 Al2 Ga1 Ga2 As
System5
Ga In
N
P
As
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C Be
Sb Be

Si
Si

Table 5.2: Current cell configurations for the two MBE chambers used for this thesis
work
downward. This results in a tapered profile of the oxide, with the aperture being the
narrowest at the optical node [161], which helps to minimize the scaterring loss.

5.2

Growth and fabrication

The VCSELs were grown in 3 steps in the two coupled MBE chambers. First, the
bottom n-DBR is grown in System4, which is the DBR machine with 2 Al and 2
Ga cells, and Si(n-type), Be(p-type) and CBr4 (p-type) cells for doping. Second, the
cavity, including 3QW, is grown in System5, which is the nitride machine with the
N rf plasma cell. Finally, the top p-DBR is grown in System4. The current cell
configurations for the two MBE chambers are shown in Table 5.2. Note that each
chamber can have only up to 8 cells.
An apparently mundane, but very important challenge for the growth of VCSELs
is the control of growth thickness. Just 1% error in the growth thickness of the DBRs
or the cavity results in cavity/mirror wavelength error of 15nm, which can cause
significant mismatch with the gain spectrum of the GaInNAsSb QWs, resulting in
higher threshold or no lasing at all. To assure correct thicknesses, several growth
calibrations were made immediately before VCSEL growth, with the sources at their
final temperatures. The source temperatures are determined to get the desired growth
rate, based on the previous calibration growths and the fluxes measured with the ion
gauge. For each of the aluminum sources in System4, a 1000nm AlAs layer was grown
on GaAs for calibration. Normal-incidence, white-light reflectivity spectrum of the
wafer was taken and matched to simulation using the thin-film solver(mff), to get
the actual AlAs growth thickness. Another 1000nm of GaAs is grown on top of the
AlAs layer, and reflectivity measurements and simulations are repeated to calibrate
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the GaAs growth rate.
Despite the growth rate calibration, the cells were found to be drifting with time.
This growth rate fluctuation was more common when older trumpet-shaped crucibles
were used, compared to newer SUMO cells from Veeco, which have a constriction at
the neck that better isolates the cell from the surrounding MBE chamber. They also
have a dual-zone heating system, with one heater at the tip and the other at the base
of the crucible. The gallium cell stability was greatly improved by keeping the tip
150-180o C hotter than the base [56], and this improved stability was a critical factor
in realizing previous 1.5µm-range GaInNAsSb VCSELs [53, 54]. On the other hand,
the 150-180o C temperature offset resulted in too many oval defects on the wafer3 , so
we chose larger difference (210-240o C) for the growth of the VCSELs in this thesis.
This reduced the oval defect density, but degraded the cell stability.
Moreover, the dual-zone heating can not be applied to the aluminum cells, because
aluminum has an unfortunate property of creeping up the crucible wall ( made of
PBN, or pyrolytic boron nitride ) and overflowing, which can short out the heater
filament and destory the cell permanently. The aluminum cells therefore are heated
by a single heater at the base only. We found the flux instability of the aluminum
cells quite significant, changing as much as 5% after a bottom DBR growth, which
took as long as 14 hours. Because of the long growth time and the larger tip-base
temperature difference, the stability of the gallium cells was not strikingly better than
the aluminum cells, routinely showing 1–2% variation after each growth.
If two growths are done back-to-back without any adjustment in between, the
cell may deviate in the opposite direction during the second growth cancelling out
the deviation during the first growth, but it may also continue drifting in the same
direction, resulting in 2–4% total deviation. The flux deviation after each growth
tends to be one-way (i.e., downward) when there is little material left in the cell, but
the deviation was more random when there is enough material in the cell, probably
as the surface area of the melt sprawls and shrinks randomly over time. For other
growths such as edge-emitting lasers, a few percent of flux variation is not so critical,
3

Gallium condenses on the tip if the tip is not hot enough. When the condensed droplets fall into
the gallium melt, small gallium droplets are spit onto the wafer [162]. Larger temperature difference
between the tip and the base reduces the condensation and the oval defects.
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but it is extremely critical for VCSELs. we thus chose to re-measure the growth rates
of the cells before the growth of each region(i.e., bottom DBR, active region, and top
DBR), so that we can adjust the cell temperatures in order to start the next growth
with correct fluxes. However, we did not go as far as repeating ’calibration growths’
between DBR growths, because one calibration run takes too long (2 days). Instead,
we depended on the fluxes measured by the ion gague to estimate the actual growth
rate at the moment, which turned out to be very accurate within 0.5%4 .
Despite these efforts, the reflectivity spectrum of the DBRs and the cavity resonance wavelength showed some deviation (up to 1%) from design, because we were
not able to monitor and control the growth rate on the fly5 . To compensate for these
deviations, we grew the GaAs SCH region above the active region intentionally thinner by 15nm than designed, so that compensation is possible even when the cavity is
thicker than designed and some thickness has to be removed from upper layers. After cavity growth in System5 and before p-DBR growth in System4, the reflectivity
spectrum is measured, and compared with simulation. Because the air/GaAs interface provides enough reflectivity, the cavity resonance can be easily observed. When
there is any deviation between the measured cavity resonance and the expected resonance, the error in the thickness of the cavity can be estimated and compensated for
by adding/removing an approriate thickness from the first GaAs part of the upper
p-DBR growth.
To further ensure against any unexpected problems during growth, including wavelength errors, we grew two VCSELs with two different resonance wavelengths, 1540nm
and 1560nm. Each of them showed 15-25nm wavelength error (shorter than designed)
right after the bottom DBR growth, so we decided to revise their resonance wavelengths to 1525nm and 1550nm, respectively, to ensure the bottom DBR reflectivity
spectrum is not too far off from the resonance. After cavity and upper DBR growths
using the corrections described above, each showed a cavity resonance at 1532nm and
4

The reflectivity measurement and simulation used for the calibration growth can not provide
better than 0.5% accuracy, either.
5
We considered using RHEED oscillations or reflectivity measurement for in-situ growth rate
monitoring, but both methods suffer too much from wafer wobble, the same problem that plagued
the emissivity-compensated pyrometry (See Section 3.1.2).
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1553nm, respectiviely, at the center of wafer. This is up to 0.5% deviation either from
the original wavelength targets or from the revised targets.
One unfortunate problem that occurred during growth was that the CBr4 source
that provides the carbon doping for the p-DBR did not control the CBr4 properly,
doping the inner-most DBR layers at several 1018 cm−3 ’s, which was 5-10 times higher
than intended. We did not notice this problem until we had already grown a few
p-DBR layers for the second VCSEL, which was too late to correct the problem.
Without this problem, we expect the VCSELs would have shown better performance,
such as lower threshold or higher output power, than reported here.
After growth of the VCSELs, they were annealed in an RTA for 7 minutes at
670o C, which was determined by finding the optimal annealing condition for a PL
sample that was grown on the same day and treated with the same self-annealing in
the MBE chamber as the VCSEL wafers. Ring-shaped Ti/Pt/Au contacts were first
defined by lift-off method. Cylinder-shaped mesas ranging in diameter from 18 to
36µm were defined by lithography and DRIE etching down to the top of the bottom
DBR. Wet oxidation of the oxide aperture was carried out in the GaAs oxidation
furnace filled with N2 gas saturated with water. Fabrication is completed with the
deposition of Au/Ge/Ni/Au contact layer on the wafer backside, and the wafer is
annealed at 420o C for 1 minute for Au/Ge/Ni/Au contact alloying.

5.3

Measurements

The VCSELs were mounted epi-side up on a copper chuck for testing. Below the
copper chuck was a thermoelectric cooler (TEC), feedback-controlled to maintain a
constant temperature. The n-side electrical connection is made through the copper
chuck and the bottom n-contact of the VCSEL wafer, and the p-side electrical connection is made by placing a probe tip on top of a top ring contact. Optical output
power is measured using an integrating sphere and a Thorlabs PDA400 amplified
photodetector, and the emission spectrum is measured by coupling the light output
into a 62.5µm multimode fiber through collimating lenses. The whole measurement
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Figure 5.4: Pulsed LI curve for 17µm diameter aperture.

setup was wrapped in a plastic bag, which was purged with dry air to avoid moisture condensation on the devices when low temperatures below the due point were
necessary.
We observed room-temperature pulsed-mode operation at 1528nm for a 17µmdiameter aperture VCSEL, as shown in Fig.5.4 and Fig.5.5. The threshold current is
20mA, and the bias voltage is about 6V at threshold. To the best of our knowledge,
this is the first room-temperature 1528nm VCSEL monolithically grown on a GaAs
substrate. Previous VCSEL reports from our group achieved the first monolithic
GaAs-based VCSELs at 1460nm [53] and at 1534nm [54], which were all important
milestones, but they all lased in pulsed mode only when cooled below −15o C, with
significantly higher threshold current(>60mA) and higher voltage at the threshold
(about 20V) [53].
We also observed near-room-temperature CW operation for a 7µm-diameter aperture VCSEL, as shown in Fig.5.6. The threshold current is very low at 3mA, and
CW operation persists up to 15o C. We failed to measure a CW spectrum because the

108

CHAPTER 5. 1528NM VCSEL

Figure 5.5: Spectrum of a pulsed 1528nm VCSEL at 1.2× threshold.

-5oC

o

5C

o

15 C

Figure 5.6: CW LI curve of a 7 µm-aperture VCSEL
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probe tip was very unstable on the small top contact, slipping away at a small vibration of the testing setup. For future generations of VCSELs, it would be beneficial to
apply planarization and provide a larger probe-landing area for the top contact, for
easier testing as well as better heat-sinking.
This is the first-ever CW VCSEL on GaAs to the best of our knowledge, which is
a very important milestone, even though the CW output power (3µW) is quite low.
Part of the reason is believed to be the CBr4 control problem that occurred during
the p-DBR growth, resulting in much higher doping than intended. As this caused
higher optical loss in the mirror, the external quantum efficiency is quite poor as more
optical power is lost by absorption in the DBR mirror rather than emitted through
the top mirror. (The slope efficiency shown in Fig.5.6 is quite low, 1.4mW/A.)
Another problem is that the voltage drop across the DBRs is still quite high.
6V bias voltage at threshold is much higher than the bandgap of the GaInNAsSb
material, which means that about 5V is dropped across the DBRs, mainly the higher
resistance p-DBR. Unintended higher doping due to the CBr4 source problem might
have slightly alleviated this resistance problem, but it is still clear that the 6-step
grading used in our MBE growth is very far from being optimal, as abrupt heterobarriers are still present severely limiting carrier transport. One possible way to solve
this problem is to combine the strengths of OMVPE and MBE, by growing the DBRs
(especially the p-DBR) in OMVPE for its superior ability of smooth grading and
growing the GaInNAsSb QWs in MBE for its superior growth quality for GaInNAsSb,
as has been demonstrated for 1.3µm VCSELs [49]. We actually have two p-type GaAs
wafers ready with p-DBRs grown in MOVPE, so that we can grow QWs and the nDBRs on top of them using MBE, to realize low operating voltage. This would be
the first thing to try for a future generation of VCSELs.
Another possibility is using newer generations of MBE machines that have vertically instead of horizontally configured cells and have a dozen or more sources, so that
smaller-increment multiple-step grading is possible with nearly the same effectiveness
as grading in MOVPE, as reported for 1.3µm VCSELs [50]. Other possible approaches
are intra-cavity contacts [47,48,145,146,154] and tunnel junctions [42,43,155] as illustrated in Fig. 5.3. These techniques have been successfully demonstrated for 1.3µm
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GaInNAs VCSELs, and there is no reason to expect these techniques woult not work
for 1.55µm VCSELs. They will be explored for future generations of 1.55µm VCSELs.
The high temperature sensitivity (i.e., low T0 ) of the GaInNAsSb/GaNAs QWs
discussed in the previous chapter is another important challenge that is limiting the
output power and the temperature range of CW operation. As was discussed in the
previous chapter, leakage of carriers into and recombination in the GaNAs barrier
layers seem to be the dominant cause of this poor temperature-stability, and adoption
of GaPAs barriers instead of GaNAs can alleviate this problem.
In summary, we demonstrated the first room-temperature pulsed operation and
the first near-room-temperature CW operation for 1528nm VCSELs grown on GaAs.
The output power and the operating temperature range is still inadequate for commercial deployment, but these VCSELs were limited by an one-time unexpected equipment problem and the simplistic PIN structure with sub-optimal step-graded DBRs
due to limitations of our MBE chamber. None of these are fundamentally intractable
problems. If we solve the high resistance problem of the p-DBR by better grading in
the p-DBR layer interfaces, tunnel junctions, or intra-cavity contacts, and improve the
temperature sensitivity of the QWs by employing a new barrier material, 1.5-1.55µm
VCSELs operating CW with higher output power and higher operating temperature will be possible and represent significant advance toward providing affordable,
high-speed optical networking to every home.

Chapter 6
Conclusion
This thesis presented the efforts of the author and previous students to achieve lowthreshold and high temperature-stability edge-emitting lasers, and room-tempearture
CW VCSELs at 1.55µm using GaInNAsSb on GaAs grown by MBE.
Very low threshold (318A/cm2 pulsed, and 373A/cm2 CW) and high-power(>1W
pulsed, 430mW CW) edge-emitting lasers at 1.55µm [52], and the first 1.53µm VCSELs [54] had been realized through numerous growth optimizations by several generations of students over the years. However, the temperature stability of the edgeemitting lasers remained relatively poor(T0 in the range of 60K), and the VCSELs
worked only in pulsed mode at sub-zero temperatures.
A new annealing condition was found which increased the peak PL intensity after
annealing by a factor 2, while also making the process control far easier by opening
a very wide optimum-annealing window. A new growth condition (lower As and Sb
fluxes) enabled the peak PL intensity to improve by a factor 2. These new annealing
and growth conditions were found to combine with each other, resulting in a total
improvement in the peak PL intensity by a factor of 4. This improved quality was
found to persist through the self-annealing, which the QW experiences for several
hours while upper cladding layers or upper DBRs are being grown.
The significantly improved peak PL intensity, however, did not lead to a significant
improvement in the laser threshold or temperature stability. Poor temperature stability for 3 different QW structures indicate that the laser threshold current is dominated
111
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by either Auger recombination or leakage current. Segmented contact measurements
conducted by J. Ferguson [139] showed that the non-radiative current of the lasers is
very closely proportional to the total amount of GaNAs material, which implies that
the leakage current is the most dominant mechanism for the threshold current and
the poor temperature stability. Either improvement in the barrier material quality
or increase in its bandgap is needed to overcome this problem, and GaAsP material
is currently being investigated as a candidate to provide large bandgap while also
providing strain compensation to the highly compressively-strained GaInNAsSb QW.
The first-ever near-room-temperature CW VCSEL at 1528nm on GaAs is demonstrated, which is a significant milestone toward realizing very low-cost light sources for
extending the high-speed optical network all the way to the end users. The CW output power is still low (3µW), but this VCSEL was affected by a few non-fundamental
problems, such as the one-time unexpected equipment problem and the simplistic PIN
structure with sub-optimal step-graded DBRs due to limitations of our MBE chamber. In addition to the efforts to improve the QWs, various approaches will be tried
for future generations of VCSELs to reduce the electrical resistance in the p-DBR.
As near-room-temperature CW operation is demonstrated with clearly sub-optimal
DBR designs and unintended ×5-10 over-doping in the p-DBR layers, it seems clear
that room-temperature CW 1.55µm VCSELs is very close to actually contributing to
the development of inexpensive fiber communications networks.
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