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Abstract

Fiber optics has revolutionized long distance communication and long haul networks,

allowing unimaginable data speeds and noise-free telephone calls around the world

for mere pennies per hour at the trunk level. But the high speeds of optical fiber

generally do not extend to individual workstations or to the home, in large part

because it has been difficult and expensive to produce lasers which emitted light at

wavelengths which could take advantage of optical fiber.

One of the most promising solutions to this problem is the development of a new

class of semiconductors known as dilute nitrides. Dilute nitrides such as GaInNAs

can be grown directly on gallium arsenide, which allows well-established processing

techniques. More important, gallium arsenide allows the growth of vertical-cavity

surface-emitting lasers (VCSELs), which can be grown in dense, 2D arrays on each

wafer, providing tremendous economies of scale for manufacturing, testing, and pack-

aging. Unfortunately, GaInNAs lasers have suffered from what has been dubbed the

“nitrogen penalty,” with high thresholds and low efficiency as the fraction of nitrogen

in the semiconductor was increased.

This thesis describes the steps taken to identify and essentially eliminate the ni-

trogen penalty. Protecting the wafer surface from plasma ignition, using an arsenic

cap, greatly improved material quality. Using a Langmuir probe, we further found

that the nitrogen plasma source produced a large number of ions which damaged

the wafer during growth. The ions were dramatically reduced using deflection plates.

Low voltage deflection plates were found to be preferable to high voltages, and sim-

ulations showed low voltages to be adequate for ion removal. The long wavelengths

from dilute nitrides can be partly explained by wafer damage during growth. As a
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result of these studies, we demonstrated the first CW, room temperature lasers at

wavelengths beyond 1.5µm on gallium arsenide, and the first GaInNAs(Sb) VCSELs

beyond 1.31µm: 1.46µm. These techniques offer the promise of inexpensive, high

speed fiber networking.
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Errata

1. Several additional minor grammatical errors have been corrected in this version of

the thesis. In particular, which had frequently been used in place of that in restrictive

clauses. The British usage of which for some restrictive clauses can avoid confusion

with finite noun component clauses (e.g. “That no one was hurt is a miracle.”) but I

have yielded to strict American usage. (The confusion is avoided in common speech by

emphasis and a subtle change in pronunciation—at least in the U.S. midwest: Thăt′

dog vs. The dog′ th et....) In any event, these changes do not affect any technical

content.

2. In Section 4.8, the text referring to Figure 4.27 (PL with & without arsenic

capping) has the two samples reversed. This measurement has been repeated for

verification, and the figure and caption are actually correct. The discrepancy between

PL and other results was explained upon re-examination of the growth logs for these

particular samples. The sample with the arsenic cap was subjected to a prolonged

exposure to the plasma after the cap was removed, but before the beginning of GaAs

growth. The damage from this prolonged exposure outweighed the benefits of the

arsenic cap, leading to a decrease in photoluminescence. The uncapped sample had a

very short exposure. Thus it can be argued that the arsenic capped sample is, in fact,

the more heavily damaged of the two, which explains the lower PL intensity. This

does seem to detract from the main theme of the section (i.e. that an arsenic cap

promotes better material), but we believe the subsequent laser results are conclusive.

All of the laser growths had the shortest exposure possible, and the laser results are

directly comparable. If anything, this serves to reinforce the discovery that early

damage to the wafer before the QWs can still affect the QWs.
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Chapter 1

Introduction

Optical fiber communication requires lasers with wavelengths in the near infrared,

from 1.2-1.6µm. Wavelengths near 1.31µm and 1.55µm are particularly important,

since they represent the low-dispersion and low-loss regions, respectively, of optical

fiber. Dilute nitrides such as GaInNAs have been developed for 1.31µm applications,

but lasers at the longer wavelengths have been elusive due to the destructive effects of

nitrogen in the alloy. Vertical cavity surface emitting lasers (VCSELs) are particularly

important due to their single-mode operation and wavelength stability without the

need for e-beam lithography. VCSELs also benefit from wafer-scale fabrication and

testing, the ability to create dense arrays of lasers, and the ease of fiber coupling.

Creation of VCSELs at wavelengths near 1.55µm is a driving interest. This thesis

presents the longest wavelength VCSELs ever demonstrated on GaAs. VCSELs will

be shown with a pulsed wavelength of 1.46µm at 0◦C, a significant step beyond

existing lasers at 1.31µm.

To reach this result, several improvements have been made to the growth and

understanding of dilute nitrides. The output from our nitrogen plasma had long been

assumed to be ion-free, but a detailed measurement that used the beam flux monitor

as a Langmuir probe indicated that a significant number of ions were reaching the

wafer, at energies up to 35eV. The Langmuir probe also showed that moderate volt-

ages were sufficient to deflect ions from the plasma output, and photoluminescence

showed that moderate voltages were in fact preferable to high voltages. In addition,

1
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it was discovered that the ignition of the plasma caused damage to the wafer, and

that the plasma was unstable for up to 20 minutes, so an arsenic capping technique

was developed to protect the wafer surface during plasma ignition and stabilization.

By comparing these two forms of wafer damage, it was found that damage itself

contributes to the long wavelength emitted by dilute nitrides, and changes the incor-

poration of nitrogen into the semiconductor during growth, which helps to explain

the role of antimony during growth and several inconsistencies among published re-

ports. Improvements were also made to VCSEL structural simulation and to control

of elemental sources during growth. These steps also significantly contributed to the

development of the first CW, room temperature lasers on GaAs beyond 1.5µm, with

threshold current densities lower than any other published reports beyond 1.38µm.

Record low photoluminescence linewidths for this range, and the first reported room

temperature exciton in GaInNAs were also demonstrated. These indicate the high

material quality and suitability for long wavelength modulators based on the quantum

confined Stark effect.

Throughout this thesis, units of microns (µm) refer to wavelength of light un-

less otherwise noted. Measurements in nanometers (nm) generally refer to physical

dimensions. For mixed alloys, the element(s) in parentheses are optional: in other

words, GaInNAs(Sb) refers to both GaInNAs and GaInNAsSb. Also, although in-

ternational standards call for the chemical formula of the material to be written as

“InGaAsN,” for consistency with prior publications from this group, this thesis refers

to the material as GaInNAs. Finally, as a matter of notation, “redshift” is used to

refer to a change in wavelength toward longer wavelengths, even if those wavelengths

are already well beyond the red portion of the visible spectrum. “Blueshift” refers to

a shift to shorter wavelengths.

The form of this thesis is in two parts: materials/growth, and devices/fabrication.

Chapter 2 provides a brief overview of the motivation and requirements for optical

fiber communication lasers. It will also present the method by which dilute nitride

lasers are grown, a technique called molecular beam epitaxy (MBE).1 Chapter 3 gives

a detailed background of the intrinsic properties of dilute nitrides, a review of the

1Or “mostly broken equipment.”



3

state of the art in Ga(In)NAs(Sb). Chapter 4 details how actually to grow high

quality material, with discussion of the properties that are under human control.

The major contributions to dilute nitride growth are presented here. As the first

device chapter, Chapter 5 will cover additional background material regarding lasers,

and then describe the growth and processing of record long wavelength vertical cavity

surface-emitting lasers with GaInNAsSb. Chapter 6 closes with a summary of the

work accomplished and suggestions for further work.

It is the nature of human endeavor that errors are made; it is the nature of science

to question and correct those errors. Just as this thesis shall attempt to correct the

errors of previous generations, others shall correct this work in time, although it is

naturally hoped that the errors here are less significant and fewer in number.



Chapter 2

Background

2.1 Motivation for Dilute Nitrides

The introduction of nitrogen into semiconductor materials has opened up some of

the most exciting developments in compound semiconductors in several decades. Al-

though pure nitrides such as gallium nitride and indium nitride have found widespread

use for blue and ultraviolet diode lasers, another revolution has been quietly brewing

at the other end of the visible spectrum, in the infrared. It had long been expected

that adding nitrogen to gallium arsenide would lead to GaN-like properties, including

light emission in the visible. In an unexpected twist, Weyers, Sato, and Ando discov-

ered that adding a small amount of nitrogen to GaAs actually pushes the wavelength

of emitted light in the other direction, further into the infrared (IR)—contrary to

decades of experience in III-V semiconductors [3, 4]. These “dilute nitrides,” with ni-

trogen concentrations less than 5%, have opened the door for several key technologies

in the near-infrared, particularly for optical fiber communication.

Modern optical fiber is remarkably transparent, with losses less than 0.2dB/km.

In other words, light can travel ten miles in an optical fiber and still have half its

original intensity. But this is true only for certain wavelengths, or colors, of light. As

shown in Figure 2.1, absorption losses in the fiber are extremely low for wavelengths

from 1.2–1.7µm. These wavelengths are beyond the range of conventional GaAs-

based diode lasers, which can only cover wavelengths from 0.700–1.1µm. There is a

4



2.1. MOTIVATION FOR DILUTE NITRIDES 5

tradeoff between wavelength and speed or distance: longer wavelengths, near 1.55µm,

can travel longer distancesand still have sufficient power to overcome noise at the

receiver. Optical fiber has historically had a strong absorption peak near 1.4µm due

to OH bonds in the glass, so most commercial implementations of fiber networks have

focused at either 1.31µm or 1.55µm. However, Corning has developed low absorption

fiber that provides a low-loss window over the full 1.2–1.7µm range. Thus there are

applications waiting to use the 1.4µm window, but without adequate lasers.

The existing state of the art for lasers at these wavelengths is to use indium

phosphide-based materials. These lasers tend to be sensitive to changes in tem-

perature (a small characteristic temperature T0), and processing is somewhat more

difficult, with lower yield and smaller wafers. More importantly, InP-based lasers

for fiber communication are expensive, because they require electron beam lithogra-

phy to create distributed feedback (DFB) for stable, single-mode output at a single

wavelength.

And yet the demand for optical networking is strong. There is even an IEEE task

force (802.3sh, Ethernet in the First Mile) dedicated to bringing optical networking

to the home. Optical fiber networks are up to 1000 times faster than 10-base-T

ethernet, and fiber networks are already in use in local area networks (LANs), but

the limitations due to the use of short wavelengths (or expensive lasers) prevent the

deployment of optical networking beyond a relatively few, high-end servers. To solve

the “last mile” problem and bring fiber networking to end users requires not only

solving the oft-cited cost of laying fiber, but also the development of inexpensive

lasers.

There are two additional motivations for pushing to these longer wavelengths.

First, the human eye cannot focus these long wavelengths onto the retina, so there is

a greater margin of eye safety. This is the basis for the relaxed set of limits on Class I

laser power shown in Figure 2.2. Lasers can safely operate at higher powers without

risk of eye damage. This allows for faster data rates, longer distances, and/or more

wavelengths to be used in a fiber communication system. It also allows the laser to

be used in free-space optics, for gas sensing or point-to-point optical communication

links.
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Figure 2.1: Absorption in optical fiber vs. wavelength of light. Modern SMF-28e (and
LEAF fiber, not shown) have low attenuation even at the OH peak near 1400nm.
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The other motivation for long wavelength diode lasers is the operating voltage of

the laser. The voltage across the laser is roughly equal to the bandgap, 1 which is

inversely proportional to the wavelength of light emitted. Longer wavelengths corre-

spond to lower voltages. Conventional GaAs-based lasers emitting at 0.98µm have a

bandgap of 1.26V. High voltages are a nuisance if these lasers are to be incorporated

with standard silicon CMOS, which is predicted to be operating at 0.8V within the

next three years. On the other hand, a semiconductor emitting at 1.55µm has a

bandgap of exactly 0.8V, so integration with CMOS becomes much simpler.

With these advantages in optical fiber and integration with CMOS, the develop-

ment of an inexpensive laser material at 1.55µm would be a boon to long distance

and high speed optical networking. The ultimate vision of this project, therefore, was

to develop a laser material that could be used for optical fiber networking as simple

and inexpensive as ethernet is today, and to offer an alternative to indium phosphide

lasers up to 1.6µm.

The problem with dilute nitrides has historically been poor gain due to poor

material quality. Extensive theoretical and experimental studies have been performed

on the nature of the defects in dilute nitride materials, but the original causes of these

defects are uncertain.[5, 6, 7] It is difficult to grow good material with very reactive

species such as atomic nitrogen. Several important contributions of this thesis are

the identification and removal of the major types of defects in GaInNAs(Sb), such as

plasma damage early in the growth, as well as ion damage, which occurs during the

growth of actual GaInNAs(Sb) layers.

2.2 The Motivation for VCSELs

There are two major categories of semiconductor lasers: edge emitting lasers and

VCSELs, shown schematically in Figure 2.3. The edge emitters presented in Sec-

tion 5.2 are simple ridge waveguides: easy to grow, and easy to process a few devices

1The forward diode voltage is slightly less than the bandgap, but resistance usually makes up
more than the difference.
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Figure 2.3: Edge emitting laser (left) and VCSEL (right) cross sections. Not to scale.
For edge emitting lasers, the Bragg mirrors shown may extend over most of the top
surface (e.g. DFB lasers) or be absent completely (simple ridge waveguides).

for research purposes. The edge emitters that are used for fiber communication, how-

ever, are more difficult to process, because they require e-beam lithography to define

the λ/4 features for the Bragg mirror that makes a distributed feedback (DFB) laser.

The focus on low-cost lasers entails a focus on devices that can be grown, fabri-

cated, and tested in a large scale. Dilute nitrides are particularly attractive because

they can be grown on gallium arsenide, which allows the use of AlGaAs for distributed

Bragg reflector (DBR) mirrors for vertical-cavity, surface-emitting lasers (VCSELs).

VCSELs can be fabricated and tested on a large scale (wafer scale, with 6” or larger

GaAs wafers). Unlike the expensive electron beam lithography required for InP-based

DFB lasers, VCSELs have no lithographically-defined critical dimensions, so process-

ing is significantly easier. Also, the testing of VCSELs is much simpler because the

entire wafer full of devices can be tested by an automated probe station, and only

good, working devices need be packaged. For edge emitting lasers, the wafer must be

thinned, cleaved, and devices packaged before they can be tested, increasing overhead

costs. Most importantly, because VCSELs emit light vertically from the top surface

of the wafer, they are much easier to package and align to an optical fiber. Packaging

represents a significant fraction of the cost for a diode communication laser.
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But VCSELs at long wavelengths have been slow in coming. InP-based lasers at

1.5µm lacked compatible materials for making good DBR mirrors, while GaAs-based

lasers, which have excellent DBR mirrors, lacked a compatible light emitting mate-

rial for the longer wavelengths. Even after Kondow developed the four-element alloy

GaInNAs [8], which emitted light at unprecedented long wavelengths, the bottleneck

to VCSEL development has been the lack of gain at long wavelengths. As a result,

the majority of this thesis represents efforts to understand and improve the poor op-

tical quality of dilute nitrides, and to further improve the growth of GaInNAs(Sb)

for application to lasers and other optoelectronic devices. This work culminated

in demonstrations showing that GaInNAs(Sb) has a higher oscillator strength (and

therefore more gain) than InP-based lasers. The first edge-emitting, room tempera-

ture, continuous-wave (CW) lasers on GaAs beyond 1.5µm were demonstrated, and

ultimately the first VCSELs on GaAs at 1.46µm, a step well beyond the best published

reports to date.

Table 2.1 shows the major milestones in the development of dilute nitrides, from

the first demonstration of GaNAs and GaInNAs (by Weyers and Kondow, respec-

tively) to the longest wavelength lasers to date, near 1.5µm.

2.3 Competing Technologies

A number of other solutions have been proposed for lasers at 1.3–1.6µm. These

include the predominant arsenide-phosphide alloys such as InGaAsP on InP, In-

GaAs quantum wells double-wafer-bonded between GaAs/AlAs DBR mirrors, In-

GaAlAs/InP quantum wells wafer-bonded to one AlGaAs DBR with a dielectric mir-

ror on the other side, InAs or GaAsSb quantum dots on GaAs with GaAs/AlAs

DBR mirrors, InGaAs/InP quantum wells on InP with quaternary bottom DBRs

and lattice-mismatched GaAs/AlAs top mirrors, InGaAs/InP quantum wells with

lattice matched AlGaAsSb mirrors, high-indium InGaAs, antimony-based DBRs on

InP, InGaAlAs with GaAs/AlAs mirrors, or InGaAsP with air gap mirrors. The

InGaAs and InGaAsP alloys on InP have already been discussed.

An extreme variant of long-wavelength InGaAs is to grow it on GaAs rather
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Table 2.1: Milestones in dilute nitride growth

1992 Weyers, Sato, and Ando grow GaNAs by low-pressure MOVPE with
NH3 plasma, report decreased bandgap.[3]

1993 Sakai et al. predict large bandgap bowing parameter, negative
bandgap.[4]

1994 Bharatan reports first GaNAs by MOMBE using ECR plasma.[9]
Kondow reports first GaNAs by GSMBE.[10]

1995 Kondow reports first GaInNAs. [8]
1997 Kondow demonstrates pulsed 1.22µm optically pumped edge emit-

ting laser.[11] Sato at Ricoh demonstrates 1.3µm optically pumped
edge emitter.[12] Larson, Kondow, et al. demonstrate 1.27µm opti-
cally pumped VCSEL.[13]

1999 Wang (at Columbia) and Harmand (at CNRS) simultaneously
started growing with Sb. Wang reports surfactant effect but not
incorporation.[14]

2000 Stanford reports first electrically-pumped VCSEL and first use of
GaNAs barriers. [15] Cielo/Sandia report first 1.3µm VCSEL, with
Infineon soon afterward. Many others follow. Shimizu (at Furukawa)
reports incorporation of Sb in GaInNAsSb [16, 17]. Forchel (at
Würtzburg) reports laser at 1.52µm, but this is not repeated [18].

2002 Stanford breaks 1.4µm for the first time repeatably on GaAs [19].
Takeuchi, Tan, et al. (at Agilent) report first MOCVD 1.3µm
VCSEL [20].

2003 Würtzburg and CNRS break 1.5µm nearly simultaneously. Stanford
demonstrates CW lasing at 1.51µm [21] and VCSEL at 1.46µm at
0◦C [22].

2004 Infineon demonstrates lasing at 1.49µm [23]. Stanford demonstrates
360A/cm2 at 15◦C pulsed and >1W at 25◦C CW.



2.3. COMPETING TECHNOLOGIES 11

than InP, and use a very high concentration of indium to reach long wavelengths.

If quantum dot formation can be suppressed, 40–50% InGaAs quantum wells could

be made with a simple and reproducible growth, and they would operate at higher

temperatures; 90◦C has been demonstrated [24]. However, the lifetime of devices

made with such extremely strained material is questionable, and it will not be possible

to reach wavelengths beyond 1.3µm with this technique.

Techniques that use GaAs/AlAs mirrors generally do so for two reasons. First,

unlike other materials grown on InP, GaAs and AlAs have very different refractive

indices, which is important for making DBR mirrors. The lack of a refractive index

contrast on InP means that phosphide-alloy DBRs must be grown very thick, even

60 mirror pairs, leading to substantial electrical resistance, as well as optical losses

due to sidewall scattering and diffraction. The other reason for GaAs-based DBRs is

because they have higher conductivity, both electrical and thermal.

The use of relaxed or metamorphic AlGaAs mirrors allows their growth on InP,

since the different lattice constants are matched by misfit dislocations along the inter-

face. However, dislocations also promote dark line defects, which limit device lifetime.

AlGaAsSb mirrors require extremely careful control over the mixed Group V fluxes.

They also suffer from high band offsets, leading to high electrical resistance [25].

The double-bonded wafer approach is surprisingly effective for producing low

threshold lasers, despite having two interfaces next to the quantum well that had been

exposed to air or etching. Thresholds as low as 4.2kA/cm2 have been demonstrated,

but this comes at significant fabrication cost: 3 growths on different substrates, 2

wafer bonds, and the etch removal of 1–2 entire substrates, stopping at very critical

layers. Also, current injection across the interface leads to local heating and leakage

current. There is also no high-temperature processing available, and yield is an issue

[26, 27]. The single-bonded approach with a single dielectric deposited mirror suf-

fers from the same difficulties, plus it must be driven through intracavity contacts.

Dielectric DBRs have very poor thermal conductivity. But the advantages include a

top emitting device and planar surface topology [28].

Self-assembled quantum dot (QD) lasers have been demonstrated with low thresh-

old currents [29, 30]. They offer the advantages of a simple growth (although initially
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calibrating the fluxes and growth pauses is nontrivial), and good optical and mechan-

ical properties. The first 1.3µm VCSEL on GaAs was based on QDs [31]. In principle,

the threshold of quantum dot lasers could be made entirely insensitive to temperature,

with exceptionally high gain on a single, narrow wavelength. In practice, quantum

dots suffer from low gain [2], poor thermal characteristics (carrier confinement), and

severe gain saturation. Stacks of QDs must be grown in order to provide sufficient

gain for a reasonably powered laser, otherwise the laser simply begins to operate from

the excited states in the QD. InGaSb QDs on GaAs have recently been demonstrated

[32] and share many of the same characteristics as InGaAs QDs, both good and bad.

Self-assembled quantum dots have been grown using dilute nitrides [33, 34], but these

appear to inherit the worst characteristics of both approaches. Dilute nitrides tend to

segregate when allowed to go to thermal equilibrium, but quantum dots are designed

to do just that.

Little is known about the proposed InGaAlAs/InP lasers for 1.3µm that have been

reported by the company E2O. This company has made promising claims regarding

an improvement in reliability and thermal stability with this material system, but

these results have not been published to the best of the author’s knowledge.

The prospects of VCSELs based on air gap DBRs appear to be poor, except as a

research tool, due to current crowding and a tunnel junction that limits the device due

to a voltage drop and heating. Heating is especially problematic for air gap DBRs,

which are almost ideal thermal insulators. This technique also requires InP growth,

and leaves an unterminated surface immediately above and below the quantum well,

which introduces device lifetime issues. On the other hand, the huge contrast in

reafractive index between GaAs (or InP) and air allows devices to be designed for

any wavelength of interest from 1.3–1.55µm. Also, the thicknesses of the DBR layers

are not critical, for the same reason.

In contrast to these difficulties, GaInNAs(Sb) offers a number of advantages.

These will be described in more depth in Chapter 3, but are summarized here. There

is good electrical and thermal conductivity through the DBRs, allowing good de-

vice operation without intracavity contacts or tunnel junctions. GaInNAs is built on

mature GaAs growth and processing methodologies. It can be grown monolithically
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on GaAs, with no special fabrication or processing tricks. There are no inherent

restrictions on wafer size, unlike thinning/bonding techniques. The high tempera-

ture anneal used for dilute nitrides is brief, making it potentially compatible with

electronics (metal wiring) and MEMs. The growth is straightforward, with nitrogen

displaying a “unity sticking coefficient.”2 Finally, it simply works: CW lasers have

been demonstrated at room temperature, and VCSELs at 1.46µm.

2.4 Alphabet soup: GaAs, InGaAs, GaNAs, GaIn-

NAs, GaInNAsSb

The choice of materials is determined primarily by the desired wavelength and the

choice of substrates, i.e. the starting point for growth. Figure 2.4 plots the bandgap

of the various semiconductors and their alloys vs. lattice constant. The vertical axis

is bandgap (or 1/wavelength). The target wavelengths for fiber communication are

shown crosshatched. The major available substrates Si, GaAs, InP, InAs, and InSb

are shown in bold. To maintain good quality growth, all alloys need to have very

similar lattice constants to one of these substrates, so they need to fall on or near

the corresponding vertical, dashed lines. There are several alloys that can reach

the desired range of fiber wavelengths shown in the crosshatched box. For example,

InGaAs is a very common and well-understood material for growing quantum wells,

particularly for lasers at wavelengths from 0.85–1.1µm. Growing InGaAs on GaAs

would mean finding a point on the alloy line between GaAs and InAs within the

crosshatched box. However, this composition of InGaAs, like any of the other ternary

alloys—GaNAs, GaAsP, InGaP, etc.—would require a very different lattice constant

from either GaAs, GaP, or InP. Because of the requirement that growth must follow

same lattice constant as the substrate (i.e. material must lie on or near one of the

dashed lines in the figure), it is difficult to reach wavelengths beyond 1.1µm using

only GaNAs in the quantum well, or beyond 1.2µm using only InGaAs.

Figure 2.5 shows a blowup of the region near GaAs, with alloys for GaNAs and

2A later section discusses sticking coefficients apparently greater than 1.
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InGaAs. The remarkable property of GaNAs is visible from Figure 2.5: the GaNAs

alloy line, which starts at GaAs, descends to the lower left. All other conventional

III–V, II–VI, and Group IV semiconductors generally follow a rule known as Vegard’s

Law, which says that the properties of any ternary alloy may be approximated by

a linear interpolation of the two binaries on either end. The figure does show this

general trend, with most alloy lines running diagonally from the upper left to the

lower right, in approximately straight lines. GaNAs, however, runs in the opposite

direction. This will be discussed in more detail in the following chapter. Also, adding

Sb is similar to adding In: it moves the alloy down and to the right on the figure,

toward GaSb.

2.5 Bands and Bandgaps

In a bulk semiconductor at near absolute zero temperature, every electron has a bond,

and every bond has an electron. Every electron is therefore in its ground state and

cannot move. Even at room temperature, although thermal energy will excite some

electrons to higher energies, the vast number of electrons are still in the ground state.
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In order to produce optical emission from excited electrons, additional energy must

be provided. This is typically done with either electrical or optical pumping. For

optical pumping, a bright light is focused on the semiconductor at a wavelength that

the semiconductor will absorb. The light breaks valence electrons from their bonds.

These electrons are then free to move through the semiconductor, and are said to be

in the conduction band. The empty bonds that are left behind are known as holes.

Holes are also free to move, in the same way as an empty space on a packed, rush-hour

street appears to “move” backward through traffic. When an electron meets a hole,

they will recombine, emitting a photon. The holes are in the valence band, which is

the ground state of the valence electrons.

Electrical pumping also creates electrons and holes. Electrical current is applied

through a junction of two semiconductors, one with excess electrons (n-doped), and

the other with excess holes (p-doped). At the junction, electrons are free to recombine

with holes, emitting light.

Whether the carriers (electrons and holes) are generated by optical or electrical

pumping, excess energy is quickly dissipated, as shown in Figure 2.6. Electrons

will fall toward the lowest point in the conduction band, EC, and the holes reach the

highest point in the valence band, EV. According to this picture, when these electrons

and holes recombine, the photon that is emitted will have an energy of EC-EV. This

energy difference is known as the bandgap. The bandgap is generally different for

each semiconductor, although alloys of different semiconductors can be made with

the same bandgap.

2.6 Characterization Techniques: PL, CL, XRD.

Figure 2.6 is also useful for understanding several of the characterization techniques

used for studying GaInNAs. The most widely used technique is photoluminescence

(PL), in which optical pumping is used to excite free carriers, as shown in the figure,

and the spectrum of the resulting emitted light is collected. Similarly, cathodolumi-

nescence (CL) is the use of a high energy electron beam to excite free carriers. In

both of these techniques, if the material quality is very poor, then there are many
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Figure 2.6: Semiconductor band diagram. Excited electrons and holes fall to mini-
mum energy, then recombine. Recombination can be radiative, emitting light at the
energy of the band gap, or nonradiative through defects (traps), emitting heat. (After
Ref. [35])

carrier traps (defects) that can provide nonradiative recombination of the electron

and hole. This generates heat but not light. Therefore high material quality is

usually correlated with high photoluminescence intensity. If all of the nonradiative

traps are removed, then the radiative recombination will be the dominant form of

recombination, emitting the most possible light.3

The preceding picture implies that all of the light in luminescence will be emitted

with an energy exactly that of the bandgap, neither more nor less. In practice, the

transition energy may not be so distinct. This may be due to high doping (dopant

level mini-bands), high carrier density (bandgap renormalization), high temperatures

(thermal broadening), alloy fluctuations (which change the bandgap randomly de-

pending on local composition), random variations in quantum well width, and other

effects. It may also be possible for a defect level to emit light, particularly if it lies

very close to either the conduction or valence bands. All of these effects lead to a

broadening of the luminescence spectrum. The narrowness (linewidth, or FWHM)

of the luminescence spectrum is often used as another measure of material quality,

3This assumes what is known as a direct bandgap semiconductor, such as GaAs. Silicon has an
indirect bandgap, emitting almost no light.
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although it is usually correlated with PL intensity.

X-ray diffraction (XRD) is another common characterization technique. In XRD,

x-rays of a particular energy are focused at the wafer surface. The x-rays diffract to

different angles, based on the distances between planes of atoms in the crystal. The

angle of diffraction can then be used to determine the amount of strain in a thin

film on the semiconductor, since a strained film will have a different lattice spacing

in the wafer-normal direction. XRD can detect gross problems with a growth, such

as surface roughening or phase segregation, both of which lead to disorder and wash

out the diffraction peaks. But XRD is not sensitive to the point defects that lead to

poor luminescence, so good XRD is a necessary but not sufficient condition for good

optical quality material, such as for lasers.

Transmission electron microscopy (TEM) is another characterization technique

for studying material homogeneity and growth. In TEM, a high energy beam of

electrons is passed through a very thin (50–200nm) slice of semiconductor. If the

beam is exactly aligned with one of the crystal directions of the semiconductor, the

electrons can channel between the rows of atoms, allowing resolution of individual

atomic rows. This can be used to extract the exact positions of the atomic rows,

providing detailed information about strain in the semiconductor. It can also show

whether the material grew uniformly or with a rough surface.

2.7 Laser Fundamentals

2.7.1 Basic Lasers

Although lasers will not be discussed in detail until Chapter 5, a basic introduction to

lasers is presented here. The basics of solid state physics and laser theory have been

reported in multiple papers, textbooks, and Harris Group theses, so only a simplified

summary will be given below. The interested reader is referred to Refs. [36, 37, 38]

for semiconductor physics, Refs. [39, 40, 41] for laser theory, and Refs. [42, 43] for

VCSELs.

A laser requires two things to operate: gain and feedback. Consider the analogy of
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Figure 2.7: Amplified feedback. (a) Microphone near its loudspeaker produces am-
plified audio feedback and a loud squeal. (b) Mirrors around a gain medium produce
amplified optical feedback and a beam of emitted light.

a microphone in front of an amplified loudspeaker, as shown in Figure 2.7. Any sound

picked up by the microphone will be amplified by the stereo system, and the resulting

sound coming out of the speaker will be louder. If some of that sound is picked up by

the microphone, then it will complete a positive feedback loop. This feedback quickly

amplifies the squeal to the highest volume the system can support, generally limited

by the amplifier. Similarly, in a laser, if a material can be made to amplify light (a

gain medium), and if some of that light is captured and circulated back through the

gain medium, positive feedback will produce light at the highest intensity that the

system can support. Again, this is generally limited by the amplifying material. In

both cases, the feedback produces a stable oscillation: either a loud tone from the

speaker, or a continuous beam of light from the laser.

2.7.2 Gain

In a semiconductor laser, gain is provided by the injection of high concentrations of

electrons and holes in the semiconductor. At very low injection levels, the semicon-

ductor absorbs nearly every photon whose energy is greater than the semiconductor
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Figure 2.8: Stimulated emission: one photon in, two photons out.

bandgap. With higher carrier injection, the semiconductor emits some light through

spontaneous emission but still absorbs light that strikes it. When the injection is high

enough4, the semiconductor becomes transparent. To produce an excess of electrons

at high energies, energy must be supplied in some non-thermodynamic fashion, as

optical or electrical pumping discussed in Section 2.5.

At high levels of carrier injection, the material can emit light through stimulated

emission. Figure 2.8 shows an electron in an excited energy state E2. If a photon

(a small packet of light) with energy E2 − E1 happens to strike the electron, then

the electron can fall to its ground state, E1, and two identical photons will emerge

in place of the first one.5 Obviously, if enough time passes, an electron in E2 will

eventually fall back to E1 of its own accord, emitting light (spontaneous emission) or

heat, so it is preferable that E2 be a relatively stable state. Spontaneous emission is

by far the most common form of light emission, from light bulbs to televisions and

from candles to the sun.

If there are more electrons in E2 than in E1 (inversion), then one incoming photon

can trigger a second photon, and so on, producing an avalanche of gain: amplification

of the incoming light. The higher the gain, the more light produced by the laser.

Eventually, as the light gets amplified to a high intensity, it will soon deplete the

4i.e. if the quasi-Fermi levels of the electrons and holes are separated by an energy equal to the
bandgap of the material

5In practice, the two photons need not be exactly identical. Thermal motion, for example, can
cause small changes in energy.
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excess electrons in E2, and the gain will drop. This is known as gain saturation, and

it limits the amount of light that can be produced by a laser for a given input current

or pump power. There may be other processes that limit the gain of a laser, such

as heating. High gain is a good characteristic for a laser material, and GaInNAs has

displayed higher gain than InP based lasers [44]. Also, if there are other pathways for

electrons in E2 to reach E1, such as carrier traps or defects in the crystal, then the

gain will be reduced. Removal of these nonradiative recombination sites was a major

push for this thesis (Chapter 4).

Gain imposes several requirements on the laser operation, mostly due to mate-

rials issues. The gain in a material is a strong function of wavelength, with peak

gain occurring at the wavelength that corresponds to the bandgap of the material

(plus quantum confinement). As mentioned previously, GaInNAs emits light at the

desirable wavelengths in the near infrared due to its small bandgap. GaInNAs also

has an unusually broad gain bandwidth (Section 5.1).

In an ideal laser, one excited input electron would correspond to one additional

photon of output light. In practice, electrons and holes may be lost due to non-

radiative recombination or spontaneous emission, or photons may be scattered or

absorbed by impurities in the semiconductor. As a result of these losses, a certain

amount of pump power needs to be supplied before the laser will reach inversion.

This “overhead” is known as the laser threshold. Lasers with high losses will have

high thresholds. Conversely, it is a sign of a high quality semiconductor, with very

few defects, if lasers made from that semiconductor demonstrate low thresholds. Pro-

ducing low threshold lasers with GaInNAs was one of the major accomplishments of

this thesis, as discussed in Section 5.2.2.

Also, the output of the laser must itself be considered as a form of loss, because

it removes photons that could otherwise be triggering stimulated emission. As a

result, lasing will only begin when the total gain of the laser exceeds the total losses,

including mirror “loss.” It is convenient to write both gain and loss in terms of unit

length [40]:

gth = αi + αmirror = αi +
1

L
ln

(
1

r1r2

)
(2.1)
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where gth is the gain at threshold, αi is the internal losses of the cavity from scattering,

etc., L is the cavity length, and r1 and r2 are the reflectivities of the two mirrors. Γ

is the confinement factor, which is a measure of the degree of overlap between the

optical mode and the gain medium, from 0 to 1.

It should be noted that low thresholds are not sufficient to demonstrate a high

efficiency laser. If the output mirror is highly transparent, so most of the light escapes

with each pass through the cavity, then the laser threshold will also be high. Thus it

is useful to also consider the the differential quantum efficiency ηd, the rise in output

power with input power above threshold:

ηd =
( q

hν

) dP0

dI
, or (2.2)

1

ηd

=
< αi >

ηi ln(1/R)
L +

1

ηi

(2.3)

The best lasers generally have both low thresholds and high differential efficiencies.

Internal or differential quantum efficiency is not to be confused with wallplug effi-

ciency, the overall power conversion efficiency of the device. Wallplug efficiency is

generally used as a metric for very-high and very-low power laser applications, where

poor overall efficiency will lead to excess heating or power drain, respectively, and

was not a focus of this work.

2.7.3 Feedback and Phase

Feedback for a laser is provided by mirrors. Mirrors are used to collect the light

from the output of the laser and circulate it back through the gain medium (i.e. the

amplifying material). One or more of the mirrors is designed to be partly transparent,

and the light that escapes through this mirror is what produces the familiar laser

beam.

Feedback imposes another requirement: phase. In order to establish a standing

wave (constructive interference) within the laser, the wavelength must be such that

an integer number of half-wavelengths fit between the two mirrors. In other words,

the light from two consecutive passes through a laser must be in phase, or no lasing

will occur. This is shown schematically in Figure 2.9.
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Figure 2.9: (a) Laser cavity in resonance: integer number of wavelengths add in
phase.7 (b) Out of resonance, no light is emitted at this wavelength.
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Figure 2.10: Stable oscillation is possible at several wavelengths, known as modes.

There may be several different wavelengths that satisfy this condition, as shown

in Figure 2.10. The frequencies that support stable oscillation are known as modes.

If the feedback loop is very short, on the order of one wavelength, only one or two

modes can be supported. This is one of the most useful advantages of VCSELs

over edge emitting lasers for wavelength division multiplexing (WDM), since multiple

longitudinal modes tend to cause crosstalk in neighboring channels. The very short

cavity in a VCSEL, i.e. the short distance between the DBR mirrors, only supports

one mode.

The above discussion assumes free space operation for both the stereo and the

laser, resulting in longitudinal modes—so named because of the restriction in length.

However, if the field is also confined horizontally, such as in a waveguide or with a fo-

cusing lens or mirror, transverse modes may also be possible, as shown in Figure 2.11.

Ordinary edge-emitting lasers, which use a waveguide to confine light, generally have

hundreds or thousands of longitudinal modes, closely spaced in wavelength, but only
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(a)

(b)

(c)

Figure 2.11: Longitudinal vs. transverse mode intensities, with mirrors on left and
right ends, and metal-like boundaries. (a) 5th longitudinal mode, but the fundamental
transverse mode. (b) 6th different longitudinal mode. (c) 6th longitudinal mode, but
with the 2nd order transverse mode.

a few transverse modes. VCSELs, on the other hand, generally have only one longi-

tudinal mode, but may support multiple transverse modes, particularly if the VCSEL

is very wide (several tens of microns). These are generally undesirable for fiber com-

munication, since the laser will hop chaotically between the various modes, leading

to increased noise. VCSEL spectra with multiple transverse modes will be presented

later (page 167).

For a symmetric waveguide, at least one transverse mode is always supported,

regardless of wavelength. This is known as the fundamental mode. At shorter wave-

lengths or larger waveguides, additional transverse modes may be possible. For a

“hard” (e.g. metal) waveguide, the longest wavelength that can be supported is one

which can just fit half a wavelength within the waveguide; in microwave radio applica-

tions, this is generally referred to in terms of frequency (i.e. the cutoff frequency). For

a dielectric waveguide, finding the mode profile generally requires numerical solution

of a transcendental equation or, equivalently, beam propagation or tunnel resonance

transfer matrix methods. The major difference between a dielectric waveguide and

“hard” metal waveguides is that a significant fraction of the optical mode exists out-

side of the dielectric waveguide, even for true waveguide modes (i.e. lossless modes
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that do not escape to propagate in space).

Multiple transverse modes can be prevented by making the laser very narrow, or

by operating only at very low power. This is generally the approach both for edge

emitting lasers, by making narrow ridge waveguides, and for VCSELs, by making

mesas or apertures less than about 6µm. Narrowing the lasers significantly reduces

the amount of available power, however.

Longitudinal modes are restricted in one of two ways. Either the distance between

the mirrors is made very short, or else the mirrors are made to be very selective in

wavelength, so only one mode 8 gets reflected between the mirrors. It is extremely

difficult to make edge emitting lasers short enough to restrict the longitudinal modes,

so distributed Bragg reflectors (DBRs) are fabricated instead. For an edge emitting

laser, this is a cumbersome process, requiring critical dimensions and e-beam lithog-

raphy. On the other hand, VCSELs already have a short cavity (1λ or 1
2
λ) and DBRs.

This is one of the significant advantages of VCSELs. (DBRs will be discussed in more

detail in the discussion of VCSELs, Section 5.3.)

The disadvantage of VCSELs, from the perspective of mode control, is that they

tend to lase easily in higher order transverse modes. Current tends to be crowded

around the edge of the mesa or oxide aperture, which leads to higher gain at the

periphery of the mesa than at the center. This favors the higher order transverse

modes, which are stronger at the periphery. Also, top-emitting VCSELs have a

ring contact on top, and this ring can provide additional mirror reflectance away

from the mesa center, which also tends to support higher order transverse modes.

Transverse mode control has been proposed using extended cavities [45], microlenses

[46], patterned apertures [47], proton implated apertures [48, 49], long cavities [50],

and low-index-contrast DBRs [51].

To summarize basic laser operation, lasing will occur at whichever modes have

gain. The higher the gain (i.e. the harder the laser is driven), the more modes

will lase. As shown in Figure 2.12, many modes are supported for edge emitting

lasers. There is generally only one VCSEL mode. Its wavelength may change with

temperature or current, but lasing will still occur as long as the mode lies within the

8One mode within the gain envelope, that is.
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Figure 2.12: Gain vs. modes for (a) edge emitting laser, or (b) VCSEL.

gain spectrum, as shown in the figure.

2.8 Growth Technique: Molecular Beam Epitaxy

(MBE)

Dilute nitrides have been grown by several techniques, including metalorganic chem-

ical vapor deposition (MOCVD) [52], plasma-assisted MOCVD [3], metalorganic

molecular beam epitaxy (MO-MBE), gas source MBE [10, 53, 54], and plasma-

assisted, solid-source MBE [55]. Excellent lasers have also been reported by Tansu

et al. using MOCVD [56], but there appears to be an upper limit on the wavelength

achievable by MOCVD [57]. The best lasers reported to date have been grown by

plasma-assisted molecular beam epitaxy (MBE), as described in this section.

Molecular beam epitaxy is a sophisticated form of evaporation and deposition.

Figure 2.13 shows a simplified cross section through an MBE chamber. The wafer

sits at the center of the chamber, surrounded on three sides by a cryoshroud that

freezes out trace gases in the chamber. Three elemental cells are shown at right in

the figure, representing (top to bottom) arsenic, nitrogen, and gallium. Each cell

contains one ultrapure element, and the entire chamber is under ultra high vacuum,

with a background pressure below 10−10 Torr. The cells are heated until the source

material begins to evaporate or sublimate. There is a shutter in front of each cell
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Figure 2.13: MBE chamber showing three source cells, two of which have their shutters
open. The wafer is located at the intersection of the two beams.

that is used to control whether that element is allowed to reach the wafer surface. In

the figure, arsenic and gallium shutters are open, allowing the growth of GaAs on the

wafer. The wafer is heated to 400–650◦C during growth, which gives atoms on the

surface sufficient mobility to move around and find sites of relatively low energy. For

a perfect crystal such as a semiconductor, the crystal structure can be maintained;

for example, a cubic semiconductor can have thin films of cubic materials grown on

top of it. MBE is a common technique used in the Harris Group, and interested

readers are referred to, e.g., Refs. [58, 35, 43, 59]. Several of the revised MBE growth

procedures are outlined below.

All of the wafers grown for this thesis are nominally (100) GaAs, either semi-

insulating or n++ doped. The wafers were loaded onto wafer carriers in a cleanroom

(class 100 to class 1000). The wafer carriers were loaded onto a trolley, which was

loaded into a high-vacuum load chamber and pumped down to below 1× 10−6 Torr.
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The load chamber was pumped with a Cryo-Torr cryopump, models 7 or 100, each

with a cold stage below 11K for hydrogen, as well as a larger 77K stage for most other

gases. The trolley was then baked up to a temperature of 200◦C by a temperature-

controlled halogen lamp in the load chamber, while keeping the pressure below 1×10−6

Torr. The low pressures prevent thermal cracking of hydrocarbons, which would be

very difficult to remove from the wafer surface. Each wafer was then individually

loaded into a UHV chamber with an ion pump, where it was baked up to 350◦C or

400◦C for n-type or semi-insulating wafers, respectively, below the limit of arsenic

desorption from GaAs. The wafer bake pressure was kept below 1× 10−7 Torr.

The aluminum growth rates were calibrated by growing a 1µm layer of AlAs,

cooling to room temperature, then measuring the normal-incidence reflectivity of the

layer as a function of wavelength. This reflectivity spectrum is then compared with

a model generated by the “mff” thin film simulator. The simulated film thickness

is varied until it matches the measured spectrum. Then 1µm of GaAs is grown on

top, and the process is repeated. The indium growth rate was calibrated using a

thick film of InGaAs and measuring the thickness with X-ray diffraction. The growth

rates occasionally needed to be recalibrated as the level of source material in each

cell decreased. A calibration growth was made immediately before thickness-critical

growths such as VCSELs, and this was frequent enough to serve the purposes for

long-term calibration as well. When the indium cell on System 5 ran dry, efforts were

made to build a reloading arm to refill it in-situ (Chapter B.1).

The use of chemical etching to clean wafers before MBE growth was a common

technique in the past, but several authors have reported smoother surfaces and bet-

ter quality growth with non-etched wafers. (See, for example, [60].) The difference

appears to be whether the wafers were exposed to oxygen or water vapor for any

significant period of time before being loaded into high vacuum. Modern wafer pack-

aging appears to be cleaner than wet etching. We do see a thin layer of contaminants

(C, N, O) at the 1019/cm3 level in SIMS, but these appear to be well-behaved, and

the 300nm buffer is more than sufficient to bury them.

The wafer holders themselves were cleaned 1–2 times per year using a Br:methanol

etch. Unlike other etches used for this purpose, such as sulfuric acid and hydrogen
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peroxide, there is no damage to the molybdenum wafer holders themselves. To prevent

etching of the beaker from this caustic/solvent mixture, a 1 liter PTFE beaker was

used for etching. The beaker was filled with 750mL of methanol and 25mL of bromine,

agitated with a magnetic stirring rod. The wafer holders and faceplates were strung on

molybdenum wires so they could be dipped into the beaker. The wafer holders should

be removed before the bromine evaporates, but there are no other time constraints.

This etch will aggressively remove GaAs, but does not appear to remove liquid Ga or

In. However, the aggressive nature of the etch means care should be taken to prevent

spills, especially since the etched material will be toxic. Also, like all GaAs etches,

this generates arsine gas, which is extremely toxic.

What makes the dilute nitridge growth unusual is the use of a nitrogen plasma

cell within the MBE chamber. Molecular nitrogen is inert and does not incorporate

in semiconductor growth to any significant extent. To create reactive nitrogen for

MBE growth of nitrides and dilute nitrides, the N2 molecules must be cracked using

a plasma. Several different types of plasmas have been used for this purpose, including

DC [61], ECR [62, 63], arcjet, and RF [64]. A nitrogen plasma is used to create reactive

forms of nitrogen, such as atoms, radicals, and ions. However, exposure to the plasma

causes damage to the semiconductor surface during growth. The properties of the

dilute nitrides will be discussed in some detail in the following chapter.

2.9 Conclusion

We have seen that dilute nitrides offer tremendous promise toward the creation of

cheap and high-power diode lasers covering wavelengths from 1.2-1.6µm. A great

deal of collective work has been directed toward understanding the intrinsic material

properties of GaInNAs and other dilute nitrides. A review of the state of the art in

GaInNAs will be presented in the next chapter.



Chapter 3

Intrinsic Properties of

GaInNAs(Sb)

3.1 Overview of the Properties of Dilute Nitrides

The previous chapter provided the background for a number of general topics. This

chapter goes into significantly more detail on the topic of dilute nitrides themselves,

although for fuller details, readers are encouraged to select one of the several reviews

of Ga(In)NAs, which go into more depth on a number of points. (See, for example,

[65, 66, 67, 68, 69] and [6].) The information presented in this chapter is, unless

otherwise noted, primarily the work of others, although contributions were made

to several important discoveries presented here, such as the nitride-antimonide lasers

presented in Section 3.3. An ancillary purpose of this chapter is to clarify which effects

in dilute nitrides are universally observed, in contrast with following chapters that

identify several artifacts of growth conditions. Many, if not most, of the published

dilute nitride results have been dominated by such artifacts, leading to considerable

confusion about even basic properties such as electron effective mass.

Nitrogen is a small atom, much smaller than any of the other relevant Group III

or Group V atoms in the semiconductor. Because it is small, nitrogen decreases the

lattice constant of the alloy, resulting in tensile strain: GaNAs, for example, must

be “stretched” in order for the atoms to line up with the underlying GaAs surface.

30
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Large atoms like indium or antimony generate compressive strain, and nitrogen can

be used to compensate part or this compressive strain. The effect of nitrogen on the

bandgap appears to be almost completely in the conduction band. Nitrogen does not

appear to affect the valence band directly, although ttensile strain does change the

relative energies of the different valence bands. This has consequences for the use of

tensile GaNAs barriers around the (compressive) quantum wells (QWs). Section 3.2

introduces the band lineup of the various materials, including the effects of strain on

the heavy hole and light hole bands. The role of indium and antimony on the band

lineup are significant, and will be discussed in this section.

Indium and antimony also have significant effects on the growth kinetics. These

will be discussed in Section 3.3.

This chapter will then turn to the most remarkable, and universal, property of

the dilute nitrides, namely the reduction in bandgap. GaInNAs, for example, can be

grown with approximately half the bandgap of GaAs. As was shown in Figure 2.4

(page 14), adding nitrogen not only decreases the lattice constant (as expected for a

small atom), but the GaNAs alloy line runs diagonally in the opposite direction from

all the other III–V semiconductors. The bandgap eventually reaches a minimum

somewhere between 30–50% nitrogen, where some theories predict no bandgap at

all.With even higher compositions of nitrogen, the alloy line rises back toward the

upper left, toward GaN, obeying the normal III–V trend. Chapter 4 will present

evidence that there are multiple, independent causes that contribute to the reduction

in bandgap (band bowing) with small amounts of nitrogen. The primary causes of

large band bowing will be discussed beginning in Section 3.4. These include band

anti-crossing [70], isoelectronic co-doping, and concentrated defects.

Another universal property of dilute nitrides is that the luminescence intensity

increases dramatically with anneal, and this improved luminescence is accompanied

by a (generally undesirable) shift toward the visible spectrum (larger bandgap), or

blueshift [71, 72]. This behavior is quite complicated and cannot be explained by

any one mechanism. The strongest component of the blueshift appears to be the

rearrangement of Ga and In to minimize local strain near each nitrogen atom [73, 74],

discussed in Section 3.5. There are also contributions from nitrogen outdiffusion,
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broadening of the QW (Ga-In interdiffusion), homogenization or quasi-ordering of

the atoms, and removal of defects with anneal.

This leads to a discussion of the defects in dilute nitrides, in Section 3.6. There

are many sources of defects in GaNAs and GaInNAs. Some of these are inherent to

the material; many are not. There is evidence that one or more of the defect levels

may occur close to the conduction band, and in fact be above the conduction band if

the bandgap is small enough.

Finally, it appears that dilute nitrides are well suited for long wavelength optoelec-

tronic applications. The width of the gain spectrum of dilute nitrides is exceptionally

large, up to 50nm. The threshold current of GaInNAs(Sb) may have a higher charac-

teristic temperature T0 (i.e. be less sensitive to changes in temperature) than other

lasers, although the improvement is less than originally hoped. The emission wave-

length of GaInNAs(Sb) also be less sensitive to temperature, which is very useful for

wavelength-dependent devices such as VCSELs and ARROWs. Also, the absolute

gain and electroabsorption coefficients are up to two times larger than conventional

III–V semiconductors, offering promise for modulators and high power lasers.

3.2 Band Alignment in GaNAs and GaInNAs(Sb)

At an interface between two semiconductors, there are three ways in which the con-

duction and valence bands may line up, as shown in Figure 3.1. For a Type I band

alignment, the narrower bandgap material lies entirely within the bandgap of the

wider bandgap material. For Type II band alignment, both the conduction band

and valence band are higher in one material than the other, but there is still overlap

between the bandgaps. For Type III band alignment, there is no overlap between the

bands. Type III alignment is very unusual in semiconductors, although it would be

useful for applications that require a tunnel junction.

Dilute nitride alloys generally form a Type I band alignment with each other

and with GaAs. GaNAs with GaAs is the weakest Type I band alignment, because

nitrogen does not affect the valence band [75]. In fact, GaNAs/GaAs is actually

Type II for heavy holes and Type I for light holes. This is due to the tensile strain,
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Figure 3.1: Possible band lineups at a heterostructure interface.

which raises the light hole band into the bandgap, while pushing the heavy hole band

further away. This hybrid Type I/II nature has led to extensive controversy in the

literature, partly because of the poor material upon which the band alignment studies

were based. The evidence for a Type I band alignment is quite strong, however.

Mussler reported that the luminescent lifetime of carriers is approximately 400ps,

far too short for a Type II structure that would have electrons and holes separately

confined [76]. The low threshold of GaInNAs(Sb) lasers is also a compelling argument

for Type I band alignment [77, 56]. In the case of lasers with tensile GaNAs barriers,

as reported later in this thesis, the conversion of light holes to heavy holes at the

GaNAs-GaInNAs(Sb) interface is believed to be rapid due to strong alloy scattering,

which breaks the semiconductor degeneracy.

L. Goddard has performed measurements of the electroluminescence transitions

from GaInNAsSb/GaNAs QWs, plotted in Figure 3.2(a). A good fit with experiment

can be achieved with Type I lineups for all transitions except light holes at the

GaNAs/GaInNAsSb interface, which appears to have a mere 16meV barrier.

Finally, Kudrawiec has performed careful photoreflectance (PR) measurements

that show a band lineup of 50–60meV to light holes in and 250meV to heavy holes

in GaInNAsSb, as shown in Figure 3.2(b) [79]. Although band offsets are particu-

larly difficult to measure to such accuracy, these show fairly good agreement with

Goddard’s measurements. These measurements were performed on material with

the lowest PL and low-temperature PL linewidths ever reported at 1.5µm, so the

measurements are believed to be representative of the actual material, with little

interference from defects or other growth artifacts. The conclusion from the band

lineup measurements is that GaNAs may have a slight Type II band lineup to either
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GaInNAsSb or GaAs, but in either case, the offset is very small (10–15meV), and

only for one type of holes, light or heavy. The other type of hole sees a Type I band

lineup with no barrier to injection.

The best material to date is grown with a large amount of indium, and also, op-

tionally, a moderately small amount of antimony. These both lead to compressive

strain in the material. This is advantageous for improving the overlap of the electron

and hole wavefunctions, but with high strain, the critical thickness is also very small:

only thin layers can be grown before the crystal relaxes, forming many defects due

to misfit dislocations. Although nitrogen can partially compensate some of the com-

pressive strain, large amounts of nitrogen have been found to degrade the material

quality.

Therefore, the longest wavelength emission to date appears to be reached using

GaInNAs or GaInNAsSb quantum wells, surrounded by GaNAs barriers for strain

compensation of the structure as a whole [80, 81, 21]. The GaNAs also decreases

the quantum confinement in the QW, decreasing the bandgap and extending the

wavelength. It also provides a source of nitrogen to prevent outdiffusion upon anneal.

But compressive strain by itself tends to promote phase segregation and dislocations,

leading to early device failure. GaNAs, on the other hand, is tensile strained on GaAs,

so by growing GaNAs barriers below and above the QW, the total strain is reduced.

Additional compressive strain from multiple quantum wells can be compensated by

making the GaNAs layers either thicker or with more nitrogen. However, even with

tensile GaNAs barriers for strain compensation, strain sets an upper limit of roughly

3 QWs for VCSELs at 1.5µm. With more than 3 QWs, the compensating layers

of GaNAs must be either very thick or contain a large fraction of nitrogen. Large

nitrogen concentrations lead to defects and degraded growth, while thick layers push

the QWs so far apart that they no longer overlap with the peak of the standing

wave in the VCSEL cavity. It is also possible for very highly strained GaInNAsSb to

reach the critical thickness within a single QW, if the strain is not already partially

compensated by layers below it.
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Figure 3.3: Unity (or constant) sticking coefficient leads to linear dependence on
growth rate. From Spruytte [71].

3.3 Effects on Growth from N, In, and Sb

3.3.1 Nitrogen

Molecular nitrogen (N2) is very unreactive, and does not participate in semiconductor

growth, but atomic nitrogen is extremely reactive. The nitrogen coming from the

plasma is so reactive that we find a “unity”—or at least constant—sticking coefficient

over a wide range of temperatures, growth rates, and compositions [71]. This is

apparent from the linear dependence in growth rate in Figure 3.3. It was reported

by Reason [82] that nitrogen incorporates by the exchange of nitrogen for an arsenic

atom on the surface, most likely with a 2×1 surface reconstruction, which has more

available Group V sites than either of the other common reconstructions, 3×1 or

2×4. (We observe 2×4 reconstruction during our growth, presumably due to high

pressures of As2.) It should be noted that antimony actually increases the fraction

of nitrogen in the crystal. Either it enables some new species of nitrogen to stick

(perhaps ground-state N2, as opposed to excited radicals N∗
2), or else there is some

temperature-independent mechanism of nitrogen escape (desorption) at the surface.

Nitrogen also increases the effective mass in the semiconductor. Early papers argu-

ing for an effective mass of 0.5me were based on a faulty interpretation of lineshapes,

particularly the omission of band anticrossing and the light hole bands [83]. There is

a growing consensus that the electron effective mass is on the order of 0.08–0.10me.
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The composition of nitrogen is determined by x-ray diffraction (XRD), calibrated

by secondary ion mass spectrometry (SIMS) and nuclear reaction analysis Ruther-

ford backscattering spectrometry (NRA-RBS). These techniques are all easily misled

by nitrogen, due to matrix effects (SIMS), surface nitrogen (SIMS and NRA-RBS),

and nitrogen split interstitial defects (N-N)As and (N-N)As (XRD and NRA-RBS).

Bisognin [84] discusses how to do RBS with nitrogen. Split interstitials are compres-

sively strained, which probably explains the discrepancy between groups: Spruytte

says XRD underrepresents %N for large %N [85], Li says XRD overrepresents %N

[86], and Uesugi says it is just right [87]. Fan reports that XRD is fine up to 3%N

then falls, being in error by 8% with [N]=3.7% [88].

The remaining properties of nitrogen will be discussed in more detail in their own

sections later.

3.3.2 Indium

Indium has long been used to reduce the bandgap of GaAs. InGaAs lasers grown on

GaAs are very well understood, and are effective for 0.980µm wavelengths. During

growth, indium has a much higher surface mobility than gallium, so it must be grown

at a correspondingly lower temperature, or else the indium will segregate and form

islands (quantum dots) of InAs. Indium also tends to ride the surface (i.e. it avoids

being buried by trading places with a gallium atom above it), especially at higher

temperatures. The high surface mobility also allows indium atoms to find good lo-

cations on the lattice, filling vacancies and preventing arsenic antisites, even at the

relatively low temperatures required for nitrogen growths, 375–450◦C. This is the

primary reason why Kondow’s discovery of GaInNAs [8] overshadowed GaNAs [3],

because indium promotes better material quality for the same growth temperature

and desired wavelength. GaInNAs also benefits from the compressive strain and bet-

ter electron/hole overlap mentioned earlier. Although nitrogen changes the bandgap

more than indium (for the same amount of strain), GaNAs cannot be grown with

the same material quality as InGaAs due to the limits imposed by phase segregation.

When grown too hot, however, indium is believed to be responsible for the long-range



38 CHAPTER 3. INTRINSIC PROPERTIES OF GaInNAs(Sb)

segregation seen in GaInNAs cathodoluminescence [59], TEM [89], and atomic force

microscopy [90].

3.3.3 Antimony

Antimony was first introduced as a surfactant in GaInNAs growth by Wang et al.

[91], although they reported seeing no incorporation [92]. Antimony had long been

used as a surfactant in epitaxy. As a large and less reactive atom, it tends to ride the

surface during growth, and reduces the mobility of Group III atoms on the surface,

while maintaining a high surface mobility itself. It can thus prevent strain relaxation

[93]. Several groups have reported that antimony does incorporate into the crystal,

however, extending the wavelength for the same reasons as indium [16, 19].

Antimony has complex interactions with nitrogen, arsenic, and indium. As men-

tioned above, antimony increases the amount of nitrogen in the crystal. This is likely

due to the reduction of defects in the crystal, which has been found to change the

nitrogen composition (Section 4.9). It might also be due to some other growth mech-

anism at the surface. U. of British Columbia has reported finding an AsN dimer in

the chamber when the wafer was exposed to a bismuth surfactant [94]. We were not

able to replicate this finding; our AsN background pressure at the mass spectrometer

did not change with antimony, although it should be noted that our mass spectrom-

eter was not quite within line of sight of the wafer. Antimony has been used to push

GaInNAsSb emission to over 2µm on InP [95] and 2.3µm on GaSb [96].

The interplay between the other Group V atoms, Sb and As, turned out to be

simpler than expected. Historically, MBE and MOCVD with mixed Group V elements

(other than nitrogen) suffer from non-repeatable growth, since a small change in the

Group V gas or flux ratios can lead to a large change in composition. This is illustrated

in Figure 3.4. However, we grow with very small amounts of antimony, and in the

dilute limit, and at cold temperatures, the antimony sticking coefficient appears to

be relatively constant. This is analogous to the linear regime at the extremes of

Figure 3.4. We use a cracker to thermally crack dimeric Sb2 into monomeric Sb1,

which was thought to be more reactive, but recent growths with uncracked Sb2 appear
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Figure 3.4: Compositions from MOCVD growth with mixed Group V elements, show-
ing nonlinear relation between Group V precursor ratio and the ratio of incorporated
species. From Stringfellow 1989. [98]

to be identical [97].

Finally, indium appears to change the concentration of antimony, but not vice

versa. This is true for cracked Sb1 [99] as well as uncracked Sb2 [100]. The fact that

there is interaction between them is probably due to the competition for surface sites,

especially along step edges, which are the positions of lowest energy for excessively

large atoms such as In and Sb. The fact that indium trumps antimony for incorpora-

tion is likely due to the standard kinetics of III–V growth, in which Group III atoms

have a high sticking coefficient, while excess Group V atoms simply evaporate from

the surface.
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3.4 Reduced Bandgap in Dilute Nitrides

3.4.1 Band Anticrossing

The single most important property of the dilute nitrides is the reduction in bandgap

as the mole fraction of nitrogen is increased. As mentioned in Section 2.4, the dilute

nitrides surprisingly fail to obey Vegard’s Law, but instead display a large band

bowing, with a decrease in bandgap as the nitrogen composition is increased. Suda

et al. predict that GaNAs can be grown stably over the full range of nitrogen mole

fraction from GaAs to GaN, with a wurtzite structure above 40% N, and a zincblende

structure under 40%N [101]. Despite the predicted stability, most reports of GaNAs

with more than 5% N are plagued by severe segregation and defects, so it is difficult

to discern exactly what the band structure is doing as one leaves the dilute limit.

In the absence of such measurements, considering only the dilute limit, there have

been many theories proposed to explain the reduction in bandgap, including band

anticrossing [70], local depressions in the bandgap, alloy fluctuations [102], impurity-

like band formation [103, 6, 104], mixing of the Γ valley with the L or X conduction

band minima due to symmetry breaking, isoelectronic impurity/doping levels, or

multiple effects [105]. It will later be shown in Section 4.9 that the apparent impurity

band is largely induced by plasma damage during growth, and may be minimized by

protecting the wafer from the plasma.

Band anticrossing is the most widely accepted explanation for the reduced band-

gap [70]. In the band anticrossing model, shown in Figure 3.5 nitrogen creates a

defect level E+ above the conduction band, localized in real space and extended in

momentum space. The conduction band would normally cross the defect level near

the center of the Brillouin zone (k = 0), but the two levels repel each other, or “anti-

cross.” This pushes the lower band E− further down, reducing the bandgap. This was

predicted by Hjalmarson [106] and Wolford [107] but had not been experimentally

observed until the dilute nitrides.

The strongest evidence for band anticrossing is the resonant tunneling into the

E+ state [108], validating the existence of a band that is not predicted by most other

theories. Electroreflectance measurements have also been used to probe the E+ and
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Figure 3.5: Band anticrossing. Nitrogen creates a new level, E+, which mixes with
and repels the original conduction band level, now E−. After Klar [105].

E− levels [109, 110, 105], although these have been called into question due to the

use of MOCVD-grown material (lower quality), as well as the lack of unambiguous

identification of the ER transitions. Finally, measurements of bandgap vs. nitrogen

composition were found to agree well with the predictions from band anticrossing

[111], although other models could make similar predictions.

In addition, the Γ−X band mixing in GaNAs was discredited by Weinstein using

hydrostatic pressure studies [112]. The spectroscopy group at NREL suggests that

E+ can be generated by indirect transitions, which are themselves generated by alloy

disorder [109, 113]. But the lack of indirect transitions even under high hydrostatic

pressures all but rules out this possibility. At any rate, Γ−X mixing is expected to

be important for GaNP [6], where every nitrogen atom has a bound state.

What the band anticrossing model fails to explain are the changes with anneal, or

with wafer damage, or any carrier localization effects. But these are probably due to

N-N clusters, H-N clusters (especially in MOCVD & GSMBE [114]), and Ga vacancies

(particularly MOCVD), and are not inherent to nitride growth. Or these effects could

be caused by segregation; Zhang (at NREL) predicted that GaNAs would segregate

if an N-rich plane were allowed to form [115]. However, we had a heavily nitrided
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surface that did not segregate, as discussed on Page 102.

3.5 Effects from Annealing

3.5.1 Various Defects and Improved Luminescence with An-

neal

From very early on, it was clear that the material quality of GaInNAs improved

dramatically upon annealing, particularly with a short, high temperature anneal [116,

117, 71]. A 60 second anneal at 700–800◦C could increase the photoluminescence

intensity by a factor of 30 or more. This was a much stronger improvement than in

most other III–V laser materials.

Many types of defects have been identified in Ga(In)NAs that could cause such an

improvement with anneal. Krispin identified a number of electron traps [5, 118] and

hole traps [119, 120]. The chief of these was the nitrogen split interstitial (N-N)As,

two nitrogen atoms on the same Group V site. (N-N)As is believed to break apart

with anneal. Due to the inverse correlation between the concentration of (N-N)As

1 and luminescence intensity, it is believed that (N-N)As is the dominant source of

nonradiative recombination in high quality material. Ramsteiner identified nitrogen

second-nearest neighbors (i.e. nearest Group V neighbors) as a possible source for

change in PL intensity [121], but this seems a more likely cause of blueshift (below).

There are also many defects in GaInNAs that are believed to be permanent,

surviving anneal, but it is possible these could also improve with anneal. Krispin also

identified the arsenic-nitrogen split interstitial (As-N)As in our material, believed to

be one such stable defect. Grüning reported quasi-defects due to nitrogen clusters,

although it was unclear whether these clusters referred to actual nitrogen segregation,

or merely relative positions of nitrogen on nearest Group V lattice sites. For clustering

to improve with anneal, the nitrogen would need to disperse to perfectly homogenous,

if not ordered, lattice sites. At at any rate, the material was early MOCVD growth,

with extremely broad linewidth (20meV for just 0.2% nitrogen), so the results are

1Or whatever defect was at that energy.
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somewhat in question. Similarly, Buyanova reported strong potential fluctuations

in low temperature PL (LT-PL), which were attributed to strong variations in the

bandgap. These were found to be worse with lower growth temperatures. Again,

it was unclear what the cause of the bandgap fluctuations was, and hence unclear

whether these contributed to the blueshift. (Arsenic capping and ion deflection plates

answered the latter question in the affirmative, as shown in Section 4.9.)

It is worth noting that PL intensity improves with anneal up to a certain tem-

perature, above which the intensity starts to fall again. This may be due arsenic

vacancies VAs diffusing from the surface or from elsewhere in the lattice into the

vicinity of the quantum well. It may also be due to outdiffusion from the QW [122],

or strain relaxation or phase segregation. Vacancies and other defects can serve as nu-

cleation points for relaxation or segregation, so preventing defects can allow annealing

at higher temperatures. This, too, will be revisited later (Section 4.9.3).

3.5.2 Blueshift with Anneal due to Ga-In Rearrangement

The other major effect of annealing dilute nitrides is the blueshift, or shift of emission

to shorter wavelengths [117, 71]. The majority of the blueshift has recently been

shown to be due to nearest-neighbor atomic rearrangement, when gallium and indium

atoms trade places so each nitrogen is surrounded by indium, in order to reduce the

local strain and the total energy of the lattice. This was suggested by Kitatani et

al. based on vibration modes [73]. It was also verified by photoreflectance [123] and

electroreflectance [124], although these are somewhat subjective, and Shirakata and

Kondow et al. did not see it at all [125]. Further verification was found from additional

Fourier transform infrared spectroscopy (FTIR) measurements [126]. It was also

shown from bond lengths in NEXAFS [74], and by absorption measurements, which

showed 5 distinct absorption peaks corresponding to the number of possible indium

atoms around each nitrogen [44]. However, atomic rearrangement cannot explain the

same blueshift with anneal observed in GaNAs, which has no indium to rearrange.
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3.5.3 Other Causes of Blueshift with Anneal

Nearest-neighbor rearrangement can only explain part of the blueshift due to anneal.

It is noteworthy that the blueshift of GaInNAs cannot be fitted by either a single

or double exponential with temperature, which strongly suggests that three or more

different physical effects of comparable magnitude are present. The source of the re-

maining blueshift has been the subject of controversy and heated discussion, but four

principal candidates exist: nitrogen diffusion and/or removal from the QW, Ga-In in-

terdiffusion at the QW boundary (thereby decreasing the depth of the quantum well),

and localized depressions in bandgap due to either nitrogen clusters or point defects,

either of which might be removable with anneal. Each of these will be examined

below.

It should be noted that a strong blueshift with anneal (or, equivalently, with

heating from laser operation) would be a disadvantage for dilute nitride lasers, since

many laser applications require a stable wavelength. By the end of our work reported

in the following chapters, however, many of the causes of blueshift had been identified

and reduced. The wavelength of our lasers is significantly more stable with time or

anneal.

Nitrogen outdiffusion from the QW was demonstrated by performing secondary

ion mass spectroscopy (SIMS) on early samples at Stanford[127] and elsewhere[128],

and even reported recently for anneals above 900◦C [122]. Although these results

were called into question due to the frequent run-to-run variations common with

SIMS, there was a consistent decrease in nitrogen signal after annealing, as shown

in Figure 3.6(a). Also, the SIMS signal from other elements such as In or Sb (not

shown) did agree from run to run. Furthermore, when using GaNAs barriers around

the QW, SIMS clearly showed different rates of nitrogen loss in GaInNAs QWs as

compared to the GaNAs barriers, as shown in Figure 3.6(b). The GaNAs barriers also

decreased the blueshift with anneal, which is consistent with maintaining nitrogen in

the QW. [Picture] This nitrogen outdiffusion decreased in more recent material, and

other groups reported finding no outdiffusion whatsoever [129, 117], or only with ion

damage [130], leading to some controversy.

A similar controversy has centered around whether there was interdiffusion of
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Figure 3.6: Nitrogen outdiffusion in SIMS. (a) Two GaInNAs QWs in GaAs barriers.
(b) Three GaInNAs QWs in GaNAs barriers. The nitrogen in QWs is protected by
higher levels in GaNAs. (From Ref. [59])

Group III elements at the QW boundary. If indium is able to diffuse into the walls

of the quantum well, then the well becomes wider and shallower, leading to a strong

blueshift due to the shallower quantum well. Some asserted that this was the dom-

inant source of blueshift, without evidence, but another group established it with

TEM, [129] finding 1nm of diffusion. Our material showed no such interdiffusion,

to within measurable limits of TEM (approximately 1-2 monolayers) [90]. Although

indium rode the surface for 3-4 monolayers during growth, and the QWs were rough

to begin with, the “softness” or grading of the QW interfaces did not change with

anneal according to TEM [35]. A blueshift from QW intermixing presents a long term

reliability problem for VCSELs and edge emitting lasers due to the endless shift in

wavelength and reduction of carrier confinement.

The discrepancy between groups appears to be due to the presence or absence of

vacancies in the crystal. Sputtering SiO2 onto the surface of GaAs creates gallium

vacancies, and subsequent annealing allows those vacancies to propagate to the under-

lying QW and promote rearrangement. Although this mechanism has been known in

industry for many years,[131] it has only recently been demonstrated and explained in

GaInNAs [132]. GaInNAs growth generally starts with a layer of GaAs under normal

growth conditions, but then the temperature of the substrate is reduced 100–180◦C in
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order to stabilize it at temperatures appropriate for GaInNAs. This results in a layer

of low temperature grown GaAs before the quantum well(s). There is a similar layer

of LT-GaAs after the quantum well(s), as the substrate is ramped back up to normal

GaAs growth temperatures. Khreis has reported that InGaAs grown at low tempera-

tures has a high concentration of point defects, and these defects were responsible for

In-Ga interdiffusion at the QW interfaces, causing a larger blueshift with anneal [133].

For MOCVD and gas source MBE, gallium vacancies are generated by a N-H complex

during growth, discussed on page 3.6.4. For solid source MBE, the defect density near

the QWs is critically related to the duration and temperature of the adjacent, low

temperature GaAs layers, as well as the quality of GaNAs barriers, if present. So the

Ga-In interdiffusion is almost wholly dependent upon poor growth conditions in or

near the QW, and even post-growth processing, and the best quality material in PL

or low-threshold lasers should demonstrate the least blueshift with anneal. Indeed,

as mentioned in the previous section on PL, the highest quality material from our

growth, CNRS, and Infineon does not show as much shift with anneal.

Reduced fluctuations of the bandgap will be discussed in Section 4.8.

Although nitrogen dramatically decreases the band gap of the material, it also

brings a host of associated defects such as arsenic antisites AsGa, the split interstitials

(N-N)As and (N-As)As, vacancies, and other point defects. (See, for example, Refs.

[119, 118, 6] for a list of many possible defects, with citations.) Identifying and

removing the sources of these defects was crucial to the development of 1.5µm edge

emitters and the VCSELs presented here. There are also random fluctuations in the

bandgap due to random, statistical fluctuations in the distribution of nitrogen [104],

although it is not clear that these survive anneal.

There is one additional type of defect worth mentioning: the N-H complex. Al-

though hydrogen has been reported as improving surface morphology [134], Ptak

reported that the concentrations of gallium vacancies, VGa, closely follow the con-

centrations of hydrogen in the structure [114]. These vacancies are theoretically

unfavorable in solid-source epitaxy, but hydrogen decreases the formation energy by

2eV, making them favorable [135]. They have been observed as a dominant defect in

material grown by MOCVD [136] and by gas-source MBE [54]. These vacancies are
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only partially removed by anneal. The correlation between vacancies and hydrogen

concentration suggests that a N-H complex is responsible for the gallium defects. The

N-H complex should be a shallow acceptor, and removal of hydrogen by anneal can

even cause p-type as-grown material to change to n-type material after anneal [137].

These complexes suggest that hydrogen may be responsible for the reliability prob-

lems with MOCVD-grown lasers, whereas MBE-grown lasers have been demonstrated

with an extrapolated lifetime of decades [138]. It now seems likely that early studies

of material parameters, such as effective mass and bandgap, were misled by the ef-

fects of these vacancies. Even today, care should be taken to distinguish the effect of

widespread defects from inherent material properties of dilute nitrides, because these

defects—and others that are not removed by anneal—greatly complicate the analysis.

Of the five blueshift mechanisms mentioned above (“healable” point defects, near-

est neighbor rearrangement, N diffusion or removal, Ga-In interdiffusion, and nitrogen

clusters), only the last three can contribute to a continuing blueshift as the wafer is

progressively annealed. Nearest neighbor rearrangement and the breakup of nitrogen

dimers are, in principle, processes that run to completion after a certain amount of

time or temperature, so we can eliminate those as sources of “endless” blueshift with

temperature.

3.6 Other Defects in Dilute Nitrides

3.6.1 Background Contamination

A number of other defects have been identified in dilute nitrides, including several due

to contaminants, such as oxygen, carbon, and hydrogen. The interaction of nitrogen

with aluminum is also suspected of being problematic. We do not believe any of

these play a significant role in our present material, but it is good to be aware of their

effects in order to be able to identify them when they appear. Another background

species in the chamber, AsN, was also observed by mass spectrometry. In addition to

the defects related below, a catalog of defects in GaInNAs may be found at Ref. [6].

Secondary ion mass spectrometry (SIMS) measurements on our material shows
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the background level of all of these contaminants to be below the noise floor (5×1016

for H and O, 5×1015 for C), as shown in Figure 3.7. Our oxygen contamination

was reduced by a factor of 5–10 when the filter on the nitrogen line was replaced.

We believe there was another reduction of 5–10x when a trace leak in the nitrogen

backing pump was fixed. The background levels of oxygen in the MBE chamber mass

spectrometer is below the noise floor. SIMS measurements on our material shows the

contaminant level to be near or below the noise floor for C, CO, CO2, H2O, O, and

O2, and approximately 10−10 Torr for H. It typically requires 1–2 months of growth

after an opening to get down to these levels.

3.6.2 Oxygen

Oxygen contamination has always been a serious issue in GaAs-related growth. Oxy-

gen contributes a deep level defect with strong nonradiative recombination. Oxygen

on the surface also pins step-flow growth, leading to dislocations that can propagate

as dark line defects and cause the premature death of lasers. Oxygen is one of the

major contaminants in commercial grades of bottled nitrogen gas, since O2 and N2

condense into liquids near the same temperature. In extreme cases, oxygen contam-

ination may be identified by its distinct spectral lines at 0.6158µm, 0.7002µm, and

0.7772µm in the plasma emission spectrum [139, 140]. These features have never been

observed in our emission spectra, even before taking measures to reduce oxygen in

the nitrogen line (Section 4.12). However, small amounts of oxygen were apparent in

secondary ion mass spectrometry (SIMS). Therefore SIMS is the preferred method of

measuring oxygen contamination in GaInNAs. Oxygen is still a major contaminant

in many groups’ material [141], and probably contributes to the “S shape” that others

report in low temperature PL.

It will be noted in Section 4.6.3 that changes in nitrogen composition should only

achieved instead by changing the Group III growth rate. However, if the nitrogen gas

were contaminated, this would incorrectly suggest that more nitrogen led to worse

material. For example, slower growth rates would allow more time for oxygen or

water to accumulate on the surface. This may have contributed to the apparent
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“nitrogen penalty” discussed in Section 4.1. Conversely, if the growth conditions

were kept constant but the nitrogen RF power or flow were varied to change the

nitrogen composition, this may incorrectly lead to the conclusion that more nitrogen

led to better material.

3.6.3 Carbon

Even before GaInNAs was discovered, carbon was known to form a stable, deep-level

defect in the presence of nitrogen [142]. During GaInNAs growth, nitrogen increases

carbon incorporation, and there has been a strong correlation reported between car-

bon concentration and laser threshold current [57], but this may also have been due to

aluminum contamination (below). Either way, carbon contamination appears to be

a significant problem only for MOCVD, where the precursor gases inherently include

carbon.

3.6.4 Hydrogen

Hydrogen has had a mixed reputation in the growth of GaInNAs [143]. It has been

reported to dramatically increase PL intensity and reduce potential fluctuations (car-

rier localization) if used during growth [144] or being implanted [145]. There is also

a blueshift in wavelength. These effects are reduced or eliminated by a post-anneal

growth, which raises questions of long-term stability of lasers grown with hydrogen.

Annealing GaInNAs under a hydrogen ambient has the same effect, and is completely

reversible by reannealing with an inert gas [145, 146]. These are consistent with hy-

drogen eliminating one of the nitrogen levels in the conduction band [147].

But hydrogen is also responsible for defects. Hydrogen has been found theoret-

ically to prefer an H∗
2(N) complex rather than an interstitial H2 site (which would

be better behaved, having little effect on the crystal), and also H acts solely as a

donor in GaNAs and GaInNAs [147]. Li used positron annihilation and found a large

number of gallium vacancies in material grown gas-source MBE, which uses arsine

gas (AsH3) instead of evaporated solid arsenic [54]. Ptak reported the same result for

MOCVD-grown material, and attributed it to a N-H complex [114]. It is not known
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how these results would change for MBE material with either H2 or atomic H in the

chamber. Solid-source MBE does not appear to have a measurable number of gallium

vacancies, but is dominated by traps associated with As sites [114, 118].

As a curious additional note, Bruno has reported that adding 3% hydrogen to the

N2 gas flow can passivate the GaAs surface at the end of growth [148]. The hydrogen

appears to remove excess surface arsenic, creating a thin but exceptionally stable layer

of GaN on the surface. This may have significant repercussions for transport devices,

since the existence of a stable passivating layer (SiO2) is one of the chief advantages

of silicon over GaAs.

3.6.5 Aluminum

In the past year or so, there have been increasing suggestions that nitrogen may

interact with the aluminum cell in MBE. Aluminum nitride is an extremely stable

compound, and the deposition of AlN on the wafer would almost certainly lead to

defects, as it is unlikely to be cracked on the surface. In fact, the first VCSEL at

1.2µm was made possible only after the realization that the nitrogen plasma must

be ignited after the aluminum layer was finished [35]. If nitrogen interferes with

aluminum layers, or vice versa, this could add a significant obstacle to the growth of

GaInNAs. It would also be extremely difficult to control all of the relevant variables,

since AlN apparently has a long memory effect. On the other hand, both of the other

groups demonstrating GaInNAs(Sb) lasers beyond 1.5µm are using MBE machines

with aluminum and nitrogen in the same machine [149, 23], so perhaps this interaction

is overrated.

It may seem convenient to simply quantify the difference in AlGaAs material qual-

ity between a nitride machine such as System 4, and a nitrogen-free machine such

as System 5. However, this comparison is actually not meaningful. Aluminum is an

excellent gettering material: it collects oxygen and other contaminants, so aluminum

cells need to be operated at high temperatures to remove these contaminants. Sys-

tem 4 is used for thick layers of AlGaAs, so both aluminum cells get frequent use.

On System 5, the single aluminum cell only got occasional use, and only for short
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periods such as a cap layer for PL structures. When we modified our standard PL

structures to be aluminum-free, the cell was used even less frequently. Therefore it

was likely full of contaminants that would have long been evaporated in System 4.

Although it is not a materials issue per se, AlN forms in the lip of the aluminum

cell, or on the surface of the aluminum melt, and this may have contributed to the

failure of the aluminum crucible in System 5. Nitrogen also accelerates the creep of

aluminum out of its crucible [150], leading to eventual destruction of the cell. So even

if there is no interaction between aluminum and nitrogen for growing high quality

materials, there is still strong motivation to separate aluminum from nitrogen in the

chamber.

The interactions between aluminum and nitrogen are more apparent in MOCVD.

Schlenker proposed separating the strained buffer layer from the QWs, either to avoid

Al-N interaction, or to bury contaminants or defects [151]. This idea goes back even

further, to Kroemer and Okamoto [152]. Kawaguchi reported an improvement in

lasers when GaInNAs QWs were grown in a separate MOCVD reactor from the

AlGaAs cladding [153]. The most common nitrogen precursor, dimethylhyrazine

(DMHz), pulls aluminum off the walls of the chamber, leading to up to 1% Al in

the QW [154]. The result is that aluminum and its precursors need to be scrubbed

from the chamber, either with another gas (an aluminum getterer) or with growth in

a separate chamber. Even with QW growth in a completely clean reactor, however,

Sundgren reported that an unknown aluminum-containing species rides through the

GaAs buffer to the QW interface, where it apparently bonds with nitrogen [155].

These are some of the obstacles in the way of growing longer-wavelength GaInNAs

by MOCVD.

3.6.6 AsN

One unusual species that has been observed in our chamber is the AsN dimer. A

group at the University of British Columbia has observed AsN being produced when

they grow GaInNAs with bismuth as a surfactant [94]. AsN was visible in our mass

spectrometer (89 amu) when the RF was turned up and the cell was hot, whether or
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not the plasma was running. The flux increased sharply when the nitrogen shutter was

opened, indicating that the dimer was coming from inside the cell. Like arsenic, AsN

eventually goes away with time, so it is believed to be evaporating from the plasma

cell. It is unknown what effect AsN has upon GaInNAs growth. Conventional wisdom

in elemental chemistry is that double bonds generally form only among elements on

the first row of the periodic table, so it may be unlikely that AsN is stable, and it

probably cracks on the hot wafer surface. If it did not crack, it would incorporate as

the dreaded (As–N)As split interstitial defect [85, 54].

3.7 Conclusions for GaInNAs for Optoelectronics

We have seen that the dilute nitrides are a favorable material for creating lasers and

other optoelectronic devices in the 1.3–1.5µm range of wavelengths. It emits further

into the infrared than GaAs, while still allowing growth on GaAs substrates, with

AlAs/GaAs DBRs available for VCSELs. The inherent and intrinsic properties of the

material include a small bandgap, an improvement in luminescence with anneal, and

a shift of the emission to shorter wavelengths with anneal. GaInNAs has a Type I

band alignment with GaNAs or GaAs, and a larger electron effective mass provides

a better overlap between the electron and hole wavefunctions, leading to higher gain.

GaInNAs may have several additional properties that are particularly favorable for

optoelectronic devices. It appears to have less of a shift in wavelength with temper-

ature [124], so VCSELs and anti-resonant ridge optical waveguides (ARROWs) can

operate over a wider temperature range. (Antimony appears to reduce this advantage

somewhat.) Also, the gain appears to be stronger than competing materials, with

an oscillator strength twice that of InP [44]. GaInNAs also has an unusually large

gain bandwidth; Hashimoto reported 49nm of 3dB gain in a GaInNAs semiconductor

optical amplifier based at 1.3µm [156], and Choulis reported an optically-pumped

VCSEL operating from 30–360K [124]. This suggests the possibility of widely tun-

able VCSELs [157], modelocked VCSELs at 1.5µm, as well as an optical amplifier

that could cover the entire WDM band from 1.53–1.56µm. The wide gain bandwidth

also reduces the sensitivity of VCSELs and ARROWs to errors in cavity thickness.
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This chapter has focused on the properties of Ga(In)NAs that are universally

observed by all groups growing reasonably good material. The following chapter will

present the means by which good material can be grown.



Chapter 4

Advances in Growth of Dilute

Nitrides by Molecular Beam

Epitaxy

“The most important thing is to get the material — then you can develop

the device. Without the material, you can’t make any progress! You get

nowhere.” — Nick Holonyak

4.1 Motivation for Growth Improvement

The proceeding chapter discussed some of the intrinsic properties of dilute nitrides,

i.e. properties that are unavoidable and even desirable in the material. For several

years, it was thought that the poor electronic and optical quality of dilute nitrides was

also an inherent result of incorporating nitrogen into the semiconductor.1 Although

plasmas have been used in MBE for just over a decade, starting with nitrogen doping

of II-VI materials for blue-green ZnSe lasers [64] (and references therein), the use of

a plasma cell in MBE is still a fairly new technique, and improvements are still being

made to the plasma cells themselves, as well as to plasma growth methods. Significant

1Hence the running joke that there is no material so bad that adding nitrogen can’t make it
worse.

55
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strides have been made in the ability to grow dilute nitrides, particularly over the

last four years, with the resolution of such problems as oxygen contamination, ion

damage, growth temperature variation, and ignition of the plasma. Earlier empirical

results showing better material quality with high flow rates, low RF power, and small

apertures have been explained with a better understanding of the properties of the

plasma. Dilute nitrides may soon be grown with material quality rivaling that of

GaAs or InGaAs.

A great deal of collective literature, as well as our own early experiments, suggested

that nitrogen disrupts the growth of otherwise excellent GaAs or InGaAs. When our

early growths were monitored by RHEED, the 2x4 surface reconstruction pattern

immediately disappeared upon opening of the nitrogen shutter, and the RHEED

pattern showed spots indicating 3D growth. Similarly, in an attempt to grow an

ultra-thin, protective layer of SiN on an oxide-free silicon wafer, RHEED showed

that the 7x7 silicon surface reconstruction disappeared when the nitrogen plasma

was ignited, and the RHEED pattern again developed spots.

The optical quality of early dilute nitrides was also suggestive of a supposed “nitro-

gen penalty,” i.e. the increase in nonradiative defects with nitrogen [66]. For example,

photoluminescence (PL) from GaInNAs was several orders of magnitude weaker than

from InGaAs with the same fraction of indium. The apparent nitrogen penalty was

most clearly observed by plotting the early reports of laser threshold vs. wavelength

near 1.3µm, as shown in Figure 4.1(a). With very small amounts of nitrogen, laser

thresholds were reasonably low, as shown by the nearly-horizontal fit line at the bot-

tom of Figure 4.1(a). But larger amounts of nitrogen were necessary to reach longer

wavelengths, and the laser thresholds increased sharply. The same was true for pho-

toluminescence: a small increase in indium and nitrogen caused the luminescence

intensity to drop, as shown in Figure 4.1(b). Historically, the dominant source of

laser threshold current was nonradiative recombination due to defects [158]. This

was apparent from the high characteristic temperature T0 reported for early lasers:

nonradiative recombination through defects is independent of temperature, so laser

thresholds did not change with temperature. (This was originally taken to be a good

thing, but the optimism was somewhat premature, as we shall see later.) Similarly,
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(a) (b)

Figure 4.1: Adding nitrogen to reach longer wavelengths causes: (a) an increase in
laser thresholds (Ref. [66], with numbering from references therein), and (b) a decrease
in photoluminescence [35].

the fact that PL improved by 20–50 times with anneal suggested the formation of

some kind of temporary defect in the material that needed to be removed with anneal

[117, 159].

Further evidence for damage was suggested by the large number of defects present

in GaInNAs and GaNAs films, as measured by deep level transient spectroscopy

(DLTS) [5, 160, 119, 118]. Low temperature photoluminescence (LT-PL) also showed

a significant deviation from the classical Varshni fit of bandgap vs. temperature,

suggesting carriers were being locally trapped at low temperatures [161]. Other groups

reported not only a deviation from the Varshni fit, but an actual “S” shape in the

LT-PL curve (see, for example, Ref. [102]). Also, transmission electron microscopy

(TEM) showed rougher quantum wells in early material grown with nitrogen. X-ray

diffraction (XRD) showed broad features rather than distinct diffraction fringes, and

reciprocal space maps showed smearing of the film peaks along the in-plane direction,

a sign of phase segregation and relaxation. Cathodoluminescence (CL) showed strong

inhomogeneity [59]. And growing the wafer even 10◦C too hot would cause such severe

phase segregation that the wafer turned white [59], suggesting that phase segregation

might already be occurring on the mesoscopic scale. Finally, there were reports that

ions from the plasma would cause significant wafer damage, and that removing the

ions improved both GaN and GaInNAs [162, 163]. Identifying and removing the
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sources of wafer damage was a major focus of the present work.

This chapter will offer new and revised techniques that were developed in order

to grow high quality dilute nitrides. Several characterization techniques were used

to study the condition of the plasma itself, such as optical emission spectra and the

reflected RF power, but these were found to be incomplete as indicators of plasma

condition. A remote Langmuir probe was used to measure the actual ion density

reaching the wafer position from the plasma, and this was found to be the cause of a

significant amount of wafer damage. Ion deflection plates were used to remove ions

from the plasma beam, and low voltages were found to be surprisingly more effective

at producing good material than high voltages. A significant amount of wafer damage

was observed in the wafer at the interface where the plasma was first ignited, and an

arsenic capping technique was developed to protect the wafer surface during plasma

ignition and stabilization. The ability to controllably damage or protect the wafer

with either an arsenic cap or with ion deflection plates led to the discovery that a

non-negligible fraction of the change in bandgap was due to damage during growth,

and is not an inherent property of GaInNAs itself. The bandgap of the wafer was used

to calibrate the wafer temperature, allowing standardization and control of the wafer

temperature from run to run. Low temperature growth was found to be responsible for

some of the defects, and by reducing the arsenic overpressure during low temperature

GaAs or GaNAs layers, the material quality improved. The final section in this

chapter concludes with a number of additional lessons that have been learned.

4.2 Basic Plasma Physics

A plasma is an ionized gas. Electrons are stripped from the atoms in a gas using an

electric discharge (DC plasma), a large electric field (capacitively-coupled plasma),

a magnetic field (inductively-coupled plasma), or the resonance of electrons at mi-

crowave frequencies (electron cyclotron resonance, ECR plasma). The plasma source

used in this work was a radio frequency (RF) plasma, which was inductively coupled

during normal operation but capacitively coupled when first ignited. Plasmas are

generated when a free electron is accelerated to high energies and collides with a
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neutral atom, ionizing it by knocking off another electron. Both electrons are accel-

erated again, knocking more electrons free in an avalanching process. This ionization

reaches a plateau when the free electron concentration (and to a lesser extent the ion

concentration) is so large that the free charges screen, or shield, the remaining gas

from any applied electric field. Whatever mechanism is used for stripping electrons, a

cloud of both positive particles (ions) and negative particles (electrons and negative

ions) is generated. The motions of these particles are extremely complex, due to the

dynamics of not only collisions, as in a conventional gas, but also the electromagnetic

interactions between the particles and the fields they generate. Within the plasma,

the various charged particles tend to move and act collectively [164].

High density plasmas, with pressures of 0.1–100 mTorr, are used in semiconductor

processing and epitaxial growth, such as in this work. Although these pressures are

much lower than atmosphere, they are high enough that the particles frequently collide

with each other. These collisions reduce the energies of the particles, and tends to

allow electrons to recombine with ions, quenching the plasma. High pressures tend to

produce low-energy ions, but might not be energetic enough to dissociate strongly-

bonded gases like N2. In other words, accelerated electrons may collide too many

times before acquiring enough energy to actually cause impact ionization. Lower

pressures produce higher-energy ions, with a greater efficiency in dissociation. If the

pressure is too low, accelerated electrons will run into the walls of the chamber rather

than ionizing another molecule, so the avalanche of ionization will cease. These points

will be revisited later.

Because of the difference in mass, electrons can respond to a change in fields much

more rapidly than ions can, and reach higher velocities. When a plasma is near a

solid surface, the electrons are therefore much more likely to reach that surface than

ions are, so the electrons will be equilibrated to the potential of the nearby surface.

The ions that are left behind in the bulk of the plasma are at a higher potential,

known as the plasma potential. Within the bulk of the plasma, the potential is

constant, as carriers are well-screened, and both electrons and ions tend to have a

Maxwell distribution of energies, although electrons have a higher temperature than

ions. Between the bulk and the nearby surface, however, the plasma forms a sheath,
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Figure 4.2: (a) Ion energy distribution coming from a plasma. (b) Excited energy
levels of atomic and molecular nitrogen. (After Newman. [167])

or skin. There can be a significant potential gradient across the sheath. If an ion

drifts out of the bulk plasma into the sheath, it will be accelerated out of the plasma

by the potential gradient across the plasma sheath. This produces ions with higher

kinetic energies than in the bulk of the plasma, and also higher energies than the

electrons. In fact, the ion kinetic energy will be very non-Maxwellian, with a sharp

distribution near that of the sheath potential Vs, as shown in Figure 4.2(a), and

a low-energy tail due to collisions. In an RF plasma, as the sheath collapses with

each RF cycle, the ions are free to escape [165]. The plasma tends to approach the

potential of the most positive probe nearby, plus the drop across the sheath. This is

significant because even 20eV ions (such as Ar+) are sufficient to etch GaAs [166],

and even lower energies are presumably sufficient to damage the wafer surface during

growth.

A nitrogen plasma will produce a number of species, shown in Figure 4.2(b). In

decreasing order of occurrence, these are neutral molecules in the ground state (N2),
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excited radicals (N∗
2), neutral atoms (N), molecular ions (N+

2 ), and atomic ions (N+)

[168, 167]. It requires 15.8eV of energy to ionize N2, or 14.53 eV to ionize a nitrogen

atom, but N2 dissociates into atomic N with just 9.7eV. Therefore dissociation of

nitrogen is favorable over ionization if the plasma is in thermal equilibrium. RF plas-

mas do tend to produce mostly neutral atoms and 1st-positive excited radicals, whose

energy of formation is 6eV. ECR plasmas, on the other hand, produce mostly ions and

2nd-positive excited radicals, both with much higher energy. ECR plasmas are thus

useful for ion etching in semiconductor processing, but are poor for semiconductor

growth [62]. It is also possible to use a mixture of gases to change the dissociation or

ionization of nitrogen. Argon has a similar ionization potential (15.57eV), so it can

be used to ignite the plasma before switching to all nitrogen [169, 149]. Neon can be

used to increase the atomic dissociation, due to Penning ionization from metastable

Ne [169]. Several excited, metastable states are possible in N2, but the A3Σ+
u state

(∼6eV) has a particularly long lifetime of 1.3±0.3 seconds, long enough to reach the

wafer [168].

4.3 Implementation of Plasma-Assisted MBE

This section presents the techniques by which the nitrogen plasma cell is operated.

All of the studies presented in this thesis were grown using a Varian Mod-Gen II

molecular beam epitaxy (MBE) machine, as introduced in Section 2.8. An SVT

Associates model 4.5 RF plasma source was used to crack neutral N2 into reactive

species. A schematic diagram of the plasma cell and gas handling system is shown in

Figure 4.3. RF power was supplied by an Advanced Energy Industries RFX 600 RF

generator operating at 13.56MHz. Unless otherwise specified, an RF power of 300W

was used, corresponding to approximately 2.45A at 122V. The RF coil in the plasma

cell was water cooled. The inductance of the plasma and coil are compensated by

a shunt-series capacitance matching network, with a fixed capacitance from the RF

port to ground, and a manually variable capacitance between the RF port and the

feedthrough into the cell. The matching capacitance is used to ensure full conversion

of input RF power to plasma power, by matching the inductive impedance of the
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plasma to the resistive impedance of the RF power supply and cable. The relevant

distances are much shorter than a wavelength (22 meters at 13.56MHz). The return

line from the coil is welded to the wall of the cell, which serves as the RF current

return path to the RF supply. The plasma is generated within a pyrolytic boron

nitride (PBN) crucible with a small aperture to maintain a high gas pressure within

the cell. Because PBN is an insulator, and the plasma is in proximity to a metal

contact (the gas line) in the back, the plasma cannot be biased positively or negatively

with respect to the wafer. This makes it impossible to remove ions by biasing the

plasma potential itself.

A standard 1” pyrex viewport allows a view into the plasma from outside, for

monitoring the plasma emission intensity and spectrum. Nitrogen is supplied from a

tank through stainless steel tubing. The tubing is kept above atmospheric pressure

to prevent any contamination from possible leaks, and baked after any exposure to

air. A Pall brand, resin-based gas filter purifies the nitrogen to better than parts-

per-billion. A 5sccm mass flow controller (MFC) from Unit Instruments controls the

nitrogen flow rate over a wide range of pressures. Isolation valves are installed on

either side of the filter, and after the mass flow controller. A gas bypass (not shown)

allows purging of the line without contaminating the filter. The MFC supplies gas

to the nitrogen foreline, which runs to the plasma cell and also to a Varian V70

turbomolecular pump with a dry backing pump (Tribodyn). With the MFC set to

10% flow (0.5sccm), the pressure before the Tribodyn is below 10−5 Torr. A Pirani

gauge (not shown) measures pressures in the foreline from 10−4 Torr to atmosphere.

The plasma ignition procedure is as follows. With all valves closed, the Tribo-

dyn is started. When the backing pressure falls below 1 mTorr, the valve after the

turbopump is slowly opened, and then the turbopump is started. When it reaches

full speed (75kRPM), the valve between the foreline and the turbopump is opened,

as is the valve after the MFC, and the valves before and after the filter (which are

generally left open anyway). The MFC is set to 10% flow in Flow mode. The RF

power is ramped to 150–165W over 15 minutes by computer, and the matching capac-

itor is tuned for minimum reflected power. Then the wafer is loaded into the growth

chamber. The gate valve to the ion pump is closed, as is the gate valve to the UHV
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Figure 4.3: Nitrogen plasma cell with matching network and gas handling system.
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transfer tube (TT). The leak valve is opened from 99977 to 00100 (through zero),

and the valve to the turbo is partially closed. The valve to the turbo is then rapidly

closed and the RF turned up to 300W nearly simultaneously, but with the turbo

valve first to avoid a high-RF, low-flow condition that generates energetic ions. If the

plasma does not ignite by itself, the flow is turned up briefly. The plasma ignites in a

capacitively-coupled (E-coupled, or low intensity) mode. The matching knob is tuned

to minimize the reflected power again. The flow is turned down, as low as 2.0%, until

the plasma switches to the inductively-coupled (H-coupled, or high intensity) mode.

The matching knob is tuned a third time, and the flow rate is turned up to 10%

over several minutes. The plasma will often drift for several minutes, requiring the

matching knob to be turned counter-clockwise (toward 0 on the dial) to compensate.

The relevance and importance of each of these steps will be discussed in the rest of

this chapter.

The major “knobs” controlling the plasma are the flow rate, the RF power, match-

ing capacitance, deflection plate voltage, leak valve, aperture, and shutter. The flow

rate can be set from 1.0% (roughly closed) to 100% (5sccm) on the MFC, with a

“purge” mode also available. Purge opens the internal MFC valve much more than

the 100% setting does. The plasma can operate at any gas flow from 2% to 100%,

although plasma properties vary widely over this range. The plasma is easier to ignite

at higher flow rates, and easier to get into high intensity mode at low flow rates. The

RF power is adjustable from 0 to 600W, but it is usually operated at 300W for normal

growth. The plasma cell cannot withstand more than 400W for extended periods, or

the copper coils deform and short to the metal shielding. The use of high RF powers

in the past may have also contributed to atmospheric leaks and the breakdown of the

fixed matching capacitors. High RF powers generate a more intense plasma, and may

be necessary at higher flow rates. The effect of the matching capacitor is complex,

and will be described in more detail in Sections 4.4 and 4.5. The deflection plate

voltage does not appear to affect the plasma directly, but does affect the ions coming

out of the plasma, as will be discussed in Section 4.7.1. The leak valve is used to

provide some backpressure to the MFC for stability. It also serves to tightly seal the

MBE chamber in case maintenance to the nitrogen system is necessary.
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The cell aperture is not changeable without opening the MBE machine. Small

apertures produce higher pressure within the cell for the same flow rate, increasing

plasma stability and decreasing ion energy. This results in better quality growth for

GaN [62, 170] as well as GaInNAs [163, 59]. Plasmas for GaN growth operate at

much higher flow rates, so they often do not require any restrictive aperture at all,

or have an aperture with large and/or many holes. The aperture also ensures that

the wafer is in the “remote plasma” regime, where it is unable to perturb the plasma

[171]. Another possibility is to add argon to the gas mixture, since the additional

gas collisions would reduce the ion energies and ion flux [169]. When growing dilute

nitrides, a plasma cell is generally operated with low flow and moderate power. It is

well known that lower cell pressures lead to greater ion density, which is undesirable

[172]. This condition is distinct from the high flow and high power generally used for

GaN growth, for which most plasma cells were designed. It is therefore important to

characterize the actual output of a particular cell rather than relying on claims from

competing manufacturers.

The shutter in its present form (i.e. ceramic) has no effect on the nitrogen plasma,

but does serve to block direct exposure of the wafer by the plasma. Even this is

only partly successful, since the nitrogen incorporation only drops by a factor of 20

or so with the shutter closed. Fischer has reported the use of a gate valve instead

of a shutter [81], but this presents problems with RF parasitics and sudden changes

in pressure, both of which can cause plasma instability. (See shutter instability on

Page 125.) The gate valve also cannot be used to seal off the nitrogen cell from the

chamber for venting to atmosphere, due to thick, rough arsenic deposits on the sealing

surfaces [173]. A better solution, which requires no changes to the MBE chamber, is

offered in Section 4.8.

The comparison of nitrogen plasma cell operation between different groups is diffi-

cult, due to the many significant variables involved: gas pressure, parasitic RF losses,

thermal profile near the plasma cell, purity of the supplied nitrogen gas, aperture size,

and many others. But the gas pressure is particularly important for understanding

plasma condition [171, 163], so it merits investigation. There are several methods

for determining the gas pressure inside the plasma cell. It can be calculated based
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on the gas flow rate and the conductance of the aperture [170], or the volume of the

cell and its 1/e pumpdown time can be used to estimate both the cell pressure and

the aperture conductance. Unfortunately, the nitrogen cell in System 5 was not fully

characterized before it was installed, so the dimensions of the aperture are unknown,

as is the conductance of the leak valve immediately before the cell. The aperture

consists of four holes drilled through a PBN plate approximately 1mm in thickness,

but the diameter of the holes is unknown. The cell manufacturer could not recall

the diameter either, since this particular aperture was specially created for our cell.

The aperture holes will be measured at the next opening of System 5. Estimates of

cell pressure based on 0.25mm holes, as previously reported [59], produce pressures

that are higher than the measured foreline pressure, which is physically impossible.

The best estimate of cell pressure appears to be taking the asymptote of an expo-

nential fit to the foreline pressure as a function of leak valve position, as shown in

Figure 4.4. It is estimated that the cell and foreline would both be at 0.6 Torr if

the leak valve were infinitely open. The pressure is 1–2 orders of magnitude higher

than reported for other cells, so these estimates may be in error. In particular, the

preceding analysis ignores the finite conductance of the foreline and assumes a linear

and continuous change in leak valve conductance with valve position, with no upper

limit to conductance.

4.4 Plasma Optical Emission Spectra

As mentioned above, the best devices reported to date have all been grown using RF

plasmas, presumably due to cracking efficiencies as high as 40% [140], as well as a

minimal ion flux, and decreased energy of excited species. [168]. It is desirable to

operate the RF plasma cell under conditions that produce a large amount of atomic

nitrogen, but it is particularly valuable to maximize the ratio of atomic nitrogen to

molecular nitrogen. Each of these species produce characteristic features in the visible

and near-IR spectrum [64, 174], as shown in Figure 4.5, and many RF plasma cells

provide a clear viewport through which the emission spectrum can be recorded. The

use of optical spectra to characterize the plasma cell has the benefit of simplicity, but
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Figure 4.4: Nitrogen foreline pressure vs. leak valve setting. Extrapolated final pres-
sure is 614 mTorr.

also several shortcomings which this work revealed.

The optical spectrum is useful as a rough guide to finding the best combination

of gas flow, RF power, and impedance matching conditions. Every plasma cell has

a certain amount of inductance or capacitance that must be compensated by an

equal and opposite reactance. In an RF plasma cell, a large, variable capacitor is

used to match the real impedance of the cell to that of the power supply, to avoid

reflections from an impedance mismatch. A second capacitor, which may or may not

be variable, is shunted to ground to compensate the total reactance of the cell and

the first capacitor, thereby enabling unity power factor and minimal reflected power.

Figure 4.6 shows the results of detuning the capacitor on the impedance matching

network. The lower spectrum was taken with an impedance mismatch sufficient to

cause 10W of reflected RF power, due to excess capacitance in the matching network.

Although this amount of reflected power is modest, just 3% of the total power, the

atomic emission lines have been reduced by nearly 20%, and the molecular bands

reduced by nearly 5%. This demonstrates the need to maintain constant net power

applied to the cell to provide stable output. For example, if the minimum reflected

power were to drift upward from 0W to 5W, then the forward power would need to
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be increased from 300W to 305W. Upon increasing the forward power, the spectrum

returns to its original form (not shown).

However, optical spectra can also be misleading. The upper spectrum in Figure 4.6

is nearly unchanged even though the cell is operating in a very different regime,

as evidenced by the increase in high energy emission at 0.316µm (aliased by the

spectrometer to 0.946µm). The deficiency in capacitive compensation led the plasma

to be extinguished soon after this measurement. In other words, if the cell drifts

toward this condition, monitoring the optical emission spectrum will not provide

sufficient warning of cell instability. We will return to the topic of cell stability in the

next section.

The total intensity of emission can likewise be misleading. It was noted earlier

that there is a comfortable growth window when the atomic emission lines are much

greater than the molecular emission lines. The overall intensity of the plasma is

dominated by very strong atomic lines, particularly near 0.869µm. However, excited

molecular nitrogen in the form of radicals can also contribute significantly to nitride

and dilute nitride growth. [175, 163] Under certain conditions, the excited molecular

species can increase while the atomic species remain constant or even decrease. It is

not necessarily sufficient to monitor the total intensity of emission, nor a single set of
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atomic lines. [175]

This raises another issue. In order to make a valid comparison between any two

wafers with different nitrogen compositions, the plasma conditions must be kept iden-

tical, and only the growth rate may be varied. Since excited radicals can participate

in growth [176], any technique that affects either their energy or their relative abun-

dance must take this into account. This is even more true for a change in ion density

or ion energies, as will be discussed in later sections of this chapter. Changing the

RF power or gas flow merely to change the rate of nitrogen incorporation raises a

number of additional questions that are not easily answered. Higher RF powers do

increase the amount of atomic nitrogen [177], and hence the fraction of nitrogen in

the semiconductor, but the higher RF powers also change the fraction of ions in the

beam [163]. There have been many reports in the literature of better or worse growth

with a change in nitrogen concentration, but many of these groups have varied their

plasma conditions for different growths, invalidating those studies.

It may be objected that changing the growth rate can also affect the quality of
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Figure 4.7: Optical emission spectra collected from both front and rear of plasma
source.

the material [178]. However, this seems to be merely a straightforward extension of

conventional wisdom in epitaxy, namely that higher temperature increases surface

mobility, allowing adatoms to reach low energy states before being buried by subse-

quent layers. An increase in growth rate should be accompanied by a slight increase

in wafer temperature to compensate for the change in surface time. Of course, this

presumes that there are no other significant sources of wafer degradation, such as

phase segregation, which would be initiated by a change in temperature.

Another difficulty in using optical spectra to characterize the plasma is that some

cells do not have optical viewports. This is not a problem for the visible and near-IR

wavelengths. Figure 4.5 shows the spectra collected through the clear viewport at

the rear of the cell, and also through the PBN aperture plate at the front of the cell,

facing the wafer. To cover a wider range of wavelengths, these spectra were taken

using an Oriel 77200 spectrometer with 0.20mm slits and a grating with 600lines/mm

blazed at 0.500µm. The rear viewport spectrum was recorded by butt-coupling a fiber

bundle to the viewport. In order to improve light collection for the front aperture

spectrum measurement, the fiber bundle was imaged onto the plasma aperture plate

using a 2” diameter lens with a 0.5m focal length. Both fiber bundle positions are

shown in Figure 4.7. The spectra in Figure 4.5 are mostly identical when normalized

in intensity, with some variation in the atomic emission lines near 0.869µm.

It should be noted that the emission from the front of the cell is not necessarily
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restricted to transmission through the solid portion of the PBN aperture plate; by

far the brightest optical emission is what comes through the pinholes in the aperture.

But the lack of a clear viewport in some cells may present difficulties for studying the

ion content of the plasma, because PBN can absorb some of the ion-related emission

lines in the UV. Also, our fiber bundles were only weakly transparent to UV, so the

UV emission spectra are not shown here.

4.5 Radio Frequency Impedance Matching & Cell

Stability

4.5.1 RF Circuit Model of Plasma and Matching Network

The stability of the plasma is paramount in performing careful materials studies and

in growing lasers. There are many factors that can contribute to plasma instability,

and we shall discuss several of them in turn.

The above optical measurements showed an asymmetry in the operation of the

cell with respect to the variable capacitor(s) on the matching network. Let Cv0 be

the series capacitance in the matching network that produces the minimum reflected

power from the system back to the radio frequency (RF) power supply. If the capac-

itance is increased above Cv0, the plasma may grow somewhat dimmer, but it will

continue to operate in H-coupled mode (high intensity), even with reflected powers as

high as 65W out of 300W. But if the capacitance is decreased slightly below Cv0, the

plasma rapidly becomes unstable and either drops into E-coupled mode (low inten-

sity) or extinguishes completely, usually before the reflected power even gets as high

as 30W. The existence of the asymmetry is corroborated from current measurements

at the deflection plates mounted across the output of the cell. Figure 4.8 shows the

current collected through one of the deflection plates as a function of the matching

capacitor position. Note that increased capacitance (turning the knob clockwise to

higher numbers on the dial) produces a sharp rise in current.

To study the effect of changes in the matching capacitor, we consider a simplified,

lumped circuit model of the plasma cell. An inductive plasma may be modeled roughly
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as shown in Figure 4.9. It be noted that the plasma is modeled as a linear element

here, i.e. unchanged by power factor or forward power. More sophisticated modeling

would be necessary to fully capture the complete behavior of the plasma cell, including

the change in coupling to the plasma with RF power or capacitive loading, but the

circuit model is a reasonable approximation for the qualitative argument made here

[179].

The values of Cser and Cshunt can be determined by impedance matching if Requiv

and Lequiv are known. The shunt capacitance is purely reactive, so it cannot be used

to generate a resistance (50Ω) for impedance matching. Instead, the series capacitor

Cser performs the impedance matching as follows. The real part of the impedance

looking into A-A’ in Figure 4.9 must equal the output impedance of the RF source,

50Ω. It is convenient to use a series-parallel transform will convert the C-R-L series

circuit to its parallel equivalent:

R|| =
R2

s + X2
s

Rs

, (4.1)

X|| =
R2

s + X2
s

Xs

, (4.2)
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Now Xs = XCser + XLequiv = −1/(ωCser) + XLequiv and Rs = Requiv. The parallel

impedance looking into A-A’, from Equation 4.1, is set to 50Ω, as mentioned above.

Then

50Ω×Requiv = R2
equiv + (

−1

ωCser

+ XLequiv)
2 (4.3)√

50Ω×Requiv −R2
equiv =

−1

ωCser

+ XLequiv (4.4)

Cser =
1

ω

(
XLequiv −

√
50Ω×Requiv −R2

equiv

)−1

(4.5)

For illustrative purposes, choose XLequiv = 80Ω and Requiv = 2Ω, which are reasonable

values for a similar ICP impedance, referred to the input side of the coil [179]. Using

these values and ω = 2π × 13.56MHz, it follows that Cser = 167nF. Plugging these

into Equation 4.2 produces the necessary reactance needed from Cshunt to cancel X||.

1

ωCshunt

= X|| =
R2

equiv + (Xequiv + XCser)
2

XCser

(4.6)

Cshunt =
1

ω

XCser

R2
equiv + (Xequiv + XCser)2

(4.7)

Substituting the above values results in Cshunt = 1.15nF. At the matched condition,

the matching network converts in-phase RF at 2.45A and 122V to mostly inductive
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RF at 12.2A and 976V. Preventing arcs from these high voltages will be described on

page 127. Note that these high voltages arise because the bulk of the energy oscillates

between Cshunt and Lequiv with each RF cycle. For this reason, Cshunt is known as the

amplitude capacitor. Cser serves only to shift the phase of the oscillation, and is

known as the phase capacitor. Another way to look at this is that the variable series

capacitance cancels the inductive component of the plasma, while the shunt (parallel)

capacitor supplies power to the resistance component of the plasma.

4.5.2 Effects of Cell Drift and Impedance Mismatch

We are now in a position to investigate the plasma changes predicted for a change

in matching capacitance. Figure 4.10 shows the results of a simulation in which the

series capacitor was varied from 80% to 125% of its nominally impedance-matched

value. Note the lack of asymmetry in any of the plots. The top plot (a) shows the

current through the feedthrough. It is apparent that the majority of the current at

the matching condition is reactive, out of phase with the input RF. The next plot

(b) shows the voltage drop across the equivalent plasma resistance, as referred to

the supply side of the coil. The third plot (c) shows the real power delivered to the

plasma, the product of (a) and (b). This was where any asymmetry in the forward

power vs. capacitor position would be apparent. To show the lack of asymmetry, the

mirror image of the plot has been overlaid.2 Finally, (d) shows the voltage reflection

coefficient, in both its magnitude and phase angle. The angle does show asymmetry,

but there is no change in magnitude, so there would be no change in power delivered

to the cell. In the absence of parasitic effects, it is not possible to explain the recorded

asymmetry in cell operation that was shown in Figure 4.8.

Further investigation showed that parasitic resistance at the shunt capacitor is a

likely cause of the asymmetry. The shunt capacitor in the matching network consists

of several fixed, air capacitors in parallel, with a cooling water panel attached to the

hot RF terminal. These capacitors get very hot during plasma operation, even with

the cooling water. With the heat from the shunt capacitor and feedthrough, multiple

2Actually the mirror with respect to impedance, not capacitance: Z ∝ 1/C.
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Figure 4.10: Circuit simulation of plasma cell with no parasitic losses. Note symmetry
throughout. (a) Current into coil. (b) Voltage across the plasma-equivalent resistance.
(c) Power delivered to plasma. (d) Voltage reflection coefficient as seen from RF power
source.
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fans are required to keep the matching network at a reasonable temperature. In

order for the shunt capacitor to generate so much heat, the parasitic resistance must

be considerable. The previous simulations were repeated, but with a 0.5Ω resistance

added in series with the shunt capacitor Cshunt. A clear asymmetry emerged, as shown

in Figure 4.11. The voltage across the shunt (a) followed the RF supply closely (i.e.

mostly in-phase near matched impedance), but the power delivered to the lossy shunt

capacitor (b) was strongly asymmetric. This is most clearly apparent in (c), where

the power delivered to the plasma is shown plotted with the power delivered to the

lossy shunt capacitor.

It is believed that the reason the shunt capacitor contributes so much to the

instability of the cell is because the heating is a runaway process: when the capacitor

is cool, losses are low, and the ideal model follows. As the capacitor begins to heat, the

increase in loss causes a change in impedance that drives the cell toward the condition

in Figure 4.11(c). Even more RF power is therefore absorbed, completing a vicious

cycle. The solution to this appears to be to start the cell in the relatively flat range

of parasitic heating shown in Figure 4.11(c), which rapidly heats the capacitor to its

final, steady state temperature. Contrary to previous reports [59], reflected power

(as reported by the RF power supply) is not dissipated in the matching network,

but in the RF power supply itself. Because the matching network is integral to the

plasma cell, there is no easy way to insert a power or phase meter to see how much

power is actually reaching the cell. A rough approximation might be to measure the

temperature of the RF feedthrough (i.e. power delivered to the plasma) relative to

the shunt capacitor (power lost in the matching network).

Using an automatching network or continually monitoring the cell to make sure

it remains impedance matched, the plasma can be kept in a stable operating range.

However, an extra cushion of stability might be provided by forcing a slight amount of

excess capacitance at the matching network [180]. This is currently used to improve

cell stability when the cell is first ignited.

The excess capacitance is particularly useful as the cell warms up. After igniting

the plasma or making a major change to its operating point, such as turning up the

RF power, there is a period of 10–15 minutes during which the condition of the plasma
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Figure 4.11: Circuit simulation of plasma cell model with a lossy shunt capacitor. (a)
Voltage across shunt (at A-A’ in Figure 4.9). (b) Heating in the lossy shunt capacitor.
(c) Power delivered to the plasma and to the parasitic loss in shunt capacitor.
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changes as it reaches steady state. This is probably due to heating in the matching

network, which uses air capacitors. Contrary to previous reports [59], cells from a

different major manufacturer have been privately reported to display the same drift

while they warm up. [181, 165] Regardless of the cause, during this warmup period,

the ideal matching capacitance Cv0 changes with time, so the matching network will

require periodic adjustment. If the cell is not kept matched during this transition,

when the matching capacitor is finally tuned, yet another delay will be required before

the cell is fully stable. It should be noted that the preceding model with a lossy shunt

capacitor does not explain the change in the location of the minimum reflected power

point. There may be other parasitic effects, such as heating in the feedthrough or

coil, which change the optimum series capacitance.

A thermocouple mounted on the RF feedthrough to the plasma cell provides

another noninvasive means to monitor the condition of the plasma. We have found

that the feedthrough will reach 130–140◦C when the plasma is first lit, but after 10-

15 minutes, the feedthrough will cool to 90◦C and remain there indefinitely. Fischer

reported the use of a gate valve to separate the plasma from the chamber while the

cell was warming up [81]. But a metallic gate valve, like a metallic shutter, can itself

lead to instability, as mentioned in Section 4.12. In short, some sort of provision must

be made to allow the plasma to stabilize before starting each growth. [182]

In addition to the anomaly due to the warmup time, the plasma often behaves

subtly different during first run of the day. There appears to be a significant benefit

in cell stability and performance if the plasma is pre-lit or “seasoned” for some time

before performing any growths in a day. Reflected power will often reveal whether

the cell has been seasoned or not, particularly for a cell reaching the end of a long

growth campaign. The plasma will often start with a high reflected power, 7–9W, then

gradually reach a constant 2–3W of reflected power. Subsequent growths would be

easier to light and would sustain 2–3W of reflected power. Based on prior experience,

we believe that the major effect of seasoning is to remove arsenic that has condensed

on the crucible, partially shielding it from the RF fields. Running the plasma for

30–60 minutes will re-evaporate much of this arsenic.
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4.6 Using Beam Flux Gauge as Langmuir Probe

4.6.1 Measuring Ion Flux from Plasma

Ion damage from the nitrogen plasma had been reported by several groups, for GaN

as well as GaInNAs. These ions could be reduced several ways. RF plasmas generate

fewer ions than ECR or arcjet plasmas, while still demonstrating a high cracking

efficiency [62, 162, 169, 63]. Kageyama also reported that the ion density saturates

with increasing RF power [163]. However, at high RF power or low flow rates, the

energy per atom climbs, and the ion density rises again. But high power and low flow

rates also produce desirable atomic nitrogen. To minimize ion generation, a small cell

aperture is used to raise cell pressures: increased collisions in the gas neutralize ions

and strip energy from the higher energy radicals [163, 62, 170]. In addition, Blant

reported that hot walls of the plasma chamber would lead to negligibly small fluxes

of ions, less than 1nA [175]. Our RF cell was built to take these considerations into

account.

There are also several techniques for removing ions from the plasma beam, such as

magnets[183, 130], ion deflection plates [163], ion collection within the cell [184], or bi-

asing the substrate to repel ions [162, 185, 186]. Because the nitrogen gas feedthrough

in our cell is grounded, the plasma potential cannot be directly biased with respect

to either the wafer or the beam flux gauge. Also, our MBE chamber does not have

the capability of biasing the substrate to repel ions. Another technique is to use

a set of dense metal meshes with different voltages, to repel charged species. This

is useful for studying plasma conditions,[171] but has not been reported as a useful

growth technique due to the restriction in the beam path and, presumably, the risk

of sputtering undesirable materials from the mesh onto the wafer.

The cell RF power and flow rate were chosen based on the optical spectrum, and

optimized after a series of test growths, which seemed to produce reasonably good

material [35]. Empirical results showed the best material quality corresponded with

high gas flow, low RF power, and a restricted aperture between the plasma and the

chamber [59].

Although optical methods are convenient for rough tweaking of a cell, conventional
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Figure 4.12: Ion current as captured by ion deflection plates. From Reifsnider [1].

optical spectra are insensitive to ions coming from the plasma cell, so there was no

way to measure ion production. Nevertheless, deflection plates were installed on our

plasma cell to remove any remaining ions. These are simply two parallel, metal plates

that straddle the output beam of the plasma. (See Figure 4.3, page 63, or Figure 4.20,

page 90.) If a bias is applied across the two plates, the resulting electric field drives

electrons and ions away from the beam center. Young and Kageyama both reported

needing high voltages to deflect ions [187, 163]. The use of high voltages appears to

be motivated by the difficulty in capturing ions at the deflection plates, as shown in

Figure 4.12 For this measurement, one of the deflection plates is biased, while the

other is grounded. The figure shows the current through the biased deflection plate as

a function of applied bias. As the bias increases, more electrons and ions are captured

by the plates. The I-V curve approaches a constant when all the available ions and

electrons have been captured. Negative ions are assumed to be negligible. [168]

To test the use of high voltage deflection plates, GaInNAs quantum wells were

grown with either GaAs or GaNAs barriers. A bias of ±800V was applied across

two parallel plates approximately 1cm long and 2cm apart, mounted at the output of

an SVT RF plasma source. The samples were grown using 300W of RF power and

0.5sccm of ultra-pure nitrogen. There was no consistent improvement in photolumi-

nescence, as shown in Figure 4.13. It appeared that ions were indeed negligible.

Despite this result, laser thresholds remained extraordinarily high. It is well known

that lower cell pressures lead to greater ion density This condition is distinct from the

high flow and high power generally used for GaN growth, for which most plasma cells

were originally designed. It is therefore important to characterize the actual output

of a particular cell.

One method of measuring the density of ions in a plasma is to use a Langmuir

probe, a bare wire within or near the plasma, with a second electrode nearby that

provides a reference potential. A voltage is applied to the probe, and the result-

ing I-V curve can provide ion density and electron and ion temperatures (kinetic
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Figure 4.13: Photoluminescence intensity vs. wavelength for various samples grown
with (circles) and without (squares) deflection plates. Each sample was annealed to
peak intensity.

energies). Langmuir probes have been used for studying ECR plasmas with higher

ion currents,[188] planar, inductively coupled plasmas,[189], and in studies of GaN

growth,[172] where it is believed that a small difference in particle energy makes the

difference between growth and etching.[63] Unfortunately, for the RF plasma cells

used for MBE, it is extremely difficult to probe the bulk plasma inside the crucible,

due to the solid ceramic crucible and the aperture plate at the end of the plasma cell.

Even if one could probe the plasma directly, the small sizes of these cells make it all

but certain that the probe would perturb the plasma.

An alternative approach was developed. Most MBE chambers use a Bayard-

Alpert ionization gauge to measure the beam equivalent pressures from the effusion

cells. We disconnected the beam flux gauge (BF) from its controller and connected

one or more of the pins to a Keithley 485 picoammeter, making a remote Langmuir

probe. The input gas line to the plasma cell was grounded by design, providing

the reference electrode. No changes were necessary inside the MBE chamber. This

has the advantage of directly sampling the ions coming from the plasma, with no

need to infer ion density from plasma conditions, optical spectra, or plasma cells

mounted in dissimilar test chambers. Furthermore, the measurement can be made

at the actual wafer position, unlike mass spectrometer based measurements. An

ion gauge controller might be programmed or modified to perform this measurement
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directly, by turning off the filament and grid biases and measuring the current on the

collector wire, but as we show later, the filament wire provides more signal than the

collector wire does. We will show that the beam flux gauge-Langmuir probe presents

a convenient and powerful tool for the measurement of ion flux, and we will show the

changes in ion current produced by changes in RF power, warmup time, and other

variables.

A careful reading of prior literature suggests the possible use of the beam flux

gauge as a Langmuir probe, but this was not made explicit if it was indeed the

case [172, 63, 175]. Molnar et al. used the beam flux gauge to study an ECR

plasma,[170] but other applications have not been reported until recently, presumably

due to several shortcomings that will be discussed below. There have been reports

that this method has been independently applied, but these results were inconclusive

and unpublished [181]. We have recently become aware of another group that has

reported a similar measurement,[190] which appears to be an independent rediscovery

of our previous reports [191].

To make this measurement, as previously mentioned, a picoammeter was con-

nected between the beam flux gauge and ground. A voltage source, shown in Fig-

ure 4.14, allowed separation of ion current from electron current. The beam flux

gauge was mounted within a cylindrical metal shield, with an opening on the side

facing the effusion cells. The bracket was grounded and served as a Faraday cage for

the beam flux gauge in normal operation. Unless otherwise specified, only one wire on

the beam flux gauge was used at a time, and the other wires remained unconnected,

to minimize collection of secondary electrons [171]. RF chokes and high-frequency

capacitors prevented coupling of electromagnetic interference into the picoammeter.

It should be noted that all ion flux measurements in this paper are relative, as it is

difficult to determine absolute ion densities in this geometry.

4.6.2 Langmuir Probe Results

A typical Langmuir probe measurement from our cell is shown in Figure 4.15. The

highest energy ions ranged in energy up to approximately 35eV. Electron energies
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Figure 4.14: Beam flux gauge as Langmuir probe.

were under 8eV, consistent with reported values for RF plasmas [189]. The extra

inflection points at 9 and 12V, shown as the valley and second peak in the inset

derivative plot, may indicate a bimodal distribution of electron or ion energies, but it

is difficult to deconvolve the effects of ions, electrons, and secondary electrons in this

range and geometry, and no attempt was made to compensate RF modulation of the

plasma potential [192, 193, 194]. The large slope of the saturation current is due to

secondary electrons, and remains linear at higher voltages.

The beam flux gauge has three parts: the collector wire, grid, and filaments. Any

of these can be used for the Langmuir probe, and each has a different response, as

shown in Figure 4.16. The small size of the collector produced a weak signal, although

it may be useful for spatially-resolved measurements. Because the collector is well

shielded by the metal bracket, bias on the collector did not efficiently attract (focus)

charges exiting the plasma at large angles. The filaments, on the other hand, are not

shielded, so they can detect the nonzero plasma potential due to the plasma. The

filaments also have a larger cross section, and are not shadowed by other parts of the

ion gauge, so they collect more current: ∼1nA, compared to ∼10pA for the collector.

This stronger current was easily measurable with an HP 34401A voltmeter with a

10MΩ input impedance, and agreed with the picoammeter. Figure 4.16 also shows a
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decrease in ion density after the cell reached steady state, after the warmup period

described in Section 4.5.2.

We also applied a DC bias to the grid of the beam flux gauge during the mea-

surement to try to identify particular species in the plasma output [188]. Figure 4.17

shows the collected current as a function of grid bias, with the collector wire grounded.

Contrary to the expected results, in which a positively-biased grid would repel posi-

tive charges and vice versa, the polarity of the grid bias matched the polarity of the

collected current. This indicates that secondary electrons were being generated at

the grid and/or collector, at a rate greater than the collection of charges from the

plasma. The current dropped below the noise floor (∼1pA) when the plasma was

extinguished, so this current was not merely leakage from the grid to the collector

over some other conductive path. Since the grid is a very sparse mesh, the high biases

may have also amplified the measured current through the Bayard-Alpert process.

4.6.3 Do Not Vary Nitrogen

Also, there have been numerous reports of comparison of PL from samples grown

with different plasma RF power or flow rate, apparently assuming that the quality of

XRD represented the optical quality of the material. However, the Langmuir probe
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shows that varying the flow rate can change the energy of incident ions, as shown

in Figure 4.18. The resulting change in ion damage and nonradiative recombination

centers would not be easily detected by XRD, and the ion flux is more complicated

than simple optical emission spectra would predict [163]. Therefore, in order to make

valid comparisons from wafer to wafer, one should not vary the gas flow, RF power,

or any other plasma condition. Only the Group III growth rate should be changed in

order to change the nitrogen composition. This may also require a slight change in

substrate temperature: lower growth rates increase the surface lifetime of Group III

adatoms before they are buried, increasing the probability of strain relaxation and

the formation of InGaAs QDs.

4.6.4 Discussion

It should be noted that this method fails to provide the detail of a conventional

Langmuir probe, and care should be exercised before drawing conclusions about the

plasma density or temperatures. The beam flux gauge is far from the interior of the

cell, so it does not sample the ions within the plasma itself, nor a large fraction of

the emitted ions. The aperture plate at the exit of the plasma cell further separates

the beam flux gauge from the interior of the plasma. Also, the reference electrode
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consists of the gas supply line at the rear of the cell, which is some 6-8cm from the

plasma itself, so there may be a significant potential drop between the plasma and

the reference electrode, leading to errors [195]. Also, it is impossible to perform a

longitudinal profile of the plasma by this method to extrapolate back to the plasma

[171]. Because of these restrictions and the probe geometry, estimates of electron and

ion temperatures using the Laframboise method, for example, are generally not valid

[196, 197].

Secondary electrons may also be generated from nearby surfaces by impact

ionization[171] or by photoemission, but in either case, the generation of secondary

electrons even at low bias suggests that the plasma is energetic enough to cause ioniza-

tion and ion damage to the wafer. Photoemission is is especially likely if the aperture

holes are large enough to illuminate nearby metal surfaces with direct radiation from

the plasma. Photons from N+
2 , recombining N2, and the metastable A3Σ+

u state all

have more energy than the workfunction of nearby metals [168]. Whatever the origin,

secondary electrons complicate the analysis of the I-V curve in several ways. First, the

intermediate region, |V | < 30V, may be dominated by these lower energy electrons.

This makes it very difficult to extract the ion or electron energy distributions. If

the effect of secondary electrons could be eliminated, perhaps by applying a positive

bias to the grid, it might be possible to extract the distribution of ion energies. The

recent report by Miguel-Sánchez indicates this may be a possibility [190]. However,

even with a biased grid, it is still possible for secondary electrons to interfere with

the measurement, since they may be optically generated near the grid, as is believed

to have happened in Figure 4.17. The other effect of secondary electrons is to add a

nonzero, linear slope to the I-V curve. This is taken into account by extrapolating

from the linear region back to the floating-potential point (zero current). This slope

appears to be qualitatively correlated with the optical brightness of the plasma.

Nevertheless, using the beam flux gauge as a Langmuir probe provides an ex-

tremely useful measure of the actual ion flux at the wafer, which would seem to be

the most pertinent information for plasma-assisted growth. In particular, the satu-

rated ion current (point A in Figure 4.15) and the energies of the most energetic ions

and electrons (arrows in Figure 4.18) can be unambiguously determined. Although
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the ion current varies with geometry and is only a relative measure, it is repeatable

from run to run. It can be monitored in real time while adjusting the plasma param-

eters, such as RF power or flow rate, to produce a beam with the fewest ions. If an

ion trap is available for the cell, the Langmuir probe can measure its effectiveness.

We had previously required dozens of GaInNAs samples under varying conditions

of growth rate, gas flow, and RF power to characterize the cell. Using the Langmuir

probe, we were able to verify that our optimal conditions in fact led to the smallest

ion flux while maintaining the efficient generation of atomic nitrogen based on optical

emission spectra. The remaining ions needed to be removed by deflection plates as

noted above. The ability to characterize the plasma cell ion flux in real time allows

optimizing the cell operation in a few hours, rather than dozens of growths.

As previously mentioned in Section 4.5.2, plasma cells from several vendors have

shown 15-20 minutes of instability before the plasmas reach a fully stable state, be-

lieved to be due to thermal processes in the cells. The Langmuir probe usefully shows

that the ion current varies with time, particularly in the first few minutes, then is

stable after that, as shown in Figure 4.19. This has implications for comparison be-

tween groups, or wafer to wafer, as the plasma variation may lead to differences in

ion damage, nitrogen incorporation, etc. If the plasma has not reached its stable op-

erating point before the growth of multiple quantum wells, there may be significant

differences between the quantum wells. Our method of overcoming this instability

will be reported in Section 4.8.

The ion energy distribution had the appearance of a bimodal distribution of en-

ergies, with two distinct energy peaks. There appears to be a kink in the I-V curve

near 10V, followed by another asymptotic approach at the electron saturation region.

Each kink and asymptote represents the range of one particular distribution. Two

sets of features were apparent, one centered at +2eV, and the other covering the

range from 10–35eV, as shown in the inset of Figure 4.15. This would make sense

from Figure 4.2 if there were sources of ions at lower energies, such as ions escaping

from the plasma during the “off” portion of the RF cycle when the sheath collapses.

However, at low energies, the Langmuir ion measurement is convoluted with the at-

traction (focusing) of electrons, as well as the onset of secondary electron collection,
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so care should be taken before attributing low-energy features to any one effect. The

higher energy peak, on the other hand, can only be attributed to high energy ions,

and these are of particular concern for wafer damage.

4.7 Low-voltage Ion Deflection Plates

4.7.1 Improved Material with Deflection Plates

Having determined that there was a considerable flux of ions from the plasma, steps

were taken to remove the ions from the plasma beam. Ion deflection plates had been

installed on the cell, with the intention that high voltages would deflect any charged

ions (and electrons) away from the wafer, as shown in Figure 4.20. However, as

previously mentioned, when ±800V was applied to the deflection plates, there was no

significant improvement in photoluminescence (Figure 4.13). Based on the results of

the Langmuir probe, it was believed that lower voltages deflected ions. This section

will show from theory and experiment that ion deflection voltages under 100V are

more than sufficient to remove even energetic ions from the plasma beam.

Three Ga0.62In0.38N0.025As0.948Sb0.026 photoluminescence samples were grown, each

with one 7nm quantum well, nominally emitting at 1.450µm. A bias of +18V, 0V, and

-40V was applied to one deflection plate for the respective samples, and the other plate
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Figure 4.20: Ion deflection plates prevent wafer damage. After Kovsh [2].

was grounded. Figure 4.21 shows a clear improvement in photoluminescence (PL)

with deflection. PL intensity at room temperature was increased by 3–5 times over

all annealing conditions, and PL intensity at 15K was also dramatically enhanced,

and the linewidth was somewhat decreased as well. Higher anneal temperatures were

reached before the PL was quenched. RHEED also showed better surface morphology.

It should be noted that the 0V sample was comparable to the best photoluminescence

at 1.5µm that had been demonstrated at the time, so this was not merely a question

of a single bad growth.

We determined that -40V applied to one deflection plate was sufficient to remove

the majority of ions from the plasma [182]. Photoluminescence (PL) from GaInNAsSb

quantum wells improved by a factor of 3–5x, as shown in Figure 4.21.

Low power PL showed that deflection plates reduced the PL linewidth [182]. For

samples annealed at 720◦C, the linewidth was reduced from 39meV to 37meV or

35meV, for positive, zero, or negative deflection, respectively. A PL linewidth of

32meV was observed after 800◦C anneal. The reason for the larger linewidth at net

positive deflection biases is still unclear. It may be that +18V was not quite sufficient

to deflect all ions, while the PL intensity of the -40V sample was reduced due to some



4.7. LOW-VOLTAGE ION DEFLECTION PLATES 91

None 720 740 760 780 800
0

10

20

30

40

50

P
ea

k 
P

L
 I

nt
en

si
ty

 (
a.

u.
)

Anneal Temperature (C)

+18V Deflection

-40V Deflection

No Deflection

0
5

10
15

20

1.3 1.4 1.5 1.6

P
L

 intens. (a.u.)

Wavelen. (µm)

Figure 4.21: Peak PL intensity increases 3–5x with moderate deflection plate bias.

Plasma

source S

L

+V

–V

d

Figure 4.22: Simplified model of ion trajectory calculation.

other cause.

4.7.2 Deflection Model and Verification

The use of low voltages for the deflection plates is consistent with a first-order model

of a charged particle in a uniform electric field. The partial pressure of charged species

outside the plasma source is below 10−5 Torr, so we can neglect shielding by other

charges in the first approximation. If we further neglect fringing fields, then we can

treat the deflection plates as an infinite, parallel plate capacitor with a fixed voltage.

We assume a particle with charge q, mass m, and velocity v, moving horizontally

between two parallel, biased plates as shown in Figure 4.22. The two plates are

biased at +V and −V , respectively, with a separation S and length L. The particle

will therefore spend a time t = L/v between the plates, and we are interested in the
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vertical deflection d = at2/2 that it will experience in that time. Using F = ma,

F = qE, and E = 2V/S, by straightforward substitution,

d =
qV L2

Smv2
(4.8)

Particles that start midway between the deflection plates with horizontal kinetic en-

ergy K = mv2/2 will be captured when d = S/2, or when

V ≥ 2d2K

qL2
, (4.9)

Note that mass plays no role in this equation.

For typical values of L = 1cm, d = 2cm, and K = 25eV, the ions will collide with

the deflection plate with a bias of just 200V. Although this model overestimates the

effectiveness of ion capture (collision) for a given voltage, ions do not actually need

to collide with the plates, but can merely be deflected away from the wafer surface.

To try to study the minimum deflection voltage that would adequately remove

ions from the plasma, a basic simulation of particle trajectories and the electric field

profile in the vicinity of the deflection plates was performed. An iterative, finite

element method was used to solve Poisson’s equation in the region near the deflection

plates and plasma. The wafer was modeled as a grounded conductor at a distance of

5cm from the tip of the deflection plates. The deflection plates were modeled as fixed

potentials, 2cm apart and 1cm long. The open boundary conditions were modeled

as an exponential decay (dV/dx ∼ x, dV/dy ∼ y), which provided a more rapid

convergence to the final values for the same size grid, and compared favorably with

zero-potential boundaries on a grid 4x larger in each dimension. For one simulation,

shown in Figure 4.23(a), the plasma itself was neglected. Because the pressure in the

plasma cell is tens or hundreds of mTorr, with a high density of free electrons, the

simulation was then repeated to include the plasma as a conductor. In either case,

after the Poisson solution had converged, it was used to calculate the trajectories of

particles starting at the plasma side of the deflection plates, as shown in Figure 4.23.

The figure shows the importance of including plasma conductance in the model.

Treating the plasma as free space overestimates the effectiveness of the ion deflection

plates at both deflecting ions, up to 221eV, and collecting them, up to 16eV. But
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the electrostatic fields are much closer to the picture presented in Figure 4.23(b), in

which the conductive nature of the plasma just inside the crucible, 2mm from the

deflection plates, has repelled the equipotential lines. Fringing effects clearly cannot

be neglected in the presence of the conductive plasma, and even closed-form solutions

to fringing fields [198] are inadequate to describe this situation. However, even taking

into account the fringing fields, the simulation shows that ±100V deflection plates

are capable of deflecting ions up to 167eV from the wafer, which is 5 times higher

than the highest energy ions measured by the Langmuir probe. Ions with less than

6eV of initial kinetic energy are fully collected.

Another experiment was performed which verified that low voltages were indeed

sufficient to deflect ions. In a Varian Gen II MBE system, the beam flux gauge and

the wafer carrier are mounted on opposite sides of a rotatable stage, or car, such that

either the ion gauge or the wafer may be pointed toward the source furnaces. The ion

gauge is parallel to and approximately 7cm from the axis of rotation, so the gauge

moves up or down as the car rotates to different angles. This allows spatial profiling

of the beam, as shown at the bottom of Figure 4.24. The upper portion of Figure 4.24

shows a very approximate relation between the voltage applied to deflection plates,

and the resulting angle of deflection. Only a few volts were sufficient to move the

peak ion location by several centimeters. For maximum spatial resolution in this

measurement, the beam flux gauge collector wire was used for the probe, rather

than the filament wires. The outlying data point at -28 degrees is believed to have

been caused when the probe wire fell behind one of the ion gauge filaments. Such

shadowing could be prevented by using the filament itself as the probe, but with some

loss of spatial resolution. The nonzero voltage offset is a result of the beam flux gauge

collector being not quite centered in front of the plasma cell, and also the convolution

of electron and ion currents. The deviation above +18 degrees was due to blocking

of the plasma beam by the beam flux gauge’s protective bracket, when the gauge was

turned too far away from the plasma source. Also, the Langmuir probe was restricted

to vertical motion, but the deflection plates were mounted at an angle of 55 ± 5◦

on the cell, so deflected ions tended to miss the probe at higher deflection angles.

These geometric complications prevented quantitative analysis of the ion energy with
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Figure 4.24: Deflection of peak ion current to different angles as deflection voltage
changes. Probe is swept across beam by rotating the car, as shown at bottom.

respect to the angle of deflection. Nevertheless, small voltages were sufficient to have

a significant effect on ion distribution.

It is still unclear why high deflection voltages did not improve the material. We

believe that the high voltage bias may have sputtered neutral, adsorbed contaminants

from the deflection plates or cryoshroud onto the wafer, or generated energetic but

neutral nitrogen species. There does not appear to be a DC-enhanced plasma or field

ionization of N∗
2, as there is no sign of breakdown in the current through the deflection

plates themselves (not shown).It is also possible that the high deflection voltages

generated energetic ions at the tips of the deflection plates, particularly the positive

plate. The net electric field has a large component in the direction of the wafer, which

would accelerate ions toward the wafer. Although we did not find evidence in the

Langmuir probe measurement of any sharp increase in current at high voltages, even

a small number of ions could cause significant damage to the wafer surface, since the

net potential is 800V from the positive plate to the (grounded) wafer. Finally, it is

possible that the high voltage may have caused an arc from the feedthrough to the

walls of the cell, shorting out the high voltage supply and causing it to revert to a

safe, “standby” mode with no voltage applied. A similar arc outside the cell has been

reported by others [165].

There was some early concern that the deflection plates were close enough to the
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Figure 4.25: Optical emission spectra with –1000V (solid line) and 0V (dashed line)
deflection bias. The bottom line, near 0 intensity, is the difference between the two
spectra.

plasma that very large electric fields could perturb the plasma itself. However, as Fig-

ure 4.25 shows, there was no change in reflected power or thermocouple temperature

with deflection bias, and less than 1% variation throughout the spectrum, even with

deflection voltages as large as 1000V. It is believed that the plasma is well screened

by the high carrier density.

It is worth noting that the deflection plates need not be equally or even oppositely

biased. If the average bias of the two deflection plates is nonzero, then they can be

used to provide a potential barrier to either electrons or positive ions. For example,

if one deflection plate were biased to +30V and the other to -10V, there would be a

net +20V potential that would tend to repel positive ions and extract more electrons

from the plasma, assuming the plasma is in good electrical contact with the grounded

pipe at the rear of the source [195]. Electrons are believed to be less damaging than

ions, so a net positive bias should prevent the most damage to the wafer. It should

be noted that a +10V net potential would not necessarily repel 10eV ions, due to

screening by electrons and the finite size of the deflection plates.
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4.8 Protecting Wafer using an Arsenic Cap

4.8.1 Damage Below the Quantum Well

The preceding reports have focused on plasma-induced damage during the quantum

well (QW) and/or GaNAs barriers, when the wafer is directly exposed to the plasma.

However, defects before and after the QW are often overlooked as significant sources

of nonradiative recombination and wafer damage. Point defects such as vacancies,

even when they originate far from the QW boundary, can promote intermixing of

either Group III or Group V elements, depending on whether the dominant vacancy

is VGa or VAs [199, 131]. Defects also reduce the lifetime of semiconductor lasers.

They can lead to a quenching of luminescence during anneal, despite some distance

from the quantum well. Finally, defects which nucleate before the QW is grown can

propagate an extended defect through the QW, leading to nonradiative recombination

and increased laser thresholds.

Indeed, we find that plasma-related damage of the wafer is not limited to the QWs.

Deep level transient spectroscopy (DLTS) measurements show a transient increase in

traps in the layer at which the plasma was ignited, even though the nitrogen shutter

was closed [35]. A Langmuir probe measurement similarly shows a strong, temporary

increase in ion flux when the plasma reaches H–coupled mode, as shown in Figure 4.19.

SIMS shows a sharp but short-lived spike in the nitrogen composition of the wafer

when the plasma is ignited, as shown in two samples in Figure 4.26, grown two years

apart. Preventing this damage is vital to high quality GaInNAs growth.

One possible explanation for the additional defects at plasma ignition may be the

operating point of the cell: low gas flow and high RF power may be necessary to

ignite a high intensity (H-coupled) plasma, but these maximize ion production from

the plasma. Ions are known to cause significant wafer damage.[163, 200] Several tech-

niques have been used to minimize damage due to plasma ignition. It was buried

under a thick GaAs buffer layer [35]. Wang et al. reported improved photolumines-

cence (PL) from increased arsenic overpressure attributed wafer damage to premature

nitridation of the surface, leading to phase segregation [201]. In that paper, it was

suggested that excess arsenic prevented nitrogen incorporation. This does not agree
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Figure 4.26: SIMS depth profile shows excess nitrogen incorporated when the plasma
is ignited.

with several published results showing independence of nitrogen incorporation above

a certain ratio of arsenic to nitrogen fluxes, and the technique suffers from a long

growth pause.

Another problem with plasma sources, in addition to the generation of defects, is

repeatability. Careful observation of plasma cells from several vendors has shown 5-20

minutes of instability before the plasma cell reaches a fully stable state [181, 165]. This

is believed to be due to thermal processes within the cells, at least when operating in

the low-flow regime for dilute nitrides. The instability necessitates running the plasma

for several minutes before the first nitride layer, to assure repeatable operation from

run to run. Also, the DLTS and SIMS features are not always present, suggesting they

may be the result of some unknown variation in the way the plasma is ignited, despite

efforts to standardize the plasma ignition process. If the plasma has not reached its

stable operating point before the growth of quantum wells, there may be significant

differences among the quantum wells, even emission at different wavelengths. It would

be of some benefit to be able to ignite the plasma cell and adjust it to a desired state
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before exposing the wafer to the plasma.

Fischer has proposed the use of a gate valve between the plasma cell and the

chamber, which allows the plasma to be ignited and tweaked to a desired steady state

without affecting the wafer [81]. But the operation of a gate valve in close proximity

to the nitrogen plasma can cause the plasma to become unstable again or even go

out [181, 165]. This may be a sign of an inductively coupled parasitic load on the RF

coil, as we had previously seen with a standard, tantalum MBE shutter in front of

the cell. It might also be due to a change in background pressure at the exit of the

plasma cell when the valve opens.

We propose the use of an arsenic cap[202] to protect the wafer during the ignition

and stabilization of the plasma. This technique requires no changes to the MBE

chamber, and has no effect on the plasma stability.

4.8.2 Arsenic Capping Procedure

For this study, a 7 nm GaInNAsSb quantum well in 20 nm GaNAs barriers was grown

using a Varian Mod-Gen II solid source MBE machine, with an SVT Associates

model 4.5 RF plasma source to supply reactive nitrogen. After the native oxide

was thermally evaporated, a 300 nm GaAs buffer layer was grown, with an As2 flux

provided by a valved cracker at 15 times the gallium flux. The wafer was then

cooled to 10◦C for one hour with an As2 flux of 0.5 − 1.0 × 10−5 Torr, in order to

deposit a thick arsenic cap, while being rotated slowly to ensure uniform deposition.

(150◦C was sufficiently low to deposit thick arsenic, although this is much higher than

temperatures in the literature. The difference appears to be due to the use of As2

vs. As4.) To best simulate our laser growth process, the buffer growth and nitrogen

growth took place in separate MBE chambers, and the wafer was transferred under

UHV while still capped. Once in the second chamber, the wafer was heated slowly

to 160◦C (thermocouple), then the plasma was ignited and operated for 20 minutes.

A large arsenic flux of 6 × 10−7 Torr was used to prevent early desorption of the

cap. A purely diffuse pattern in reflection high energy electron diffraction (RHEED)

was used to verify that the cap remained thick and amorphous. The wafer was then
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rapidly heated to oxide blowoff temperatures (720◦C), which desorbed the cap. The

RHEED pattern showed metallic rings between 350–450◦C, which in turn gave way

to a clear (2x4) reconstruction pattern as the final layers of the cap were desorbed.

For comparison, another sample was grown and capped using an identical process,

except that the arsenic cap was removed before the plasma was ignited. The wafer

was heated to oxide blowoff temperature (720◦C) to evaporate the arsenic cap, and

50nm of GaAs was grown while progressively cooling the wafer to 525◦C for GaInNAs

growth. The plasma was ignited as soon as this GaAs layer began, after the cap was

completely removed. The thick GaAs had previously been believed to bury plasma-

related damage, as previously mentioned [35].

4.8.3 Arsenic Capping Results

The wafers were cleaved, and each piece was annealed for 60 seconds in a rapid

thermal anneal. The photoluminescence (PL) intensities for each sample are shown

in Figure 4.27. The intensity was increased by 2-3x over all annealing conditions,

indicating the removal of nonradiative recombination sites. This is in comparison

with our best 1.5µm material at the time, and shows a significant improvement in

luminescence using the arsenic cap. Curiously, unlike the use of deflection plates,[203]

arsenic capping does not change the annealing characteristics of the material: the

luminescence begins to fall at annealing temperatures above 760◦C. This suggests

that the arsenic capping prevents a different type of damage than ion deflection plates

do.

Transmission electron microscopy (TEM) shows a decrease in damage with cap-

ping, and the effect on the wafer is highly localized at the cap interface. Several

typical TEM (002) dark field samples are shown in Figure 4.28. These are different

samples from the previously mentioned PL samples, but are typical for arsenic capped

and uncapped interfaces. The change in contrast from white to dark, similar to the

GaNAs barriers adjacent to the QWs, is evidence of excess nitrogen at the capped

surface. This shows that there was too much of a delay between the removal of the

arsenic cap and the onset of GaAs growth, allowing accumulation of nitrogen at the
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Figure 4.27: PL intensity at several anneal temperatures, for samples grown with
(circles) or without (squares) extended damage before the QW.

surface. The change in brightness in the QW is due to the different compositions

used, and is not significant for this study. There does appear to be somewhat better

uniformity in and between the QWs, however. We suspect that the ignition damage

promotes extended defects or prevents their burial under subsequent growth, and

contributes to surface roughening.

It was initially unclear whether arsenic capping was redundant with ion deflection

plates. Deflection plates had not been used in the first arsenic capping samples, and

it was possible that the arsenic cap merely prevented ion damage before the QW

just as deflection plates would. (Recall that removing ions from the plasma beam

caused a 5x increase in PL, as reported in Section 4.7.1 [203].) To study whether ion

deflection plates could fill the same purpose as arsenic capping, lasers were grown with

both arsenic capping and ion deflection, with arsenic capping alone, and with neither

technique. Figure 4.29 shows the distribution of measurements of laser threshold

current densities with each technique(s). Clearly each technique has a clear and

distinct effect, so arsenic capping is desirable even when ion deflection plates are in

use.

Finally, the improvement from arsenic capping has been a significant boon to the

development of GaInNAs modulators at 1.5µm. Arsenic capping, along with several
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improvements outlined in Section 4.12, led directly to the first demonstration of a

room temperature exciton peak and absorption Stark shift in any dilute nitride be-

yond 1.25µm [44]. Sharp exciton absorption peaks, with linewidths less than 25meV,

were demonstrated at both 1.3 and 1.5µm, with absorption coefficients as high as

20000/cm. These results offer excellent promise for modulators at these wavelengths.

We have also demonstrated the smallest reported room temperature photolumines-

cence linewidth at 1.5µm, just 28meV [204]. We believe the narrow linewidths in the

absorption (exciton) and PL measurements result both from removal of variations in

the bandgap (carrier localization) and from removing both nonradiative recombina-

tion centers (traps).

In summary, defects that originate outside of the QW are commonly overlooked

as sources of nonradiative recombination in GaInNAs-based lasers. The existence

of such damage has been verified by SIMS, TEM, and DLTS at the layer at which

the plasma was ignited in the high intensity (inductively-coupled) mode. Plasma

seasoning and stability would both suggest the need to allow the plasma to run for

some period of time before exposing the wafer, but such exposure leads to surface

damage.

This surface damage can be prevented by depositing a thick, temporary cap of

solid arsenic onto the wafer surface. With the surface protected, the plasma can

be ignited and tuned as desired, and then the wafer is quickly heated to growth

temperatures, rapidly evaporating the excess arsenic. This technique requires no

changes to the vacuum system. Unlike a gate valve, there can be no effect on the

plasma condition when growth begins. The contaminants usually associated with an

extended growth interruption are avoided, since the cap comes off within about one

minute of the wafer reaching Ga(In)NAs growth temperature. There are also fewer

defects associated with low-temperature GaAs, since the wafer is quickly ramped

up to Ga(In)NAs growth temperatures, with minimal or no low temperature GaAs

growth. Using the arsenic capping technique, PL was enhanced by 2–3x, and laser

thresholds were reduced by 30%. This was shown to be independent from the use of

ion deflection plates, and was another significant advancement in the development of

laser-quality GaInNAs(Sb) devices, including lasers and modulators.
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4.9 Redshift Induced by Plasma Damage

4.9.1 Defects Induced by Ion Damage

The preceding sections have offered methods of removing two distinct types of defects:

arsenic capping to prevent plasma damage upon plasma ignition, and ion deflection

plates to prevent ion damage during the growth of the quantum well itself. With these

two types of wafer damage now under human control, it is worth investigating the

broader subject of nitrogen-related defects in general. Wafers with and without each

type of damage were grown, and the results show several striking similarities. This

section offers evidence that the reduction in bandgap in dilute nitrides is actually not

entirely due to intrinsic properties of the material, but is partially due to wafer damage

during growth. Surprisingly, damage to the wafer well before the quantum wells

can produce a significant change in not only the material quality, but the nitrogen

composition as well. This suggests that even very small quantities of nitrogen (0.1%)

can either nucleate extended defects, which grow through the quantum well, or else the

nitrogen prevents existing defects from being buried by subsequent growth. Finally,

the annealing behavior of the different types of defects may help other groups identify

defects that may be present in their material.

Dilute nitrides such as GaInNAs have a significantly smaller bandgap than the

GaAs on which they are grown, making them attractive candidates for near-infrared

lasers and multijunction solar cells. Despite extensive study, the cause of the small

bandgap remains controversial. Experimental results have supported multiple mod-

els, such as a resonant level above the conduction band that repels it due to band

anticrossing,[70] or distributed levels from local depressions in the bandgap, whether

due to defects, alloy fluctuations,[102] an impurity band,[104] or multiple effects [105].

The band anticrossing model is the best established, with validation of the existence

of the unique E+ nitrogen band,[109, 108] but the origin of localized potential vari-

ations or disorder bands has not been adequately explained. We propose that the

apparent impurity band[103, 6] is primarily due to defects accrued during growth,

even if the material does not relax [205], and that the band is not an inherent prop-

erty of nitrogen in GaAs. Several defects near the conduction band edge that may be
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Figure 4.30: GaInNAsSb/GaNAs quantum well band structure, plus defect levels
from ∗DLTS[118] and †predicted by theory [7].

responsible for this behavior have been suggested from GaNAs DLTS[118] and theory

[7]. These are shown in Figure 4.9.1.

Several quantum well (QW) samples were grown by solid source molecular beam

epitaxy (MBE) with an RF nitrogen plasma source. Each QW consisted of 7nm of

Ga0.62In0.38N0.025As0.948Sb0.026 surrounded by 20nm GaN0.03As0.97 barriers. Growth

details are provided elsewhere [77]. The wafers were cleaved and annealed for 1

minute at various temperatures under a GaAs proximity cap. For one of the sam-

ples, a DC bias voltage was applied to ion deflection plates in front of the plasma

source during growth [163, 187]. Using moderate bias voltages resulted in a substan-

tial increase in photoluminescence (PL) intensity at all annealing temperatures,[203]

but more significantly, the peak wavelength was blueshifted by 10meV, as shown in

Figure 4.31. In other words, deflection of nitrogen ions away from the wafer dur-

ing growth increased the bandgap. This would be expected from a decrease in the

nitrogen composition of the film.

However, high resolution X-ray diffraction (HRXRD, Figure 4.31) indicated a

slight shift toward tensile strain in both the QW and barriers when using deflection

plates. It appears that more nitrogen was incorporated in the wafer, even though less

nitrogen was reaching it. This counterintuitive result prompted us to regrow these
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samples, with an identical outcome. Combined with the PL, these results ruled out

changes in strain, relaxation, Sb drift, and a decrease in nitrogen as sources of the

redshift. Furthermore, the linewidth was slightly increased with ion damage, also

shown in Figure 4.31, which suggests that the damage contributed random states

below the band edge.

To firmly establish whether the nitrogen fraction was changed by using deflection

plates, Rutherford backscattering spectrometry with nuclear reaction analysis (NRA-

RBS) was performed. 150nm thick layers of GaInNAs (8% In) in GaAs barriers

were grown with and without deflection plate bias, as above. These samples were

grown without antimony, as antimony is known to affect nitrogen composition [99].

The nitrogen concentration was measured to be 2.2 ± 0.1% and 2.1 ± 0.1% with

and without deflection plates, respectively, and these numbers were unchanged after

anneal. Clearly, the deflection of ions did not reduce the amount of nitrogen in the

crystal and, within the error bars, may have increased it, consistent with the XRD

results.

The NRA-RBS also showed that without deflection plates, 5.3% of the nitrogen

was in the form of interstitials before anneal, increasing to 7.0% upon anneal. With

deflection plates, however, the interstitial nitrogen was initially higher at 11.4%, but

dramatically decreased to just 3.7% after annealing. This suggests that ion-damaged

material formed extended defects such as phase segregation, or stable defects such

as the split interstitial (As–N)As (two atoms on the same Group V lattice site) [85,

54, 118, 7]. In the presence of damage, annealing apparently caused some of the

desirable substitutional nitrogen to move to clusters or complexes. In undamaged

material, the large fraction of interstitials (11.4% of all nitrogen) was probably due to

nitrogen dimer (N–N)As, which is energetically favorable over other defects at typical

GaInNAs growth temperatures [7]. The remaining 3.7% interstitials suggests that

there is still room for improvement in material growth.

The (N–N)As mostly decomposes upon anneal.[118, 121] Although the error bars

on the interstitial measurement were large (roughly 5%), it is unlikely that all of

these last four measurements were coincidentally in error in such a way as to reverse

these conclusions. The excess nitrogen from (N–N)As is expected to recombine as N2
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Figure 4.31: Effects of ion deflection plates. Photoluminescence (top) shows decreased
wavelength and comparable linewidth. Peak PL intensity was at an anneal tempera-
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108 CHAPTER 4. ADVANCES IN GROWTH OF DILUTE NITRIDES BY MBE

and diffuse out of the lattice, or else fill any arsenic vacancies with nitrogen. Arsenic

vacancies diffuse from the surface during anneal, and the filling of these vacancies

might explain why higher anneal temperatures are possible before PL rollover.

The microscopic cause of the damage-induced band shift is still uncertain. The

defect level associated with the (N–N)As split interstitial is well below the conduction

band, so it probably does not affect the bandgap significantly. The (As–N)As split

interstitial apparently survives anneal, and is probably either just below[7] or just

above[118, 6] the conduction band of GaInNAsSb. With the interstitial concentration

well above 1019/cm3, this defect level would broaden into an impurity band, and a

dopant-like miniband could reduce the bandgap. If the conduction band approaches

or crosses this level, it may also add to the PL broadening [104]. However, extended

defects are a more likely cause, as we shall demonstrate.

A decrease in the bandgap of GaInNAs or GaInNAsSb is usually caused by an

increase in N, Sb, or In. But in these samples, the nitrogen composition and the

bandgap both decreased. The mechanism for the reduction in nitrogen is not yet

known, but may be due to extended defects providing an escape path for N2 to reach

the surface during growth, or the escape of AsN dimers [94]. The peak PL wavelength

from all the various samples shifted similarly with anneal, suggesting that the shift

was not simply premature rearrangement of Ga-In atoms [124, 74, 206]. Furthermore,

the wavelength shift survived anneal, as did the decrease in luminescence, consistent

with ion damage [131]. This may also explain part of the redshift associated with

using GaNAs barriers around the QWs, since GaNAs tends to increase the number of

defects at these growth temperatures [81]. The defects may also increase the redshift

(decrease the bandgap) in the GaNAs barriers, and also in the GaInNAs(Sb) if they

propagate into the QW.

4.9.2 Damage Preceding the Quantum Well

To understand the nature of defects in this material, we grew two additional GaIn-

NAsSb/GaNAs QW structures with identical plasma conditions and no deflection.

Both wafers were covered with an arsenic cap, with details provided elsewhere,[182]
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Figure 4.32: XRD of GaInNAsSb/GaNAs QWs that were exposed to long (s522) or
short (s523) plasma exposure before the QW. (Offset for clarity.)

and the nitrogen shutter remained closed until the GaNAs layer. Growing with the

shutter closed incorporates very little nitrogen (0.01–0.02%), but it has been found

to introduce defects [207]. The arsenic cap on one sample (s522) was intentionally re-

moved before the plasma was ignited, exposing it to damage from ignition, but GaAs

growth began almost immediately. The arsenic cap on the other sample (s523) was

left in place until the plasma was ignited, but then the wafer had an unintentionally

long exposure to the plasma while being heated slowly to growth temperatures, and

is presumed to have been damaged by heavy nitridation of the surface.

XRD of these two samples shows a significant difference in nitrogen incorporation

in both QWs and barriers, as shown in Figure 4.32. The peak PL from these samples

showed a striking redshift of 17meV in s523, as shown in Figure 4.33, which is similar

to the redshift from ion damage presented above. The PL linewidth also increased

6meV with the extended exposure. It is unclear whether the change in nitrogen in

the QW is due to plasma ignition or extended exposure, but what is notable is that

there is any change at all.

The GaNAs and GaInNAsSb growth conditions were identical, and the samples

were grown within two hours of each other. Yet surprisingly, damage to the wafer
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Figure 4.33: PL spectra from GaInNAsSb QWs annealed at 760◦C, with and without
plasma damage before the QW.

before the QW made a significant difference in the composition of the QW itself.

Kudrawiec reported a blueshift in photoreflectance (PR) with anneal, and stated

that this ruled out defects as the origin of the blueshift with anneal, because PR is

insensitive to absorption at point defects [206]. But this argument only shows that

there must be another effect in addition to the defect redshift, not that there is no

defect redshift. In fact, the reported bandgaps decrease below 50K, which is the sign

of a defect band or bandgap fluctuations of some kind. Kudrawiec attributed 40meV

of the blueshift to band anticrossing, and 40meV to some unknown factor.

4.9.3 Comparison of Wafer Damage

Both types of wafer damage were found to produce a strong redshift in the photolu-

minescence. The change in PL and XRD can only be explained by extended defects

initiated before the QW and propagating upward through the QW. This suggests

that nitrogen either nucleates extended defects or prevents existing defects from being

buried during subsequent growth. This demonstrates the importance of minimizing

defects during growth of all layers preceding or including dilute nitrides.

On the other hand, the difference in annealing behavior at high temperatures

may be useful for identifying the source of defects in other material. Removing ion
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damage allows annealing up to 800◦C before the PL intensity falls, whereas pre-

QW damage has PL quenching around 760◦C. Also, the luminescence linewidth was

strongly degraded by damage before the quantum wells, but was less affected by ion

damage. This suggests that high linewidth may be indicative of problems early in

the growth. It also affirms that two different mechanisms are at work, although they

both lead to a redshift in luminescence and a decrease in both photoluminescence and

laser emission (as was seen in Figure 4.29 on page 102).

In summary, wafer damage from two different origins has been found to cause

similar effects in GaInNAs(Sb). First, it decreases the bandgap, causing a redshift

in the emission wavelength. We believe this is due to impurity-like levels, induced

by the damage, near the conduction band of GaInNAs. Extended defects propagate

through the QW, though other defects might be responsible for the bandgap shift. The

interstitial nitrogen concentration increases upon anneal, suggesting the formation of

undesirable split interstitials or extended defects. The second effect of wafer damage

is that the nitrogen composition is reduced. Antimony reduces defects in dilute nitride

growth, and also increases nitrogen, which we now believe to be the same effect.

Finally, it should be noted that because the defect density can vary significantly

depending on plasma, wafer preparation, growth technique, and other factors,[208]

it becomes notably difficult to compare results between different groups, or even

different growers within the same group, so past attempts at extracting material

parameters have likely been misled by ion damage and/or other defects. Only low-

defect material should be considered for characterization of fundamental physical

parameters.
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4.10 Substrate Temperature & Bandgap Ther-

mometry

4.10.1 Importance and Difficulties of Temperature Calibra-

tion in MBE

Due to the very different nature of nitrogen bonds compared with GaAs bonds,

Ga(In)NAs is prone to phase segregation. Phase segregation occurs when a homoge-

neous alloy of normally-immiscible materials separates into clusters, each of which is

rich in its own type of material, like oil separating from water on a microscopic scale.

This may occur through spinodal decomposition, which is a well known process in

metal alloys, and predicted to occur in semiconductors, although the actual mecha-

nism in Ga(In)NAs is unclear. Spinodal decomposition is a bulk process, rather than

a surface or growth-related process, occurring in the bulk of the material after time

or thermal cycling. Phase segregation can also occur on the surface of the semicon-

ductor during growth. In epitaxial growth, this leads to roughening of the surface.

Well-behaved segregation on the surface can result in self-assembly of quantum dots.

InGaAs quantum dots have been used to create lasers and other devices, in large

part because the segregation of InGaAs into islands retains the lattice spacing of

the underlying GaAs wafer. But gallium and nitrogen tend to form GaN, and the

hexagonal crystal structure of GaN is incompatible with the zincblende structure of

GaAs, so segregation of GaN inevitably forms voids and defects in Ga(In)NAs. Phase

segregation in GaNAs can be severe enough to turn a wafer white [59].

Phase segregation is a thermodynamic process, so low temperatures can be used

to prevent the material from making the transition toward its preferred equilibrium,

i.e. segregated. This is a well-understood technique in growth of heterostructures

by MBE, relying on kinetically limited growth, rather than thermodynamically-

limited. But there are equally severe problems with growth at low temperatures.

Both Group III and Group V atoms can be buried on the wrong lattice site, leading

to antisite defects; AsGaarsenic antisite defects are the most common. Also, since the

mobility of Group III atoms is the limiting factor in growth, if the temperature is
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too low, the Group III atoms may not be able to diffuse to fill empty holes, leading

to vacancies in the crystal. These problems can be minimized by adding an element

with high surface mobility. This is why GaAs can be grown 50–75◦C cooler than

AlAs, and InGaAs can be grown 75–100◦C cooler than GaAs. But dilute nitrides

need to be grown even cooler than InGaAs, making temperature control an issue.

Also, although nitrogen incorporation is independent of growth temperature up to

∼ 500◦C, the temperature does strongly affect the ratio of As and Sb for large fluxes

of Sb ( ∼ 8% mole fraction). Therefore it is of great importance to be able to grow

dilute nitrides at a well-controlled, repeatable temperature.

It is worth noting that over the course of this research, the available temperature

range for growth of GaNAs and GaInNAs(Sb) has increased dramatically. GaNAs

can now be grown routinely up to 500◦C or hotter, and GaInNAsSb up to 465◦C. It

appears that phase segregation can be strongly suppressed by avoiding surface defects

from ion damage or oxygen contamination. However, the photoluminescence intensity

of the film is still a strong function of growth temperature, so temperature control is

necessary.

Unfortunately, reading absolute temperatures in MBE is very difficult. The ap-

proximate wafer temperature is roughly measured by a thermocouple in the heater

assembly, which may or may not be touching the back of the wafer holder. Due to

the vacuum system, it is generally not possible to place a thermocouple directly onto

the front of the wafer to measure its temperature. The wafer holder typically includes

a sapphire or graphite diffuser plate for even heat distribution across the wafer, so

the thermocouple behind the wafer is further removed from the actual wafer temper-

ature. For n-type wafers, the thermocouple temperature therefore reads 80–100◦C

hotter than the actual wafer temperature for a bare wafer, or 130–150◦C hotter with

a sapphire backing plate. There is another 50◦C difference between Systems 4 and 5,

presumably due to thermocouple placement.

Conventional pyrometry, which uses a single wavelength, is generally unreliable in

semiconductors: the bandgap of a semiconductor dramatically changes the emission

spectrum, making it very unlike the black body radiation that pyrometers normally

use. Pyrometers can also be misled by a change in the reflectivity (emissivity) of the
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growth surface, by misalignment, by deposition of arsenic on the viewport, and by

heat from a heated viewport or a hot source such as gallium. The signal available

for pyrometry is also quite low at GaInNAs growth temperatures (near 400◦C). Two-

color pyrometry can correct for the bandgap problem as long both wavelengths are

well below the bandgap, but still suffers from the other problems mentioned above.

Because of these difficulties, all pyrometers need to be calibrated to a known ref-

erence temperature, which negates the whole purpose of using the pyrometer as a

temperature reference.

A number of attempts have been made, in our group as well as others, to calibrate

pyrometry using the oxide blow-off temperature, which is the temperature at which

the native oxide on a GaAs wafer evaporates. This is nominally at 580–585◦C, and

Sun et al. at U. Texas at Austin [209] reported seeing less than 2% variation in the

oxide desorption temperature in over 50 growths. But we have found up to 40◦C

variation from vendor to vendor, and a large variation even from one wafer batch

to the next. Preliminary data are plotted in Figure 4.34. It appears that the oxide

blowoff is not useful as a reference temperature, but varies with wafer preparation

and the type of oxide on the surface. It may also vary significantly depending on

the wafer holder [210], although we have not seen such a correlation with our wafer

holders.

Other methods for calibrating wafer temperature have been tried in the course

of this research as well. The silicon-aluminum eutectic is often used in silicon MBE,

but the temperature of a silicon wafer is different from GaAs, due to the smaller

bandgap (absorbing a larger fraction of infrared from the heater), and the aluminum

changes the emissivity of the silicon, and reflects infrared back through the wafer for a

second pass. For calibrating the thermocouple for low temperature growths for K. Ma,

small droplets of indium were melted onto a clean GaAs wafer using an ultra-clean

soldering iron tip. Each droplet was stretched as it cooled, so it stood with a 3:1 or

even 6:1 aspect ratio. This made it easy to see when the droplet melted and coalesced.

However, the long “post” was probably an efficient radiator of heat, standing relatively

tall from the wafer surface, so it served as a sort of heat sink for the surrounding wafer.

Using indium to solder small pieces of wafer edge-on onto the GaAs wafer suffered
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Figure 4.34: Oxide blowoff temperatures, measured by thermocouple.

from the same cooling problem, and is probably even less representative of the actual

GaAs wafer temperature. Using smaller droplets of indium, monitoring their melting

with the RHEED gun [211], would probably give more accurate results, as long as the

RHEED beam did not heat the droplets excessively. As is often the case with MBE,

it was eventually decided that the absolute wafer temperature was not important as

long as the temperature could be repeated.

4.10.2 Bandgap Thermometry using Direct Reflection

The bandgap of a semiconductor decreases with temperature, so by measuring the

bandgap, in principle, one can determine the temperature of the wafer with great

accuracy and precision, as described by Hellman [212]. The GaAs bandgap is about

970nm at GaAs growth temperatures. At these temperatures, the substrate heater

emits enough infrared near 970nm to make a transmission measurement through

the wafer. Unfortunately, at GaInNAs growth temperatures, the substrate heater

does not emit enough infrared light for this technique to work, so another source

of light must be used. The original solution, a small, heated filament, produced
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too much temperature nonuniformity at the center of the wafer. It is also possible

to use an optical fiber to supply light behind the wafer for the same transmission

measurement, although this is difficult for MBE chambers used for GaAs growth,

both because the high temperature damages the wafer, and because opaque arsenic

deposits on the fiber tip. Johnson has reported a diffuse reflectivity measurement,

in which light is transmitted through the front of the wafer, scattered off the heater

face, and transmitted back through the wafer [213]. It has been asserted that specular

(mirror-like) reflection from the wafer would overwhelm the detector.

However, as Figure 4.35 shows, specular reflection is more than adequate to pro-

vide the bandgap of GaAs at all temperatures of interest. For this measurement, a

20W halogen lamp was placed at one of the ellipsometry ports on the MBE machine,

focused onto the GaAs wafer using one or more lenses, and the reflection was focused

onto a fiber bundle that went to an Oriel 77200 spectrometer. The bandgap is clearly

detectable as a change in reflectivity over a wavelength range of ∼20nm. The input

optics were designed to produce the smallest possible image of the lamp filament

onto the wafer, in order to sample the smallest possible area and avoid temperature

gradients across the wafer. The ellipsometry ports allow a large opening for high

light collection efficiency. An InGaAs detector was used at the output of the spec-

trometer, with strong responsivity up to 1.6µm. To remove the system response, a

special wafer was loaded, with 100nm of aluminum deposited on a 3” silicon wafer to

act as a mirror. This mirror wafer is also used for the white-light reflectivity growth

calibration (page 28, [43]). The lamp spectrum as measured off the mirror is divided

from all other spectra. Also, to minimize noise in the measurement, the spectra are

convoluted with a Gaussian lineshape with 1/e width 10nm. No lockin was necessary.

The Matlab code used for extracting the bandgap has been made available to the

group.

This technique is immune to changes in alignment or coating of the viewports,

since these affect all wavelengths more or less equally. Because it uses the ellipsometry

ports, the main center viewport is still available for conventional pyrometry or wafer

curvature measurements. This technique also does not displace precious sources from

the MBE machine, unlike commercial solutions based on diffuse reflectivity. Because
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of the time required to scan the spectrometer, this measurement cannot be performed

with wafer rotation enabled. Using an infrared CCD array in place of the InGaAs

detector would allow measurement during rotation and growth.

The most significant limitation to bandgap thermometry is that it only works on

semi-insulating wafers. Doped wafers, which are necessary for lasers, lack the distinct

band edge of undoped wafers, due to bandgap renormalization and free carrier absorp-

tion over the range of wavelengths near the bandgap. It is still possible to extract

the bandgap from n-type wafers, but the measured bandgap changes with dopant

type and density, rendering the technique useless for establishing an absolute temper-

ature reference. Efforts to combine bandgap thermometry, conventional pyrometry,

oxide blowoff, and other techniques to produce accurate substrate temperatures are

ongoing, and will be continued by future students.

The results of bandgap thermometry for a number of wafers are shown in Ta-

ble 4.10.2 and plotted in several ways in Figure 4.36. Because we occasionally use

old wafer holders for non-temperature-critical growths, sample s498 was mounted on

a Varian wafer holder, with light spring pins and no sapphire backing plate, and

is essentially a bare wafer in the chamber. The remaining samples were mounted

on Veeco/Applied Epi Uniblock wafer holders with sapphire backing plates. The 2”

wafers and the quarter-3” wafer were held in place with a molybdenum faceplate.

The highest temperature in each plot represents the temperature at which the native

oxide desorbed.

These are only preliminary measurements; a longer series of measurements, with

pyrometry, will be taken by H. Bae. But from the preliminary results, it appears

that, for the same real wafer temperature (i.e. same bandgap):

• For 3” wafers, System 4 reads 30–36◦C hotter than System 5 at oxide blowoff

temperatures, or 54–68◦C at GaInNAs temperatures. In other words, if oxide

blowoff occurs at 750◦C in System 5, it will be approximately 780–786◦C in

System 4.

• For 2” wafers, System 4 reads 35–45◦C hotter than System 5. (53–115◦C for

GaInNAs temperatures.)
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Figure 4.36: Bandgap thermometry (reflective pyrometry) results for semi-insulating
GaAs. The System 4 thermocouple reads about 50C hotter than System 5 for the
same actual bandgap or wafer temperature (top).
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Table 4.1: Comparison of bandgap thermometry from various wafers and MBE cham-
bers

(a) System 4
s498–Old s514–2” s522–2” s513–3” s533–3”

TC (◦C) µ m TC µ m TC µ m TC µ m TC µ m
40 0.934 100 0.948 250 1.004 100 0.941 300 1.000
80 0.946 150 0.955 300 1.013 150 0.950 350 1.005

120 0.964 200 0.966 350 1.023 200 0.960 400 1.013
190 0.984 250 0.978 400 1.036 250 0.971 450 1.027
240 0.998 300 0.989 450 1.052 300 0.981 500 1.040
280 1.012 350 1.001 500 1.068 350 0.992 550 1.055
320 1.022 400 1.014 550 1.086 400 1.005 600 1.072
350 1.032 450 1.027 600 1.108 450 1.018 650 1.093
350 1.032 500 1.042 650 1.132 500 1.032 700 1.113
400 1.048 550 1.061 700 1.153 550 1.048 750 1.136
450 1.068 600 1.085 750 1.175 600 1.066 775 1.149
500 1.092 650 1.110 770 1.183 650 1.087 800 1.161
550 1.118 680 1.125 780 1.188 700 1.108
600 1.138 700 1.135 811 1.201 750 1.134
650 1.158 750 1.155 780 1.150
700 1.182 770 1.165 790 1.155

790 1.174 800 1.162

(b) System 5
s514–2” s532–2” s513–3” s533–3” s595–3” s516–Qtr

TC (◦C) µ m TC µ m TC µ m TC µ m TC µ m TC µ m
50 0.938 300 1.020 100 0.944 250 1.001 150 0.941 100 0.955

100 0.947 400 1.064 150 0.957 300 1.010 200 0.955 150 0.969
150 0.960 525 1.100 200 0.969 350 1.021 250 0.968 200 0.982
200 0.972 719 1.178 250 0.981 400 1.033 300 0.983 250 0.996
250 0.983 720 1.176 300 0.995 450 1.048 350 0.997 300 1.011
300 0.997 720 1.178 350 1.007 525 1.077 400 1.012 350 1.028
350 1.011 760 1.190 400 1.023 575 1.092 450 1.028 400 1.046
400 1.026 450 1.037 625 1.113 500 1.045 450 1.066
450 1.042 500 1.055 675 1.133 550 1.062 500 1.088
500 1.063 550 1.072 720 1.156 600 1.083 550 1.110
550 1.086 600 1.090 750 1.167 650 1.101 600 1.131
600 1.111 650 1.111 800 1.189 700 1.122 650 1.153
650 1.132 700 1.130 817 1.196 820 1.176 700 1.174
700 1.152 750 1.153 730 1.183
710 1.156 780 1.167 740 1.188
720 1.161 800 1.174 750 1.195
730 1.166 810 1.178 762 1.200
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• On System 4, 2” wafers read 36◦C hotter than 3” wafers. (33◦C for GaInNAs.)

• On System 5, 2” wafers read 48◦C hotter than 3” wafers. (23◦C for GaInNAs.)

• A quarter-3” wafer reads 92◦C cooler than a full 3” wafer. (97◦C for GaInNAs.)

• A 2” wafer reads 84◦C cooler in an old wafer holder than in a Uniblock holder.

(97◦C for GaInNAs.)

The margin of error for these measurements may be as large as the variation in oxide

blowoff temperatures (tens of degrees, Figure 4.34). These are intended only as a

rough guideline.

One of the interesting possibilities with thermometry is the possibility of measur-

ing the wafer temperature as the growth progresses. Bandgap thermometry is not

well suited to measure wafer temperature for wafers that include a long-wavelength

quantum well, because the quantum well absorbs infrared light. However, it is possi-

ble to show that the wafer temperature increases when the source shutters open. For

example, the wafer temperature increased approximately 5◦C when the Ga shutter

opened (not shown).

The absorption of infrared light by GaInNAs quantum wells suggests that the

wafer may be increasing in temperature as growth progresses. There is significant

energy in the infrared that is below the bandgap of GaAs, but well within the ab-

sorption range of GaInNAs(Sb) QWs. (Note the bulge in optical emission from 1.2–

1.5µm, due to the wafer heater, at the higher temperatures in Figure 4.35, page 117.)

To study whether bandgap thermometry could be used to investigate the change in

wafer temperature as the growth progressed, a series of growths were made on the

same wafer. The reflectivity spectrum of the wafer was taken after the GaAs buffer

growth, and again after each quantum well. Unfortunately, as Figure 4.37 shows,

there was no measurable difference change in the average wafer temperature with

successive quantum wells, at least not within the noise of the measurement. Never-

theless, transmission electron microscopy (TEM) shows better quality material when

the substrate is cooled by 5–8◦C per QW.
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Figure 4.37: Bandgap thermometry vs. number of QWs.

The problems with measuring wafer temperature of doped (n-type) wafers, and

of measuring the surface temperature during growth, both suggest that a surface-

sensitive technique may be more successful. Spectroscopic ellipsometry has been used

for measuring properties of thin films, but we have had no end of difficulty using the

Hitachi ellipsometer in the Ginzton Labs for long wavelength measurements: the re-

sults of the layer simulation are controlled more by guesses at fitting parameters than

by actual material properties. A related technique may be useful, however. Polarized

light could be used to measure only reflected light near the Brewster condition, which

would not be transmitted into the wafer, and the reflection would be almost entirely

determined by the refractive index at the surface. However, refractive index changes

very slowly with temperature, and measuring such small changes in refractive index

is a challenging task.

4.11 High Quality Material at Low Temperatures

As mentioned in the previous section, dilute nitrides are grown at temperatures signif-

icantly lower than other GaAs-based materials. For example, AlAs is typically grown

above 700◦C, GaAs is grown at 550–600◦C, and InGaAs is grown at 475–550◦C.
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GaNAs can be grown up to 450◦C, although higher temperatures lead to phase segre-

gation and loss of nitrogen. GaInNAs is usually grown at 380–425◦C. The growth of

GaInNAs at higher temperatures is believed to produce better material, if techniques

can be developed to prevent phase segregation [2]. With the addition of antimony

and the removal of plasma damage and oxygen contamination, we were able to grow

at temperatures up to 460◦C, but this is still fairly low. The primary consequence

of low temperature growth is the inclusion of arsenic antisite defects (where arsenic

sits on a gallium site in the crystal lattice). Arsenic can also be incorporated in in-

terstitial sites. If excess arsenic is incorporated as antisites or interstitials, when the

wafer is annealed, the arsenic precipitates out, forming clusters that lead to rapid

nonradiative recombination, i.e. poor optical material.

To prevent the segregation of arsenic during or after growth, the arsenic overpres-

sure should be reduced. Based on recent discussions with Kai Ma[214], a GaAs wafer

was heated to the desired GaNAs growth temperature, and the arsenic and gallium

shutters were opened to start growing plain GaAs. Surface roughness and reconstruc-

tion were monitored by RHEED as the arsenic flux was slowly decreased. The RHEED

began to degrade with a V/III ratio of 3 to 4. GaInNAsSb photoluminescence samples

were then grown with this lower arsenic flux during the low-temperature GaAs layers

and GaNAs layers showed a 2x improvement in photoluminescence intensity. Lasers

based on this technique are eagerly awaited. It should be noted that this reduction

in arsenic overpressure was a recent modification to our growth technique, and had

not been developed in time for the VCSELs or edge emitting lasers that follow.

It should be noted that Infineon has reported high quality GaInNAs grown near

the stoichiometric limit, with the V/III ratio just over 1.0 [23]. However, growing

near the stoichiometric limit leads to a number of instabilities in the growth, such as

a strong dependence on temperature and Group V flux, and the necessity of growing

at even lower temperatures. We have found better results with higher temperatures

and higher arsenic fluxes during the GaInNAs(Sb) layers. Because indium has a high

surface mobility at low temperatures, GaInNAs is more similar to InGaAs than to

GaNAs, and does not need lower arsenic fluxes.
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4.12 Care and Feeding of an MBE Plasma Source

(The subtle difficulties of growing with an RF source)

The introduction of a high-density plasma source into a UHV system such as

MBE is not without its risks and difficulties. Many of the major issues have been

covered previously in this chapter and in Chapter 3, such as ion damage, plasma

aperture, etc. There are also a number of subtle factors which are often overlooked,

but which have proven to be just as important for making a stable plasma and for

growing high-quality dilute nitrides. These factors will be discussed in more detail in

this section. They include plasma instability, noise in the mass flow controller, RF

leaks that affect other instruments, sparks and shocks, oxygen contamination, leaky

feedthroughs, arsenic contamination of the PBN crucible, background hydrogen in

the chamber, and the effect of the plasma on ion pumps, Knudsen cells (particularly

aluminum), and all hot filaments in the chamber. These problems can lead to machine

contamination, plasma instability, poor growth, atmospheric leaks, and destruction

of MBE components.

At the beginning of this project, the plasma source was notoriously unstable. In

fact, the plasma could be extinguished by the mere act of a person walking past the

MBE machine, which would ruin the growth. This also had the unfortunate effect

of preventing new students (including the author) from learning MBE from the prior

generation, since they were not permitted in the same room while the plasma was

running. This plasma instability was considered by the prior generation of students

to be normal and unavoidable, and they graduated without solving it,3 although they

had tried wrapping several cables with loose copper mesh. The curious nature of the

interaction—coupling to a human body—led this author to suspect that stray RF

from the plasma was being coupled as noise into the mass flow controller (MFC). By

monitoring the electrical output from the MFC valve controller with an oscilloscope, it

was possible to see that the valve position was swinging wildly, and that in fact there

was a large RF component being picked up by the pressure sensor. This coupling

indeed changed when one walked anywhere near the source. The manufacturer of the

3And, for that matter, without teaching the new students how the plasma worked.
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MFC (Unit Instruments) was contacted, and they reported that the control circuit

had been poorly designed, with a shared ground between the digital components

and the analog components.4 The MFC was rebuilt properly, which reduced the RF

coupling, and the ribbon cable from the MFC controller was replaced with a shielded

cable. The source of all of the RF noise was discovered to be poor shielding in the

RF matching network. The stray RF was clearly apparent with an unconnected

oscilloscope probe, and it also caused noise in other nearby instruments. Conductive

tape was used to cover all of the seams in the matching network shielding, and all

openings were either plugged or covered with mesh or perforated aluminum. The

level of RF in the room dropped dramatically. An oscilloscope probe still shows

“hot” spots near the matching network, particularly near the corners and especially

the main feedthrough opening.

Mass flow controllers are not well suited for the low flow rates (0.25–1sccm) used

for dilute nitrogen plasmas. We are operating near the lower end of the permissible

range for this MFC, even though it is the lowest-flow model known to be on the

market. Other groups use a Baratron gauge to control a leak valve in a pressure-

regulated feedback loop. This may be a consideration for future designs.

Another source of instability was the opening and closing of the shutter in front

of the nitrogen cell. Since the shutter is about 1cm from the end of the cell, it seemed

unlikely that it could be causing a change in pressure in the cell. However, the shutter

was made from a solid sheet of metal (tantalum), and was close enough that it could

be inductively coupled to the RF coils. The reflected RF power would change by

1–2W when the shutter was operated, which further suggested parasitic RF coupling.

It should be noted that the use of a gate valve in front of the plasma cell can have the

same effect, and at least one group has reported plasma instability from use of the

gate valve [165]. The troublesome tantalum shutter was replaced with a ceramic PBN

shutter (pyrolytic boron nitride), and the shutter instability was never seen again.

Several problems with the physical design of the matching network also became

apparent. The “hot” RF feedthrough is connected to the matching capacitors using

4A common undergraduate mistake. This author highly recommends Henry Ott’s very readable
book on noise reduction [215], in order to prevent such rudimentary errors in the lab. It is also
helpful for understanding the RF leakage problem, which has not been completely solved.
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a copper clamp, which oxidizes periodically. This leads to a high level of reflected

power back to the RF power supply, and makes the plasma more difficult to light

and less stable when lit. Twinkle brand copper cleaner was found to be excellent for

cleaning this copper connection, but this did not prevent the problem from recurring.

It is strongly recommended that the junction be protected by some sort of high tem-

perature, conductive paste that would prevent this oxidation. Also, it had previously

been reported that the tunable air capacitor used in the matching network was a

problem due to exposure to dust or humidity [59], but this has not seemed to be the

case; cleaning the capacitor had no effect on plasma stability or RF matching. On

the other hand, the fixed shunt capacitors may be subject to breakdown. They get

very hot despite partial water cooling. This could also explain part of the persistent

change in plasma condition with time.

The same long-term change in plasma operating condition might also be caused

in part by the plasma etching larger holes in the cell aperture. We do not believe the

plasma significantly etches PBN , since we do not see boron in SIMS measurements

of our films, but a slow etch might still be possible, and even a slight widening of

the aperture holes would significantly reduce the pressure in the cell, as discussed on

page 64.

In addition to the copper oxidation mentioned previously, the feedthrough itself

gets very hot during operation of the plasma. When RF power is applied, but be-

fore the plasma is lit, the feedthrough can reach temperatures approaching 200◦C.

Rapid thermal cycling has periodically cracked the ceramic-metal junction in the

feedthrough, causing a small leak into the MBE chamber. This leak is generally only

noticeable at first because the beam flux gauge reads a slightly higher pressure, but

only when facing the source flange. In other words, it creates a highly directional

gas source, similar to a leak on the heated viewport (which we have also had). At

the moment, both the heated viewport and the RF feedthrough have been patched

with Vacseal, applied in liquid form with a brush. The Vacseal is naturally baked

due to the high temperatures of the feedthrough and the viewport, but outgassing

is still suspected. These parts should be replaced the next time the MBE machine

is opened. To prevent leaks due to rapid thermal cycling of the feedthrough, the
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RF power supply was connected to computer control, and a ramping procedure was

established as follows. Before a growth, the RF is ramped in 5 Watt steps every 30

seconds up to 150–165W. This heats the feedthrough up to its final temperature of

90-95◦C. When it is time to light the plasma, the gas flow is rapidly turned on (valve

to the turbo pump closed), and the RF is rapidly switched to 300W. Although this

is twice as much RF power, more of it is dissipated in the cell when the plasma is lit,

so the feedthrough stays at roughly the same temperature. The cooldown procedure

is the reverse: the RF is turned to 150W and the gas flow is turned off (the turbo

valve is opened), rapidly extinguishing the plasma while maintaining the feedthrough

at 90–100◦C. If no more growths are to be performed, the RF is ramped down at

5W/minute.

Another problem with the feedthrough is its proximity to neighboring metal. Re-

call from Section 4.5 that the voltage at the feedthrough can be on the order of

1000V or more. It is possible for the electric fields to be so high that they cause an

arc from the feedthrough to the walls of the matching network or the plasma cell.

This has been minimized by removing all sharp metal points nearby, and by reshaping

the perforated aluminum cover that we used to shield the hole in the matching net-

work. We also had to remove the cooling water line that we had wrapped around the

feedthrough to avoid the heat problems above. Users are cautioned to avoid reaching

near the feedthrough while the RF is on—especially with any metal object—in order

to avoid a nasty burn, or worse. The same caution applies if the cover is removed

from the matching network.

One of the difficulties in growing dilute nitrides is that the operating parameters

published in the literature are virtually useless, because every plasma cell appears

to operate differently. This has led to some controversy between groups over the

proper way to grow material, with the eventual conclusion that each group needs

to separately optimize their own process. Although this ad-hoc approach has been

necessary in the past, newer methods of characterizing the cell such as a simulation

of magnetic field intensity within the coil and measurement of gas pressure within the

crucible [170] suggest that comparisons may soon be possible between groups. This

would be especially useful for people setting up a new MBE machine. As mentioned
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in Section 4.3, the gas pressure in our plasma cell is still unknown, because of the

uncertainty in the conductances of the aperture and the leak valve, but appears to

be under 0.3 Torr.

The plasma generates many excited species that may react with various com-

ponents inside the MBE chamber. Energetic ions have been mentioned in previous

chapters, and atomic nitrogen is extremely reactive. These can and do react with hot

metal, whether molybdenum faceplates, tantalum heaters in the various Group III

cells, or the aluminum itself in the aluminum cell. The latter reaction may have con-

tributed to the failure of our aluminum cell after a power failure, since the aluminum

looked quite strange, and AlN may have prevent flexing of the aluminum as it cooled,

causing stress to the crucible. It is known that nitrogen can promote the growth of

AlN at the lip of the aluminum cell, promoting the creep of source material, and

probably accelerating crucible failure [150]. Others have reported privately that their

substrate heater crumbled upon opening the chamber, after repeated exposure to the

plasma, requiring repairs.

Also, although ion pumps should last decades at UHV pressures, the ion pump in

System 5 ceased to be functional after it had been mistakenly left open to the chamber

for several growths. Ion pumps work by ionizing any gases and accelerating the ions

deep into a thick plate of titanium, where they are trapped. The pump controller

works correctly, but we believe the surface of the Ti plates has been coated with TiN.

TiN is used in semiconductor processing as a robust mask against ion implantation,

so its creation inside the ion pump would prevent ions from being buried.

In addition, when nitrogen atoms recombine to form N2 at the chamber walls,

15.8eV of energy is released as heat. This can desorb contaminants from the cryo-

shroud, contaminating the growth. This is probably the leading cause for the im-

provement of material early during a growth campaign, as the contaminants such as

CO2, O2, and H2O get progressively evaporated from the front surface of the cryo-

shroud and deposited either in the cryopump or onto other parts of the cryoshroud

farther from the plasma. However, the energy of formation of N2 is sufficient to des-

orb not only the N2 but neighboring molecules as well, even from the first stage of

the cryopump. These molecules can then recontaminate the chamber. Furthermore,
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if the nitrogen bypasses the first stage (77K) of the cryopump this way, it can evap-

orate hydrogen from the cold stage (8K). Similarly, if the high gas load overwhelms

the first stage of the cryopump, the nitrogen gas can then reach the cold stage, where

it displaces adsorbed hydrogen gas. Hydrogen is known to have strong effects on

dilute nitride growth, and the uncontrolled dumping of hydrogen from the cryopump

can lead to unpredictable effects in the growth. This background hydrogen is only

detectable with a mass spectrometer (or residual gas analyzer, RGA), but the RGA

is rarely operated when the plasma is running, because the high chamber pressure

(∼ 10−4 Torr) is destructive to the hot filament in the RGA. The excess hydrogen

can also contribute to hydrogen embrittlement of hot filaments in the machine. There

does not seem to be a good solution to this problem other than to regenerate the cry-

opump and occasionally monitor the H2 pressure when the plasma is ignited, even

though this shortens the life of the RGA.

One problem with using an older style of nitrogen plasma cell, which was designed

for GaN growth, in a GaAs-based MBE chamber is that arsenic gets everywhere. The

original SVT Associates plasma cell had several large holes in the shielding through

which arsenic could enter and deposit on the outside of the PBN crucible. This led

to progressive impairment of the plasma over the course of a growth campaign: the

arsenic deposits were so thick that they formed a metallic layer around the crucible,

shielding the gas inside from the RF coils. (The conductance of the deposit was high

enough to read with an ohmmeter: just a few kΩ across several cm.) The plasma

cell had to be disassembled and cleaned to remove this arsenic. The cell was hand-

carried to SVT for discussion about this and other forms of cell instability. The cell

was modified by SVT to reduce the arsenic exposure, and also had a new matching

network and 4-hole aperture installed at this point.

Finally, sometimes the plasma simply does not light even with high flow and high

power. This occurs most frequently after the cell has been rebuilt, although the

exact reason remains unknown. To start a reluctant plasma, a number of options are

available. They are listed here in increasing order of extremity.

• Verify valve to turbo pump is closed.
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• Increase flow rate, up to 100%.

• Turn mass flow controller to Purge mode very briefly.

• Increase power, up to 350W, or as high as 500W for very brief periods (a few

seconds). Bad for coil; tends to soften and deform the copper windings.

• Turn on the beam flux gauge and point it toward the plasma cell, in order to

provide a source of electrons/ions to seed the plasma. Bad for the ion gauge fila-

ment. A large positive bias applied to both deflection plates may help accelerate

electrons toward the plasma cell, but this has not been tried.

• Turn off the pumps and let the pressure rise in the growth chamber. Bad for

cells: cool cells to 100–200◦C beforehand; hopefully you have not melted the

aluminum at this point.

• Apply a Tesla coil to one of the feedthroughs. Bad for all the instruments in

the lab.5

Although these all sound like serious problems for MBE, it should be noted that

the situation for MOCVD is worse. To date, no lasers have been reported from

MOCVD growth beyond 1.4µm. The growth of nitrogen-containing material requires

high temperatures to crack the appropriate precursors (e.g. ammonia or hydrogen

azide) on the surface, but high temperature leads to phase segregation and poor

growth. Also, hydrogen from precursor gases leads to problems with material quality.

Finally, carbon from precursor gases leads to a number of defects [57]. The carbon

and hydrogen contamination do not affect MBE growth (except as mentioned above),

and SIMS measurements show C and H to be below the noise floor, approximately

2×1016/cm3.

A number of other difficulties that were solved jointly with Vincent Gambin have

been addressed in his thesis [59], and will not be repeated here. Some of the major

contributions of coworkers (Seth Bank and Homan Yuen) include the removal of trace

oxygen from the nitrogen line and backing pump, and the discovery that running the

5It also ignited the plasma outside the crucible, but that is another story.
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cell at the edge of stability produces strong variations in material quality. The oxygen

was a particularly difficult problem to track down. Replacing the parts-per-billion

filter on the nitrogen line only marginally reduced the oxygen content in our films, as

measured by SIMS. Eventually a small leak on the backing pump was discovered. The

pressure at the backing pump dropped from 5 mTorr to below 10−5 Torr. Assuming a

compression ratio of 104 in the turbo pump, the 5 mTorr at the backing pump would

translate to a partial pressure of oxygen in the nitrogen line on the order of 10−7 Torr,

which is many orders of magnitude higher than UHV background contamination.

Oxygen contamination (Section 3.6) is believed to be a strong component of many

groups’ GaInNAs growths [141].

Finally, future growers should be warned that the use of antimony is not a panacea

for bad material. Antimony does improve bad material, but by doing so, it also ob-

scures a number of variables that must be investigated together, as a whole. For

example, raising the wafer temperature may cause worse photoluminescence, but is

that because the antimony has evaporated from the surface, or the antimony still

incorporates and contributes to strain relaxation, or because strain relaxation was in-

evitable? It is important to fully optimize the growth of GaInNAs without antimony,

solving problems with contamination, plasma conditions, growth kinetics, etc., before

adding antimony to the confusion.

4.13 Summary

4.13.1 Major Contributions

This chapter discussed the best operating conditions for a nitrogen plasma cell in

an MBE growth chamber. The major thrust of this work was the identification and

removal of various causes of damage to the semiconductor during growth of dilute

nitrides. This was accomplished by three major techniques. First, the actual ion

output from the plasma cell was measured using a novel Langmuir probe, allowing

the cell operating parameters to be adjusted in real time for minimal ion output. Low
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voltages on ion deflection plates were found to be adequate and preferable for remov-

ing remaining ions from the plasma beam. Second, an arsenic capping technique was

developed to minimize the exposure of the wafer to the plasma during the initial igni-

tion of the plasma. The arsenic cap also protects the wafer during transfers between

machines, and allows unlimited time for the plasma to be stabilized before growth.

Finally, reflective bandgap thermometry was shown to be adequate for measuring the

relative temperature of semi-insulating GaAs wafers. Temperature measurements are

ongoing, and solid calibrations for even n-doped wafers are expected in the future.

The major results of this work were the identification of ion damage, plasma

ignition damage, and nitridation before the QW as the major sources of nonradiative

recombination in our material. By comparing the effects of each of these types of

damage, it was found that damage contributes to the redshift of light emitted from

GaInNAs(Sb), shifting the wavelength by as much as 20nm. This calls into question

many of the materials studies in prior published reports, including band offsets and

effective masses. These studies are being repeated, and will be reported by others in

the group [78, 79, 216, 217, 218].

The significant reduction in plasma damage also led directly to record long wave-

length, low threshold lasers. These will be reported in the following chapter.

4.13.2 Minor contributions

Strong contributions were also made to the following categories (with coworkers noted

in parentheses): Replaced cell aperture with fewer/smaller holes (with V. Gambin).

Replaced the MFC with an RF-shielded version (with V. Gambin). Improved the

shielding of the matching network to avoid RF interference with other devices (with

V. Gambin). Developed new growth techniques: before loading a wafer for the first

growth of the day, pre-light the plasma and operate it for at least 20 minutes, then

extinguish it and load the wafer. Keep the RF at half power to maintain constant

cell temperature between growths (ramping: V. Gambin). Keep the net power to the

cell (forward power minus reflected power) constant, either manually adjusting for-

ward power or configuring an RF supply to keep constant load power. Demonstrated
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why one should not change flow or RF power to change the nitrogen concentration.

Minimized the number of non-plasma growths (H. Yuen) and had the cell modified

to limit arsenic contamination. If the cell operating condition changes, operate the

plasma for several hours to burn off arsenic deposits. Standardized the plasma igni-

tion sequence. Demonstrated that source flux measurements taken with the RF on

were inaccurate. Replaced the metal shutter on the cell with an insulator to avoid

cell instability when shutter opened. Demonstrated that if the plasma dies during a

growth, the growth is not recoverable: plasma ignition (and re-ignition) causes signifi-

cant and unpredictable damage. However, after making the improvements mentioned

here, although the plasma may still be difficult to ignite at times, it has yet to die

during a growth.



Chapter 5

Long Wavelength VCSEL Design

& Fabrication

5.1 GaInNAs Laser Properties

Previous chapters have discussed the inherent properties of of GaInNAs(Sb), and

how to grow material with very high optical quality. This chapter will describe the

actual implementation of GaInNAs(Sb) in several types of lasers. The properties of

GaInNAs(Sb) that are useful for lasers will be discussed first. This will be followed

by a summary of edge emitting lasers, which were used as a proof of principle and to

characterize the material in preparation for growing VCSELs. Finally, the growth and

processing of VCSELs will be presented, including the first demonstration of VCSELs

on GaAs at a wavelength of 1.46µm. The chapter concludes with measurements from

these VCSELs, and discusses the prospects for future GaInNAs(Sb) VCSELs.

As discussed in Section 2.7, a laser requires gain and feedback. The gain in a ma-

terial is a strong function of wavelength, with peak gain occurring at the wavelength

corresponding to roughly the bandgap of the material (plus quantum confinement).

There is usually an additional redshift of 10–15nm due to heating (lattice expansion),

bandgap renormalization from the large density of carriers, and dopant minibands,

although these are partially offset by thermal broadening of the carrier distributions,

134
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band filling, and in bulk material, the small density of states at the band edge. GaIn-

NAs has a large gain bandwidth, with semiconductor optical amplifiers demonstrated

with over 50nm of 3dB bandwidth [156] and optically-pumped VCSELs operating

over a 360◦K range of temperatures [124]. This large bandwidth may be due in

part to material inhomogeneity, analogous to the broad gain spectrum from random

distribution of quantum dots.

5.2 Edge Emitting lasers

5.2.1 Growth of Edge Emitting Lasers

Edge emitting lasers are very useful for research devices, particularly when develop-

ing a new material system such as GaInNAs. This is because the epitaxial growth

of an edge emitting laser is simple, with no critical dimensions and only 3–5 layers.

Also, light travels a relatively long distance (hundreds of µm) through the wafer be-

fore reaching the end mirrors, which gives significant gain. This is in contrast to

VCSELs, for which the light travels through less than 0.025µm of gain medium per

pass through the cavity. Detailed measurements and results from the edge emitting

lasers lasers will be provided by S. Bank and L. Goddard, who performed the design

and characterization, respectively [77, 78]. The detailed results will not be repeated

here, but the growth and characterization of the VCSELs and edge emitting lasers

were similar, and these will be reviewed below. Also, edge emitting lasers are im-

portant for extracting several critical parameters for VCSEL design, such as the gain

coefficient and wavelength.

The edge emitting lasers were grown by plasma-assisted, solid-source MBE, as

described in Sections 2.8. n-type, (100)-orientation GaAs wafers were baked under

UHV to remove surface water and hydrocarbons. The bottom AlGaAs cladding was

grown in System 4, which is optimized for AlGaAs growth. The bottom, n-doped

cladding consisted of a 300nm GaAs buffer and 900nm Al0.33Ga0.67As, both doped

with silicon at nominally 3× 1018/cm3, followed by another 900nm of AlGaAs doped

at only 7×1017/cm3 to reduce free carrier losses. The GaAs waveguide core was then
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grown, stopping 20nm before the QW. An arsenic pressure of 15 times the Group III

growth rate was used throughout these layers. The AlGaAs was grown 20◦C above

the oxide desorption temperature, or about 600◦C. The wafer was then cooled to 10◦C

under an arsenic overpressure in order to deposit a thick arsenic cap, as discussed in

Section 4.8.

Because the nitride MBE system did not have enough ports for multiple AlGaAs

compositions, the AlGaAs layers were grown in a separate MBE machine from the

nitride layers. After capping, the wafer was then transferred under UHV to System 5,

our dilute nitride/antimonide machine. Reactive nitrogen was supplied by an induc-

tively coupled, RF nitrogen plasma cell, with 300W of forward power and 0.5sccm

of ultra-filtered N2. Gallium and indium sources were both Veeco SUMO cells with

dual zone heating, as discussed in Section 5.5. Antimony was provided by an unvalved

cracker, with the cracker temperature at 850◦C, sufficient to crack all of the antimony

into monomeric Sb1. The beam equivalent pressure of antimony was 1× 10−7 ± 5%

Torr, producing 2.7% Sb in the quantum well. Arsenic was provided by a valved

cracker at 850◦C, which supplied mostly As2. The plasma was ignited and stabilized

with an arsenic overpressure and with the arsenic cap still on the wafer. The wafer

was then ramped quickly to GaAs growth temperature, the gallium shutter opened,

and the wafer was cooled for GaNAs growth, all under 15x arsenic overpressure. (Re-

call from Section 4.11 that the GaNAs should be grown with V/III ratio of 3–4 due

to the low growth temperature [161].) Once the gallium shutter was opened, 200nm

of non-intentionally-doped GaAs was grown for the bottom waveguide. While this

GaAs layer was being grown, the wafer was cooled and stabilized at 455◦C for the

dilute nitride layers. The quantum well consisted of 22nm of GaN0.025As0.975 on ei-

ther side of a 7.5nm Ga0.62In0.38N0.023As0.95Sb0.027 well. The GaNAs and GaInNAsSb

were grown at 455◦C with 15x and 20x arsenic overpressures, respectively. Another

200nm of undoped GaAs was grown at oxide blowoff temperature, then the wafer was

cooled and arsenic-capped for transfer back to System 4 for the top AlGaAs cladding.

The top cladding was doped p-type using carbon tetrabromide, at 5× 1017/cm3 and

3× 1018/cm3, with a 5nm GaAs contact layer doped at approximately 1× 1020/cm3.

After growth, the wafer was unloaded, cleaved into four quarters, and annealed
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under a GaAs proximity cap wafer at 740–800◦C. p-type, Ti/Pt/Au ohmic contacts

were patterned on top using a lift-off process, as discussed in Section 5.7.1. The

contact metal provided the resist for a self-aligned dry etch, which defined ridge

waveguides on each sample. The dry etch was performed in the PlasmaQuest, as in

Section 5.7.2. The dry etch stopped just before the top GaAs waveguide. For ease in

cleaving into laser bars, the samples were thinned to 120µm by Sarah Zhou at Santur

Corp. Au/Ge/Ni/Au was evaporated on the back side for the n-contact, and the

samples were annealed at 400◦C for 30 seconds to make ohmic contacts. The lasers

were then cleaved to various lengths. High-reflection (HR) coatings were applied to

one facet for some studies [77], but the devices reported here simply used the cleaved

semiconductor facets for mirrors.

5.2.2 Edge Emitting Laser Results

The edge emitting lasers were soldered to a copper block using a low temperature,

InSb solder. The copper block was cooled with a thermoelectric cooler controlled by

an ILX Lightwave model 3744B laser diode controller. The lasers were driven by an

ILX Lightwave model LDP-3840 current source in pulsed mode, or the ILX 3744B for

continuous wave (CW) operation. Labview software for data collection was written

by L. Goddard, who also made most of the measurements.

The longer wavelengths were reachable by heating the laser, either by an external

temperature controller and thermoelectric cooler, or by operating the laser uncooled.

The wavelength shifted by 0.58nm/◦C, comparable with InGaAs lasers. The L-I curve

is shown at the left side of Figure 5.1. For a 20µm×2450µm laser, the CW threshold

current density was 1.04kA/cm2. This has since been reduced to under 600A/cm2,

or 450A/cm2 in pulsed mode. The right side of Figure 5.1 shows the spectrum from

the laser at room temperature, with peak lasing at 1.498µm.

Continuous-wave (CW) lasing was achieved at a wavelength of 1490–1520nm,

much longer than any previously reported CW laser on GaAs at room tempera-

ture [21]. Figure 5.2 shows a comparison with other published reports at the time.

The lowest thresholds were achieved by under-annealing the lasers, since the growth
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Figure 5.1: L-I curve and lasing emission spectrum for GaInNAsSb edge emitting
laser. (Plots courtesy S. Bank.)

of the top AlGaAs cladding, approximately 1 hour at 580◦C, partially anneals the

GaInNAsSb. Because these lasers were mounted epitaxial-side up, the TEC was not

very efficient at cooling the laser. Better results are expected by mounting the lasers

epi-side down on an aluminum nitride or diamond heat spreader.

The gain of the laser as a function of current and wavelength are shown in Fig-

ure 5.3. This shows the onset of lasing (the point at which gain exceeds loss, including

mirror loss) at about 0.8kA/cm2, and a gain of over 1400/cm at a threshold current

density of 2.0kA/cm2, 2.5× threshold. The wavelength, gain, and threshold current

density are important design parameters for the VCSELs, as will be described in

Section 5.4.

To find the optimal mirror structure for VCSELs based on these edge emitters,

we begin with the total current supplied to the laser above threshold:[40]

I = JvALa + IP + IP αiL/ ln(1/R), IP ≡
qPo

hνηiF
, (5.1)

where Po is power out, Ip is injected current, Jv is threshold current per unit volume,

F is the fraction of total light output that comes from the output facet (=1 if only

one exit), αi is the internal cavity loss (exluding mirrors) per unit length, L is the

cavity length, and R = r1r2 is the combined reflectivity of the two mirrors. The first
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Figure 5.2: Laser threshold current density vs. wavelength for long-wavelength lasers
on GaAs. (Plot courtesy S. Bank.)
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Figure 5.3: (a) Edge emitting laser gain spectrum vs. wavelength. (b) Gain vs.
current. (Plots by L. Goddard.)



140 CHAPTER 5. LONG WAVELENGTH VCSEL DESIGN & FABRICATION

term represents the current that is required to drive the material to transparency

(inversion) and overcome scattering and mirror loss. The second term represents

the amount of current that actually gets injected into the quantum well, rather than

carriers that bypass it by some leakage path or undergo ballistic transport over the top

of the well and recombine on the other side. The injected current is what contributes

to lasing. The third term includes the effect of cavity losses, because some fraction

of the current that does get injected to the quantum well is lost to optical scattering,

etc. Equation 5.1 can be rewritten as follows:

I =

{(
Jv

g

A

ΓenhΓxy

ln(
1

R

)
+ Ip

} (
1 +

αiL

ln 1/R

)
(5.2)

Γxy is the overlap between the optical mode and the electrically-pumped gain region.

It is fairly close to 1 for oxide-confined VCSELs, but must be calculated for proton-

implanted VCSELs, which have a much larger optical mode. Γenh is the standing wave

enhancement factor, and represents the fact the standing electric field at certain places

in a folded cavity can be up to twice as large as a ring cavity, due to constructive

interference. If a very narrow quantum well is placed at the peak of the standing

wave, Γenh = 2, otherwise it must be calculated from

Γenh = 1 + sin(βLa)/βLa (5.3)

where βLa is the width of the overlap between the QW and the standing wave,

measured in wavelengths times π. For multiple quantum well VCSELs, an equivalent

βLa must be calculated, since the quantum wells are distributed at different physical

locations within the standing wave.

By taking the derivative of Eqn. 5.2 with respect to some variable and setting it to

zero, we can minimize the current with respect to that variable. The two parameters

that are most relevant to VCSEL design are the optimal number of quantum wells,

and the ideal reflectance of the mirrors, i.e. the thickness of the DBR mirrors.

# wells|opt =
αiL + ln 1/R

ΓenhΓxygoptL
(5.4)

R|opt = exp

{
−

√
IpαiL

ΓenhΓxy

A
/
Jv

g min

}
(5.5)
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The lifetime of the edge emitting lasers was less than 100 hours, sometimes much

less. But this is not surprising given the uncoated facets and sidewalls of the device.

AlGaAs oxidizes progressively in air, particularly with heat, and this degrades the

laser over time. We believe that the lifetime issue is a matter of processing rather

than fundamental materials limitations. Several groups have demonstrated thousand-

plus hours of laser operation under severe conditions [67]. Lasers with 8500 hours

of operation were presented by Aoki [219], and lasers with projected lifetimes of

148 years mean time between failure have also recently been reported by Optical

Communication Products (OCP) [138].

5.3 VCSELs: Vertical Cavity Surface Emitting

Lasers

Unlike edge emitting lasers, which by definition emit light in the plane of the semi-

conductor, vertical-cavity surface-emitting lasers (VCSELs) emit light vertically, as

shown in Figure 5.4. The VCSEL is constructed by placing one or more light emitting

quantum wells between two distributed Bragg reflectors (DBRs) which serve as the

laser mirrors. Each DBR is made from repeated pairs of alternating materials, such

as GaAs and AlAs. Light circulates vertically through the cavity and is amplified

with each pass through the QW. Because each QW is so thin, typically just 5-10nm,

the mirrors must be very highly reflective so the light passes through the QWs many

times before escaping through a mirror as the laser emission. The top DBR in a

top emitting VCSEL, such as in the figure, will often have a reflectivity of 99.5% or

better. The bottom DBR may have a nominal reflectivity of 99.99%, where the loss

is mostly due to free carrier absorption, rather than than transmission.

Vertical cavity surface emitting lasers (VCSELs) are are of great commercial inter-

est for optical networking and dense, fast interconnects. Vertical emission off the chip

allows the VCSELs to be integrated directly with conventional GaAs or InP electronic

circuits, or to be bonded to silicon for direct integration with CMOS, without losing
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Figure 5.4: Simplified structure of a top-emitting VCSEL. Light is emitted through
the hole in top ring contact.

significant real estate on the chip. Typical VCSEL mesas range from 8-30µm in diam-

eter. Vertical emission allows all of the devices on a wafer to be tested before being

packaged, which greatly reduces manufacturing overhead costs. Vertical emission also

allows simpler alignment into either polymer waveguides on a circuitboard, or into op-

tical fiber for metro-area and campus-area networks. VCSELs emit a circular beam,

which greatly simplifies the coupling into optical fiber, since no cylindrical lenses are

required to reshape the beam. And VCSELs can be grown in 1D and 2D arrays, which

may someday prove to be important for high-density data transfer, particularly for

chip-to-chip interconnects. Furthermore, VCSELs have a very small cavity volume,

typically a few dozen cubic microns, so they can often operate with threshold currents

less than 1mA, making them more compatible with CMOS. The distributed Bragg

reflector (DBR) mirrors offer greater immunity to feedback and a higher degree of

temperature stability compared to edge emitting lasers. In contrast to edge emitting

lasers, which are easy to grow but difficult to test or package, VCSELs are easy to test

and package, but they can be quite difficult to grow, especially with a new material

system.

What VCSELs have particularly lacked, until recently, was the ability to emit light

at an appropriate wavelength for fiber communication. The best mirrors (distributed

Bragg reflectors, or DBRs) could only be grown on GaAs substrates. Even when

dielectric or air gap DBRs were available, GaAs substrates and GaAs/AlGaAs DBRs
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were generally preferred for VCSELs because GaAs is an effective thermal conductor,

which means the VCSELs can operate without special cooling requirements. And Al-

GaAs DBRs also offer a stable and selective oxide for making current apertures. But

GaAs-compatible materials could only emit light in the red and very near infrared,

from 0.7-1µm. Fiber communication typically requires wavelengths from 1.3-1.6µm

where absorption in the fiber is a minimum. A number of alternative approaches have

been tried in recent years, including AlGaInAs alloys on InP,[220] InGaAs grown on

InP and then flip-chip bonded between conventional DBRs,[221] InAs quantum dots

on GaAs,[30, 222] extremely strained InGaAs,[24] and lattice-matched DBRs on InP

using either InAlGaAs/InAlAs[27] or AlGaAsSb [223]. All of these techniques have

been improved in recent years, but still lack the simplicity, reliability, and manufac-

turing advantages of a one-step, monolithic growth of a VCSEL with GaAs/AlGaAs

DBRs. Dilute nitrides such as GaInNAs(Sb) can provide a GaAs-based active region

for VCSELs with GaAs/AlGaAs DBRs.

The situation changed when Kondow reported the first use of nitrogen in InGaAs,

extending the wavelength of emission farther into the infrared [11]. A flurry of activity

with GaInNAs followed, leading to VCSELs that were optically pumped for 1.27µm

emission,[13] and electrically pumped for 1.2µm[224] and 1.3µm [225]. The focus of

this thesis was the demonstration of the first GaAs-based VCSEL beyond 1.31µm,

at 1.46µm, which will be described in detail later in this chapter. The following

section will describe the overall design of VCSELs, particularly for GaInNAs and

GaInNAsSb.

5.4 Introduction to VCSEL Design

5.4.1 What makes a great VCSEL

The ideal VCSEL would have high output power at a stable, desirable wavelength,

operate with a single transverse mode, with low voltage and low threshold current

density, and be able to operate at tens of gigahertz with a single polarization over a
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wide temperature range. Polarization control can be provided by growing on a high-

order substrate [226, 227], or by processing the VCSEL into a rectangular or elliptical

mesa [228]. Both of these are beyond the scope of this work, although GaInNAs

luminescence from high index substrates has been reported. [190] The wavelength

of a VCSEL increases with temperature, since the bandgap of the semiconductor

decreases, but this is somewhat pinned by the wavelength of the DBRs. It is possible

to extend the range of lasing temperatures by intentionally detuning the cavity toward

the infrared, so it is closer to resonance at higher temperatures.

The transverse mode requirement is for efficient coupling to single-mode optical

fiber for long distance communications and networking. It also reduces noise from

chaotic mode-hopping. Single-mode operation can be achieved with a small, proton-

implanted[48, 49] or oxide[229, 230] aperture, shown in Figure 5.5, or by making

the mesa very small, typically 6–8µm in diameter. Small sizes, with smaller device

capacitance, are also advantageous for high speed modulation. But these small sizes

reduce the total power available, and increase diffraction losses from the sidewalls and

oxide aperture. Transverse modes can also be controlled by using a very long cavity

with properly curved mirrors [50, 231], but this is much more complicated than the

single, monolithic growths presented here.

To design and grow VCSELs that meet the remaining goals requires several key

ingredients. Some of these are important to edge emitting lasers as well, and have

already been mentioned in the previous section. For example, nearly all semiconduc-

tor lasers require very high material quality, with few defects, which will efficiently

emit light. The role of plasma damage, oxygen contamination, and antimony have al-

ready been mentioned in prior chapters. Also, several material and device parameters

can be extracted from edge emitting lasers grown from the desired material. These

parameters include lasing wavelength, threshold current density, and gain per unit

length, and were discussed in Section 5.2.2. The key ingredients that are specifically

important for VCSELs include QW material, wavelength, accurate layer thicknesses

and refractive indices, a cavity correction, low-resistance DBRs, and low thermal

impedance. These will be discussed below.

The choice of quantum wells and barriers is determined primarily by the desired
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Figure 5.5: VCSEL oxide aperture increases current density, leading to higher power
output.

wavelength and the availability of a suitable materials system. As discussed in Sec-

tion 2.4, it is difficult to reach wavelengths beyond 1.1µm on GaAs using only GaNAs

in the quantum well, or beyond 1.2µm using only InGaAs, or beyond 1.3µm using

only GaInNAs. By using GaInNAsSb quantum wells with GaNAs barriers, lasers

have been demonstrated at 1.55µm and longer [21, 23, 149].

The next most important factor in VCSEL design is the thicknesses of the various

layers, beginning with the cavity. Because of the short distance between the mirrors,

it is critically important that the cavity be the correct optical thickness. There must

be an integer number of half-wavelengths in one round trip between the mirrors for

the VCSEL to lase. Since these are wavelengths within the material, rather than in

free space, the refractive index must be known.

5.4.2 AlGaAs refractive index

Correct selection of the layer thicknesses in the VCSEL requires accurate refractive

index data for GaAs and AlGaAs. Although Adachi’s method [232, 233] is almost
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Figure 5.6: DBR reflectivity modeled accurately with refractive indices from Gehrsitz
over all wavelengths of interest. The deviation above 1.6µm is due to system response.

universally used for GaAs and AlGaAs refractive indices, and is generally quite ac-

curate near the bandgap, its accuracy decreases in the near infrared. Gehrsitz [234]

reported an improvement in measurement accuracy using grating coupling into an

antiguided waveguide. The empirical model of the refractive index from 1-3µm is in

good agreement with experimental data from Deri [235]. We have also found excellent

fit of this model with experiment, as shown in Figure 5.6. Gehrsitz’ semiempirical

model offers an added feature in terms of being able to preduct the refractive index

at elevated temperatures, up to 150◦C or so. It should be noted that doping will

change the refractive index, so some slight correction may be necessary. Growth of a

calibration sample of a desired doping of GaAs or AlGaAs can fix the actual refractive

index and eliminate possible errors between theory and practice.
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5.4.3 GaInNAs refractive index

The refractive index of GaNAs is fairly straightforward to model, with only one

parameter (Group III composition), and has been reproduced in Figure 5.7 [236].

GaInNAs, with two parameters, is more complicated. An early measurement of the

absorption spectra of GaInNAs was made by Kondow’s group at Hitachi,[237] and

shows an increasing refractive index with increasing nitrogen mole fraction, but it

is unclear to what extent material quality may have interfered with their measure-

ment. The only major recent study of the refractive index of GaInNAs appears to be

Leibiger, S̆ik, and coworkers, using MOVPE grown material [236, 238]. (The refractive

index plot from Sik’s earlier paper appears to have suffered a publishing misprint in

the axes.) Unfortunately, their work suffers from poor material quality, as evidenced

by the lack of an exciton peak, as well as a slow absorption edge, so it offers at best an

approximation to the refractive index of GaInNAs of any composition. No systematic

studies of GaInNAsSb refractive index have been reported to date, so the refractive

index for GaInNAsSb quantum wells can only be estimated from GaInNAs at cor-

respondingly shorter wavelengths. Small errors in the GaInNAsSb refractive index

should be negligible for cavity thickness, since the GaInNAsSb QWs constitute only

22nm of total thickness. Errors in the GaNAs refractive index would be significant,

since the total GaNAs thickness of 88nm represents more than a half-wavelength.

One method of guaranteeing the correct cavity thickness is to stop the growth after

a few top DBR pairs, cool the wafer to room temperature (or lasing temperature),

and measure the reflectivity spectrum using a white light source [43]. Any error in the

cavity length can be detected by matching the reflectivity spectrum to a simulation

[239]. If the cavity is too short or too long, the subsequent layer of the DBR can be

made longer or shorter, respectively, to “pull” the cavity mode in the correct direction

[43]. The use of a cavity correction at the beginning of the top DBR can save a growth

even if the sources have drifted somewhat from the intended growth rates, or if there

was some error in the refractive index of the GaInNAs(Sb) or GaNAs.

Unfortunately, the presence of an arsenic cap (Section 4.8) leads to an error in the

measured reflectivity spectrum, as shown in Figure 5.8. This means that the wafers

must not have an arsenic cap when the reflectivity spectrum is measured. This is not
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Figure 5.7: Refractive index and absorption coefficients N = n + ik for GaNAs (left)
and GaInNAs (right). (From Leibiger et al.)
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such a bad thing for the cavity correction, which is performed after the quantum wells

and cavity are finished. But measurements of the bottom DBR add several steps to

the growth, since the wafer must be recapped before igniting the plasma. It is also

critical that GaAs or AlAs calibration growths be arsenic-free on the surface. This

should be verified by verifying RHEED surface reconstruction just before the wafer

is unloaded from the MBE growth chamber.

5.4.4 Electrical and Thermal Impedance of DBRs

The last of the special DBR layers is the phase matching layer at the top surface. At

the surface of the VCSEL, the top contact can be used as part of the top mirror, even

for a top-emitting VCSEL, where the ring contact or patterned surface can be used

to suppress higher order transverse modes [47]. But metals are lossy reflectors with

a complex refractive index, so they introduce some phase delay in the incident wave.

The top surface of the DBR, then, needs to be phase matched to the gold.

Because DBRs have less contrast in refractive index at 1.5µm than they do at
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1.0µm, more mirror pairs are require to provide a given reflectance. But adding

mirror pairs increases optical loss, and worse, Joule heating from increased resistance.

It is therefore quite important for long wavelength lasers that the DBR be optimized

for low resistance. Yechuri (at Honeywell) has provided a straightforward method

of optimizing DBR band structure for minimal electrical resistance[240, 241] using

graded regions at each interface, as well as careful doping. Growth of these graded

regions is fairly straightforward to perform by MOCVD, because variable gas flows

are available, but MBE offers only discrete shutter operations. The usual solution

is to perform step grading and/or digital alloying, in which a shutter is opened and

closed with a ∼2nm period and successively longer or shorter duty cycles. Particular

attention should be paid to the p-doped DBR, because free carrier absorption is worse

for holes than electrons, and the absorption increases at longer wavelengths, roughly

increasing with the square of the wavelength in the mid-ir region. By performing

digital alloying with at least one intermediate step, using multiple group III sources,

a reasonable approximation to the Yechuri method above can be made, and with a

reasonable number of total shutter operations.

For the VCSELs presented here, it was decided to take a very conservative ap-

proach. Free carrier absorption can be a significant problem in a VCSEL, particularly

at longer wavelengths, so for these VCSELs, the doping of the DBRs was kept very

low. This led to a high series resistance, as will be discussed later. The doping profile

of the DBRs was not optimized, which also contributed to the series resistance.

Each interface in the DBRs was graded from GaAs to AlAs or AlGaAs, or vice

versa, by a combination of digital alloying and step grading. This grading was in

order to avoid large barriers to electrons or holes at each interface. The step profile is

shown in Figure 5.9. The n-DBR simply had one step grading of 2nm of 47% AlGaAs.

It was thought that the high doping in the n-DBR, as well as the wide area of the

substrate, would sufficienty reduce the resistance of the DBR.

Although most of the layers in each DBR are exactly one-quarter of a wave-

length in thickness, there are three exceptions. The first is the optional cavity cor-

rection layer mentioned in Section 5.4.3. The second is an oxide confinement layer.

Holonyak’s group discovered that high-aluminum AlGaAs layers, when exposed to
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Figure 5.9: Graded DBR profile.
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steam at temperatures from 300-400◦C, will oxidize in a controllable and mechani-

cally robust fashion [242, 243]. By oxidizing one layer of a VCSEL by several microns,

an aperture is formed, restricting current to the center of the mesa, which increases

the current density and prevents carriers from recombining along the sidewalls of the

mesa [229, 230]. The oxidized layer also presents a lower refractive index than the

original AlGaAs, which helps confine the optical mode and keep it from the (possibly

rough) sidewalls of the mesa and from the hard aperture of the top metal contact.

Very high aluminum mole fraction or very fast oxidation rates can lead to peeling of

the AlOx from the rest of the layers, so conservative oxidation rates (∼ 1µm/min)

generally lead to higher reliability. In ordinary VCSELs, an oxide aperture would be

placed both above and below the QWs to prevent current spreading. But dilute ni-

tride lasers appear to suffer from reliability issues when the mesa is etched all the way

through the QW. Although oxide confined VCSELs have occasionally met with disfa-

vor in industry due to reliability issues, oxide confinement is still very important for

GaInNAs(Sb) VCSELs due to the high current densities. The gain of GaInNAs(Sb)

at longer wavelengths is somewhat poor, and DBRs are more lossy and have lower

index contrast, so higher current densities are required to overcome these losses.

The electrical resistance is not the only issue in a DBR. Because the DBR is so

thick, and because it sits between the QWs and the substrate or heat sink, the thermal

impedance of the DBR is significant as well. The temperature of the QW will generally

be higher than in an edge emitting laser with the same QW design, which may change

the operating wavelength, leading to a gain/cavity mismatch. This leads to a decrease

in output power, and aggravates the heat-related drop in internal quantum efficiency.

Generally the best results are produced by mounting bottom-emitting VCSELs with

the epitaxial side (top side) down on a heat sink, but reasonable top emitters can

also be made. Binary materials such as GaAs and AlAs tend to have better thermal

conductivity than alloys, which in turn are significantly better than dielectric DBRs.

The worst case thermal impedance is an air gap DBR; thick heat spreading layers are

necessary for such devices to lase at all [244]. Ideally, the DBRs should be made with

as with few pairs as possible and highly doped, which reduces both thermal impedance

and ohmic heating from electrical resistance. For VCSELs formed by etching a mesa,
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etching through the cavity increases the thermal impedance, although this may be

offset by the increased quantum efficiency from having a second oxide aperture below

the QWs. Early devices also showed poor lifetime when the quantum well was etched

through, possibly due to nitrogen outdiffusion. Planarization can also help remove

heat from the VCSEL mesa and may help with device reliability by protecting the

DBRs from oxidation.

5.5 Growth Considerations

One of the major difficulties in growing VCSELs is the need for stable and reliable

fluxes from each source. If one of the gallium cells drifts by just 4%, the error in

the DBR will be sufficiently high (up to 30nm at 1.5µm) that the VCSEL will not

lase. These drifts were common with earlier types of cells in MBE chambers, which

had wide open trumpet-shaped crucibles. SUMO cells from Veeco (formerly EPI or

Applied Epi) have a constriction at the neck of the cell that isolates the cell from

the surrounding MBE chamber. They also have a two-zone heating system, so the

temperature at the base of the cell can be controlled independently from the tip.

Although we had been assured by Veeco that the cells were stable with just single-

zone heating, they were not stable enough for VCSEL growth. By establishing a

fixed, 150◦C difference between the tip and base of the gallium cells, the SUMO

cells were made much more stable for long periods of time. They also were found

to converge to their final flux output much faster, and with much less variation, as

shown in Figure 5.10. The standard deviation in the flux measurement was reduced

from 7.7×10−9 to 2.7×10−9 Torr. However, 150◦C was not quite sufficient to keep

material from accumulating around the lip of the crucible, so recent growths have

used 180◦C, or better still, a fixed fraction of the cell temperature (e.g. 16%).

The aluminum cells, one SUMO and one trumpet-style, were operated with heat

only applied to the base. This is to avoid destruction to the cell. Aluminum wets

pyrolytic boron nitride (PBN), so it can creep up the cell walls and overflow, shorting

out the heater filament and permanently destroying the cell.1 Dual-zone heating of

1This is true even with the extended lip of a SUMO cell. Our first SUMO was slightly overfilled
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the aluminum cell may provide a more uniform growth rate across the wafer, but

stability did not appear to be an issue with single-zone heating.

To assure the correct thicknesses of the layers in the VCSEL, several growth

calibrations were made immediately before growth, with the sources at their final

temperatures. For each of the aluminum sources on System 4, a 1000nm AlAs layer

was grown on GaAs after a 300nm buffer. The normal incidence, white light reflec-

tivity spectrum of the wafer was taken and matched to simulation by the thin-film

solver “mff.” The wafer was reinserted into System 4, and another 1000nm of GaAs

was grown on top, and the reflectivity and simulation were repeated to calibrate the

two gallium sources. The subsequent error in remaining DBRs was estimated to be

less than 1% over the course of 3 days. This affirmed the use of a fixed difference

between the base and tip temperatures of the SUMO cells.

by a former student, and the creeping aluminum destroyed the cell within 2 months after it was
installed.
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5.6 Growth of VCSELs for 1.5µm Emission

The Stanford GaInNAsSb VCSELs were grown before the corresponding edge emit-

ting lasers had been fully tested. The VCSELs were designed rather conservatively,

as hard numbers for gain had not yet been established. In addition, long wavelength

lasers tend to suffer from Auger recombination and low quantum efficiency, condi-

tions that could be improved by cooling, so the VCSELs were designed to operate at

temperature of 0◦C or below. This meant that the VCSELs were intended to lase at

a wavelength near 1.470µm, while the edge emitting lasers lased at 1.495µm at room

temperature. This is consistent with the 0.6nm/◦C shift in the edge emitting lasers,

and similar to the usual shift with temperature in InGaAs lasers. A PL sample was

grown immediately before the VCSEL QWs to ensure that the wavelength of emission

would be correct. The sample was immediately unloaded from the chamber, then an-

nealed at 760◦C for 1min. PL showed peak emission at 1.508µm, far longer than the

1.465µm from amplified spontaneous emission, and also longer than the 1.463µm from

the original PL sample on which these growths were based. The longer wavelength

from the PL sample is attributed to excessive plasma damage during that particular

growth, since the plasma needed to be ignited several times, without an arsenic cap.

We have established through other experiments that plasma damage causes a shift

to longer wavelengths, even though it decreases nitrogen composition [245]. There

may also have been an uncontrolled increase in antimony flux from our unvalved Sb

cracker: the desired Sb flux was 1.11×10−7 Torr but remained constant at 1.0×10−7

Torr even after the temperature was raised several times, but we suspect the actual

Sb flux then rose soon after the growth began. However, even a 10% change in Sb

flux is expected to cause only 2nm of wavelength shift [246].

The VCSELs consisted of a bottom mirror, cavity, and top mirror, all epitaxially

grown on n-doped GaAs. The bottom mirror was composed of 29 alternating pairs of

silicon-doped Al.92Ga.08As and GaAs for the distributed Bragg reflector (DBR). The

cavity was a one-wavelength (1λ) thick layer of GaAs, designed for 1.485µm, with

three quantum wells (QWs) at the center of the cavity. The QWs were based on the

edge emitting lasers, which operated at wavelengths from 1.49-1.51µm. The QWs
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were 7nm Ga0.62In0.38N0.016As0.958Sb0.026 with 20nm GaNAs barriers below, between,

and above the QWs. The composition reported here was determined from calculations

based on work by K. Volz using SIMS, XRD, RBS, and NRA-RBS [99]. The top DBR

was p-doped with carbon, and 24 pairs thick. A thin, digital alloy of 98% aluminum

was included as part of the second AlGaAs layer from the cavity for use as the

oxide confinement layer. Growth details were similar to Section 5.2.1, including two-

chamber growth, use of an arsenic cap while the plasma was ignited (Section 4.8),

and ion deflection plates on the plasma source (Section 4.7.1). Nitrogen was supplied

by an SVT Associates rf plasma cell at 300W and 0.5sccm with a 4-hole aperture of

unknown conductance. The Sb flux was 1.15×10−7 Torr, and the arsenic overpressure

was 20 times the Group-III flux in the quantum wells and 15 times elsewhere. Plasma

conditions were optimized to minimize plasma damage during growth [180, 182, 203].

A conventional liftoff process was used to define metal rings for the top contacts, and

top and bottom metal were deposited by e-beam evaporation in the Innotec.

The bottom DBR was grown in System 4, which contains two aluminum cells

and two gallium cells. This allowed straightforward growth of step-graded inter-

faces. There is also growing consensus that growing AlGaAs separate from nitrogen-

containing layers may improve the material quality, although there have been striking

exceptions [149, 23].

After the growth of the cavity, the wafer was cooled to room temperature, and

the reflectivity spectrum was taken using a white light source. The spectrum and fit

are shown in Figure 5.11. In this case, the spectrum showed that the cavity would

need to be extended by 17.3nm for a round-trip phase of exactly π radians. To make

this determination, first the lower DBR was verified to be centered at the desired

wavelength of 1480nm. Then the simulation was performed to determine the actual

layer thicknesses, and the phase of reflection at 1480nm. The phase was only 2.05

radians, but should have been π radians, so an additional thickness of

a =
λ

4n
×

(
π − 2.05

π

)
(5.6)

was needed.
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Figure 5.11: VCSEL (n540) reflectivity spectrum from bottom DBR with cavity and
two top DBR pairs. Fit from simulation is shown in pale.
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Figure 5.12: (a) Proper structure of several possible bilayer resists for liftoff, after
exposure, development, and the evaporation of metal. Undercut prevents continuous
metal. (b) Desired result after liftoff. (c) Thicker metal and rounded (burned) resist
prevent liftoff solvents from reaching resist layers (arrow).

5.7 VCSEL Processing

5.7.1 Lift-off process

The fabrication process for VCSELs was similar to the edge emitting lasers: growth,

top-side lithography with a single mask step, metallization and liftoff, backside met-

allization, a dry etch, and a contact anneal. A bilayer resist was patterned with

conventional photolithography on the Karl Suss. The bilayer resist was undercut by

several microns to help with the lift-off process, as shown in Figure 5.12(a). A top

metal contact was deposited by e-beam evaporation in the Innotec. The top contact

was Ti/Pt/Au, with thicknesses of 40nm, 40nm, and 400nm, respectively.

The actual processing steps—which are not recommended—were as follows. The

bilayer resist was LOL2000, followed by 1µm of SPR3612 photoresist. After the soft

bake, the resist was exposed in KarlSuss 2. On a processing dummy, the exposure was

1.7sec. The resist was hard-baked, then 40nm Ti, 40nm of Pt, and 400nm of Au were

evaporated. Liftoff was successful with this dummy. However, the subsequent dry

etch completely removed the gold, so it was decided that the thickness of gold would

be increased to 600nm. However, the thickness of the bilayer resist (LOL2000) was not

increased accordingly, and the photoresist was mistakenly given a multiple exposure

of 4×1.7sec rather than 1×1.7sec. The extended exposure caused the photoresist

to heat and reflow, as shown in Figure 5.12(c). Also, the extra thickness of gold
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completely buried the resist, making it impossible for lift-off solvents to dissolve and

remove the resist or the gold above it. These errors in processing significantly affected

laser performance, as will be discussed in following sections.

For reference, based on the results of the lithography above, the revised lift-off

process is summarized as follows. An adhesion layer of HMDS in the YES oven is

unnecessary if the wafer has been sufficiently cleaned. LOR should be used in place

of LOL2000 for a thicker bilayer undercut. Either SPR3612 or SPR220-3 may be

acceptable for the photoresist layer for the liftoff layer, since these are large features

(minimum 6µm diameter). The exposure time for SPR3612 is only 1.6 seconds, and

only once; the exposure for SPR220-3 is 4×1.7 seconds. The resist is developed in

LDD26W until the excess resist was removed, approximately 1 minute. If a top-

emitting mask is to be used for bottom-emitting VCSELs, the wafer should be fully

developed until the resist from the center of the ring contact is fully dissolved away.

This will also increase the diameter of the pad, so the mask should be selected accord-

ingly. After development, the wafer is cleaned and baked again. Rather than using a

thick layer of gold, the top metal should be capped with a thin layer that is highly

resistant to the dry etch, such as 20nm of Cr. The top metal evaporation would

then be 40nm Ti, 40nm Pt, 400nm Au, and perhaps 20nm Cr. After the metal is

evaporated, the wafer is immersed in acetone or resist stripper (1165) to dissolve the

resist and wash the excess metal away. A spritzer may be useful for removing excess

metal. The wafer is then baked dry on a hot plate before dry etching to prevent trace

solvents from outgassing into the PlasmaQuest.

For top-emitting VCSELs, another mask step must be used to deposit a thick

photoresist on top of the mesa, such as SPR220-7, in order to protect the exposed

semiconductor inside the ring contact. In this case, no adhesion layer or bilayer is

used, although the thick resist must be baked especially long to prevent outgassing

in the PlasmaQuest.
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5.7.2 Dry Etching with PlasmaQuest

The PlasmaQuest plasma etching system was used to perform the dry etching. The

PlasmaQuest uses electron cyclotron resonance (ECR) to generate a reactive plasma

that etches exposed semiconductor. The recipe used for our processing (Gigi2.rcp:

argon, BCl3, and Cl2) etches metals very slowly, and does not etch photoresist. Ver-

tical features were achieved with 200W of ECR power (400W for ignition) and 55W

of RF power, at a pressure of 2mTorr.

Uniform etching is critical for GaInNAs VCSELs: if the active region is exposed

to air, the laser will rapidly die. On the other hand, if the top DBR is not entirely

removed, then larger currents will be needed to overcome the effect of current spread-

ing. Also, the oxide aperture is planted in the second or third DBR pair, and must

be exposed in order for the selective oxidation process to succeed. In order to achieve

uniform etching in the PlasmaQuest, it is important that the sample be at a uniform

temperature. The conventional method of mounting samples using double-sided cop-

per tape led to very nonuniform etching: the edges of each sample were heated by

the plasma, and etched up to 30% faster than the sample center—a serious problem

when trying to stop within 50nm after etching through more than 5µm of DBR. Also,

if any copper tape was exposed, the etch rate was affected nearby. Instead, a carrier

wafer was made by indium-soldering short rails of silicon in a tight 3” circle onto the

requisite PlasmaQuest substrate (a 4” p-type, silicon wafer, with wafer flats at spec-

ified positions). Because the samples are cooled by thermal conduction through the

back, it is vital that the samples and the carrier wafer be entirely free of dust, debris,

solder, and nonuniform metallization, and unscratched. For this reason, it is prefer-

able that the dry etch be done before backside metallization, and that the backside

of each wafer be carefully swabbed to remove stray photoresist. The backside cooling

helium flow rate should also be at maximum (10), with the wafer chuck set to 10◦C or

lower, for best uniformity. But colder temperatures tend to etch semiconductor and

metal at similar rates. To compensate, for the VCSELs, thicker metal was deposited,

but this caused severe problems with liftoff, as discussed in Section 5.7.1. A better

solution, using Cr as an etch resistant layer, is being developed. Using these tech-

niques, straight sidewalls and uniform etching are possible, as shown in Figure 5.13.
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Figure 5.13: Vertical sidewalls after dry etch.

Note the “poofy crown” on top of the mesa due to gold that was resputtered onto the

side walls of the SPR220-7 protective resist, before that resist was stripped off. Also

note that all of the gold has been removed; the dry etch was insufficiently selective

of semiconductor over metal, as discussed in Section 5.7.1.

Thanks to efforts by R. Aldaz and E. Thrush, the PlasmaQuest has an etch

monitor similar to that on Drytek 4. A diode laser with wavelength 632–650nm

shines at an angle of 70◦ from normal incidence. As the layers are etched away, the

reflectivity of the sample changes with time. For a periodic structure like a DBR, it is

straightforward to count oscillations in the reflectivity and determine the etch depth

to within a few tens of nanometers. As part of this thesis work, the thin film simulator

mff was updated to provide a reflectivity profile with etch depth. The expected profile

for top-emitting VCSELs is shown in Figure 5.14.

Previous problems with contamination of wafers in the PlasmaQuest were believed

to be caused by other pquest users improperly etching PMMA or inappropriate ma-

terials, or possibly a memory effect from fluorine. These problems only arose for

high-aluminum etches such as VCSELs and ARROWs. The problems went away

when the staff partitioned the week to separate III–V etches from all other etches.
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Figure 5.14: Simulated reflectivity vs. depth of dry etch (or time), from updated mff.

5.7.3 Recovery from a failed lift-off process

Unfortunately, the liftoff solvents failed to penetrate the metal. Many suggestions

were solicited from SNF personnel, and all of these techniques were tried, including

an overnight soak in strong solvents (1165 stripper), an acetone spritz (mechanical

removal), a hot acetone bath, ultrasound, and even Scotch tape—which peeled off

either all the metal or none of it. It became clear that the metal needed to be

thinned before the solvents could penetrate it and provide proper metal lift-off. A

weak solution of potassium iodide and iodine, which is known to etch gold, was

unsuccessful at providing lift-off.

The gold was thinned using aqua regia (1:3 HNO3:HCl). This step significantly

damaged the metal and the wafer surface: as soon as the etch sufficiently thinned the

gold, it attacked the GaAs and AlGaAs underneath, and at a much faster rate. This

led to extremely rough sidewalls and surfaces and added significant scattering loss to

the VCSELs. Typical etch holes are shown in Figure 5.16. Even with the aqua regia

etch, very few mesas smaller than 62µm in diameter survived the liftoff process; the
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others did not lift off. The gold etch rate was difficult to control, because the aqua

regia etch rate increased with time and, perhaps, also with the amount of material

dissolved. In the presence of heat or light, nitric acid becomes more corrosive:

4HNO3 → O2 + 2H2O + 4NO2 (5.7)

This is known as “fuming” nitric acid. The aqua regia solution visibly turned darker

with time. New solution was mixed for every etch sample, and the etch rate was

calibrated using strips of a dummy silicon wafer with 200nm of gold. This still did

not prevent the wafer damage mentioned earlier. Clearly, it is much easier to prevent

problems with liftoff and processing, rather than to try to correct them after the

metal has been deposited.

5.7.4 Oxide aperture by selective oxidation

After lift-off, the wafer is usually annealed to drive in the Au/Ge eutectic for the

n-type contact. For VCSELs, this is unnecessary because of the high-temperature ox-

idation step that followed, as described on page 150. When AlGaAs is exposed to hot

steam at temperatures near 400◦C, the aluminum-containing layers will preferentially

oxidize. The arsenic is reduced by the hydrogen in the water, forming neutral arsenic

and arsine gas, which then escapes from the now-porous material. The remaining

aluminum bonds with oxygen from the water. The oxidation rate is constant with

time, but varies with temperature and the fraction in the carrier gas, as shown in

Figure 5.15(a). [230] Even 2% gallium in AlGaAs can drop the oxidation rate by an

order of magnitude. It should be noted that this selectivity based on composition is

itself dependent on temperature, as shown in Figure 5.15(b). For temperatures near

400◦C, there is not much difference in the oxidation rates of 98% AlGaAs and 92%

AlGaAs. This will be significant shortly.

The VCSELs were oxidized in the GaAs oxidation tube, a 6” furnace with pre-

heated quartz boat and a bubbler to saturate N2 with steam at 95◦C. The nitrogen

flow rate was 20sccm, in high flow mode, at 100% flow (the “argon” knob set to 000).

The furnace was 435◦C according to its thermocouple. According to Figure 5.15(b),
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Figure 5.15: Selective oxidation of AlGaAs. (a) Oxide thickness is linear with time
but strongly temperature dependent. (b) A small change in composition causes large
change in selectivity. From [230].

this should have produced about 4:1 selectivity between the 92% AlGaAs DBR lay-

ers and the 98% digital alloy used for the oxidation layer, with an oxidation rate of

about 1µm/min. Instead, it was found that no oxidation occurred during the first

10 minutes, then the oxidation rate was about 0.2µm/min. Also, the entire stack

of AlGaAs layers in the DBR oxidized at the same rate as the nominally-selective

oxidation layer, as shown in Figure 5.16.

The fact that the oxidation was non-selective disagrees with Ref. [230] and calls

into question the whole point of doing selective oxidation. There are two likely causes

of the disparity between this and published results. First, the oxidation furnace may

have been significantly cooler than the thermocouple reported. This would explain the

low oxidation rates in general. Unfortunately, because all of the processing dummies

and practice DBRs had been irreparably damaged during the lift-off recovery, along

with many of the VCSEL samples, it was not possible to try the oxidation with higher

temperatures.

Second, it is believed that the selective oxidation layer was too thin. The high-

aluminum, selective oxidation layer was not freestanding, but was part of a thicker

AlGaAs layer with lower aluminum content. This was an intentional design strategy,
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Figure 5.16: Left: damage due to aqua regia etch. Right: oxidation front (at arrow)
barely visible, uniform through all AlGaAs layers in DBR.

as it should have formed a wedge-shaped oxidation front, which would result in a

softer optical aperture and lower diffraction losses. However, it is believed that the

low-aluminum AlGaAs served as a sink for incoming oxygen, slowing the oxidation

front. In order to provide a truly selective oxide aperture, therefore, the selective layer

must be thick enough to supply not only itself with oxygen, but also the neighboring,

low-aluminum layer. This should be taken into account when designing the DBR, as

it will change the overall optical thickness of the layer.

Because the oxidation was not selective, the top DBR oxidized uniformly about

10µm inwards. This added optical scattering losses and series resistance to the top

DBR. On the other hand, no oxide delamination was apparent in any of the devices.

5.8 VCSEL Results

The VCSELs were mounted epi-side-up on a copper chuck for testing. Since the

top-emitting VCSELs had been designed to operate at cold temperatures (i.e. a

shorter cavity and shorter wavelengths), the testing station was modified to be able

to cool below 0◦C. The chuck temperature was cooled by a two-stage thermoelectric

cooler (TEC), with the first stage driven by a constant current source and the second

stage controlled with a feedback loop by the temperature controlling portion of an
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ILX LDP-3744B laser diode controller. The TEC was mounted to a Koolance brand,

water-cooled copper block, 1” square, cooled by a recirculating chiller at 5◦C. A special

low-temperature thermocouple, ILX model #521, was used, accurate to –40◦C. The

testing station was surrounded with plastic and purged with dry nitrogen gas in order

to prevent condensation of water on the sample below the dew point (∼ 10◦C). The

copper stage could then be cooled to temperatures as low as –33◦C.

The testing station consisted of a Bausch and Lomb optical stereomicroscope on

a Cascade Microtech probe station designed for 6” wafers. One of the microscope

objectives was replaced with a ThorLabs f=8mm C240TM-C collimating lens, a

f=11mm C220TM-C focusing lens, and a 62.5µm multimode fiber, allowing the use

of fiber-coupled instruments listed below for measuring the power or spectrum of the

VCSELs. An ILX LDP-3840 pulse generator with a custom sampling circuit was used

to drive the VCSELs for pulsed measurements. Voltage and current pulses were mea-

sured using an Agilent Infinium 4-channel oscilloscope. Pulsed optical measurements

were made using a ThorLabs PDA400 amplified photodetector, which was mounted

in place of another of the microscope objectives. An HP 8153A lightwave multime-

ter was used to measure the fiber-coupled power from the devices. an HP 70951B

optical spectrum analyzer (OSA) was used to measure the fiber-coupled spectrum.

The collection efficiency of the fiber stage was not calculated, but was known to be

no more than 47%, and probably much lower. Therefore, the total VCSEL power

was probably significantly higher than the values reported below. The pulse driver

circuitry had been optimized for low resistance, edge-emitting lasers, so there was

poor impedance matching with the high-resistance VCSELs. This led to a slow rise

time and strong overshoot with each pulse.

Despite the difficulties mentioned in previous sections, the VCSELs lased in pulsed

mode when cooled to a chuck temperature of –10◦C. Figure 5.17 shows the multimode

fiber coupled optical spectrum at 500mA and 800mA of peak current, showing the

onset of stimulated emission. For this measurement, the VCSELs were not bonded

or soldered to the copper chuck, but were merely held in place by a plastic tweezer.

The resulting poor thermal conductance led to the high threshold currents shown

in the figure. The wavelength of lasing, 1.46µm, is the longest reported wavelength
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Figure 5.17: Multimode fiber-coupled spectrum of VCSEL pulsed at 500mA (lower
curve) and 800mA (upper curve), showing onset of stimulated emission and multiple
transverse modes above threshold.

from a GaAs-based VCSEL, far beyond the previously reported 1.32µm VCSELs with

quantum dots [30, 247], InGaAs [24], or GaInNAs [248].

Multiple transverse modes were visible above threshold, due to the large 66µm

current aperture size of the VCSELs. The VCSELs QWs were identical to the single

quantum well from the equivalent CW 1.49µm edge emitting lasers. Due to the lower

operating temperature and a short cavity, the VCSELs lased at 1.46µm, a significantly

shorter wavelength. Microcavity emission from a similar structure showed that the

growth of the top DBR only partially annealed the active region, but an additional

rapid thermal anneal was required for peak photoluminescence. A peak power of

0.77mW was achieved (not shown), which was surprisingly high given the problems

outlined above.

The VCSELs were pulsed at 0.1% duty cycle, with 2µm pulses at a 500Hz repeti-

tion rate. The VCSELs lased at 1.458-1.460µm from –10◦C down to at least –30◦C,

which was the limit of the TEC stage. This particular model of current source, the

ILX LDP-3840, produces a constant 4mA of DC output power even when set to 0



168 CHAPTER 5. LONG WAVELENGTH VCSEL DESIGN & FABRICATION

0

5

10

15

20

0 100 200 300 400 500 600

V
ol

ta
ge

Current (mA)

n540dctr-4x4-84x44

Figure 5.18: Current vs. voltage for VCSELs in pulsed mode.

amps pulsed. Since the point of pulsed measurements is to avoid heating of the de-

vice, having such a DC offset greatly reduces the usefulness of the technique. It is

not known how much better the VCSELs would operate without this additional DC

bias.

The reason the VCSELs did not lase CW, but only in pulsed mode, is clear from

Figure 5.18. Not only was the threshold current surprisingly high, but the operating

voltages were quite high as well: 20V near threshold. It will be recalled that a high

series resistance was expected from the conservative design of the DBRs, with very low

doping to avoid free carrier absorption in the DBRs. However, the nonlinear curvature

up to high voltages suggests that another mechanism is at work. The doping was not

optimized at the heterojunctions, which may have led to some diode-like contribution

to the I-V curve. Also, the condition of the metal contacts was in question, since

they were excessively annealed (up to 1 hour at 435◦C) during the oxidation step.

Non-ohmic contacts may have added to the nonlinear voltage characteristic as well.

With heating clearly an issue, the VCSELs were then soldered to the copper chuck,

rather than merely held with a plastic clip. The thresholds dropped by approximately

a factor of 2. This is evidence that the VCSELs were still heat-limited even in pulsed

operation. Several L-I curves for a VCSEL with a 66µm diameter aperture are shown

in Figure 5.19. The threshold current Ith was 229mA (pulsed) at –25◦C, 248mA
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Figure 5.19: Multimode fiber-coupled, pulsed VCSEL output power vs. (a) setpoint
current, and (b) measured current, at various temperatures.

at –20◦C, and 283mA at –15◦C, corresponding to current densities Jth of 6.7, 7.3,

and 8.3kA/cm2, respectively. The improvement in threshold with better thermal

mounting is an indication of excess heating. Attempts to reduce the duty cycle of the

VCSELs, to further reduce heating, were unsuccessful. The pulse width needed to

be extended2 to maintain sufficient signal, but pulses longer than 2.5µs led to device

failure.

The limits of the current driver were also apparent in the results. The threshold

current for each temperature is listed.

The kink in the –25◦C curves in Figure 5.19 is explained by overshoot by the cur-

rent source. The current source and monitoring circuit were designed to be impedance

matched to a low-resistance edge emitting laser, and the mismatch with the high-

resistance VCSEL led to a slow rise time and an overshoot with each pulse, as men-

tioned earlier. Also, the current source was operating near its voltage limits. As

a result, as the current was increased, the pulses began to overshoot the value of

threshold current. A large increase in power resulted when the pulse shape became

rounded, as shown schematically in Figure 5.20.

2Slower than the duty cycle was increased, of course.
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Table 5.1: VCSEL Threshold Currents with Temperature
-15◦C -20◦C -25◦C

Lower Bound 3.3 kA/cm2 2.7 kA/cm2 2.0 kA/cm2

Upper Bound 8.3 kA/cm2 7.3 kA/cm2 6.7 kA/cm2

With such an unusual pulse shape, it is not clear what the correct measurement of

“measured” current should be: integrated current, peak current, integrated current

above threshold, etc. The L-I curves all do appear to be linear just above threshold,

so the limitations of the current source appear to be problematic only at high voltages

and/or currents, and the extraction of threshold current seems to be valid. However,

the algorithm used to measure the current—even though it produces a linear L-

I curve—may be misled by the non-square pulse shape. Therefore, the thresholds

derived from measured current may only represent a lower bound on the actual device

thresholds, as shown in Table 5.1.
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5.9 Analysis and Summary of VCSEL Results

In summary, GaInNAsSb VCSELs have been demonstrated at 1.46µm, and there

is no reason to believe that they could not reach 1.5 or 1.55µm, given that CW

edge emitting lasers have already been demonstrated beyond 1.5µm. At these long

wavelengths, extra care must be given to optimal DBR design, both electrically and

optically. Accurate refractive index data are vital for the design and characterization

of the VCSEL structure, as well as for corrections to the cavity during the growth.

Heating is another issue, especially with weak gain and thicker DBRs, but this can

be minimized by regrowth, planarizing, or careful packaging.

The VCSELs presented here were designed very conservatively, with low doping in

the DBRs to avoid free carrier absorption, and with a short cavity that was designed

for operation at low temperatures. The VCSELs were grown before the extremely high

quality of the CW edge emitting lasers became clear, so in hindsight, a much more

aggressive VCSEL design was certainly possible, and probably would have achieved

CW lasing at room temperature.

It is believed that shorter pulses, from an impedance-matched current source,

would produce better results from these VCSELs. However, the primary focus of

this work was on reaching longer wavelengths, and rather than spending additional

effort on characterizing the characterization setup itself, so efforts were shifted to

future VCSEL growths. The next generation of VCSELs, needless to say, is eagerly

anticipated. It seems clear that dilute nitride based VCSELs will soon cover the full

range of fiber wavelengths, from 1.2–1.6µm, offering great promise for inexpensive,

high bandwidth fiber networking.
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Conclusion

6.1 Summary

This thesis presented several key improvements in the understanding and MBE growth

of dilute nitrides such as GaInNAs, culminating in the demonstration of VCSELs at

unprecedented long wavelengths on GaAs. The intrinsic properties of dilute nitrides

were presented, particularly the small bandgap caused by band anticrossing and sev-

eral additional, minor effects. The blueshift of the emission wavelength with anneal

was examined, as was the increased luminescence after anneal. Defects have been

found to play a significant role in the properties of dilute nitrides to date.

To grow good quality material, with few defects, several new techniques were

employed. The beam flux ionization gauge in the MBE chamber was used as a

remote Langmuir probe to sample the actual ion flux coming from the plasma cell.

This ion flux was found to be nonnegligible, and ion deflection plates were employed

to remove the ions from the plasma beam. Large voltages on the ion deflection plates

made no improvement in the material quality, but moderate voltages, from 18–100V,

were found in experiment and theory to be sufficient to remove all measurable ions

from the plasma beam. Also, an arsenic capping technique was applied in order to

protect the wafer surface from the plasma ignition, and to allow the plasma to reach

its final, steady state without exposing the wafer to plasma for an extended period

of time. By comparing the effects of ion damage and pre-QW plasma damage, it was

172
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found that defects themselves reduce the bandgap, similar to the redshift from adding

nitrogen. Defects also change the amount of nitrogen that gets incorporated into the

crystal. It is clear that the role of defects has been overlooked in past materials

studies, and those studies are now being repeated with the new, high quality material

that we are now able to grow.

The VCSELs presented here were constrained by severe difficulties in processing

and by a mirror structure that was not fully optimized. The VCSELs were heat

limited, and tested epi-side up, yet they still lased at the design wavelength near

1.46µm. Simple improvements in the processing and design should allow electrically

pumped VCSELs to operate beyond 1.50µm and optically pumped VCSELs to op-

erate at even longer wavelengths. Low threshold CW edge emitting lasers have now

been demonstrated at 1.52µm, and pulsed lasers with somewhat higher thresholds at

1.53µm. It seems clear that monolithic VCSELs will soon be possible at wavelengths

up to and including the WDM S band, and possibly the C and L bands as well. It

is hoped that these advances will contribute to the development of inexpensive fiber

communication networks.

6.2 Future Work

Although a great deal of progress has been made in the understanding of the inherent

material properties of dilute nitrides, and in the techniques for growing high quality

material, several key requirements remain as tantalizing prospects for the near future.

Our DLTS [249] and z-parameter measurements [78] show that a significant number

of defects remain in the material even with the improvements provided by this the-

sis. Further optimization needs to be made of the plasma ignition sequence and the

desorption of the arsenic cap. Precise and repeatable temperature control would be

extremely helpful for assuring that each growth took place in the small window of

acceptable growth parameters; bandgap thermometry has made this possible for un-

doped wafers, but not yet for doped wafers. An infrared CCD would be very helpful

in this regard as well.

Many long wavelength devices are now possible with this material as well. The
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foremost of these is the CW, room temperature VCSEL at 1.55µm for optical com-

munication. There is also a need for high power (10W) pump lasers at 1.3–1.5µm

for solid-state lasers and Raman amplifiers. Ultra fast lasers and modulators, above

10GHz, appear to be possible for 1.5µm applications as well. Tunnel junctions based

on an Ga(In)AsSb/GaInNAs interface may allow high efficiency multijunction and

intracavity-contact VCSELs. Finally, it may be possible to produce direct-emitting

lasers in the mid-infrared, from 2–10µm, by taking advantage of band bowing on

dilute nitrides grown on GaSb or InAs.

Another area of interest is to push to even longer wavelengths with VCSELs.

Although edge emitting GaInNAs(Sb) lasers have been demonstrated at 2µm on

InP [95] and 2.3µm on GaSb [96], no VCSELs have been demonstrated at these

wavelengths yet. Since gain is likely to be a problem for first-generation VCSELs on

these new substrates, an optically-pumped VCSEL test station has been assembled, as

shown in Figure 6.1. If the pump beam is at a certain rational fraction of the desired

emission wavelength, then the backside DBR can be designed for high reflectivity

for both wavelengths, doubling the effectiveness of the pump [250]. Also, optically-

pumped VCSELs are much easier to grow and fabricate, since they have much less

heating without the electric current, and because there is no need to etch a mesa

that would add to thermal isolation; the pump beam can simply be focused to the

desired spot size. It is also possible to use dielectric DBRs such as SiNx/SiO2 with

optically-pumped VCSELs, since it is not necessary to pass electrical current through

the DBR. Infineon has demonstrated antimony-free GaInNAs edge emitting lasers on

GaAs that emitted at 1.59µm, so it may be possible to reach 1.6µm with optically-

pumped VCSELs.

Finally, there remain several interesting questions that merit further exploration—

the answers to which should be considered tenuous in this thesis. For example, it is

unclear which parts of the Langmuir probe measurement in Section 4.6 are due to

secondary electrons. Is it the current at high V, or its slope, or a more complex

contribution? Also, the angle vs. deflection plot in Figure 4.24 is somewhat mislead-

ing, because electron current, secondary electrons, and ion current are convoluted

together. Finally, it is still unknown what the microscopic mechanism was behind
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Figure 6.1: Test setup for optically-pumped VCSELs.

the arsenic cap improvement in Section 4.8. Which defects did it get rid of? Was it

just surface roughening? If defects cause redshift, why do we sometimes get a sample

with blueshift? These questions await the development of further experimental study.

6.3 Other Contributions

A number of other contributions have been made to the lab during the course of this

work, including but not limited to the following:

• Replaced the control electronics in the MBE lab, allowing the replacement of

the PDP-11 minicomputer with the new Sun workstation. Wayne Martin had

done the same for Systems 1 and 2, but the current requirements for Systems 4

and 5 were somewhat different. Maintained all electronics in the lab.

• Rewrote significant sections of the MBE software, especially readflux, euread,

and other utilities. The software is able to read and control many more types

of instruments, with a modular scheme for future expansion. Several major

security holes in the MBE software were also discovered and closed. Maintained

all MBE software in the lab.

• Brought up System 4. Installed the carbon tetrabromide source and developed

operating procedures for it.
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• Improvements to post-growth characterization techniques such as white light

reflectivity.

• Maintained and improved the accuracy and interface for the Hall measurement

system. Xin Jiang also contributed to the interface.

• Standardized the way we bake out wafers in the load chamber and bakeout

chamber. Computer control of load chamber bake lamp. Added logging for

forensic examination if something goes wrong with a wafer.

• Designed a folding, telescoping arm for reloading source material without open-

ing the MBE chamber. See Appendix B.1.



Appendix A

Glossary of Abbreviations and

Commonly-used Terms

BFM: Beam Flux Monitor. An ionization pressure gauge which is used to measure the

amount of material (flux) which is coming from one or more cells in an MBE chamber.

CB: Conduction band. The energy level of electrons which are free to move in a semicon-

ductor.

CL: Cathodoluminescence.

Crucible: An open container used for holding hot metals or, in the case of the plasma

source, the plasma.

CW: Continuous-Wave. The opposite of pulsed or intermittent, as in a laser.

Dilute Nitride: GaAs or InGaAs with a small amount of nitrogen replacing up to 5% of

the arsenic in the alloy, forming GaNAs or GaInNAs. See also GaInNAs.

DLTS: Deep Level Transient Spectroscopy. A characterization technique which measures

the defect concentration in a semiconductor as a function of physical depth, as well

as the energy levels of the defect levels within the bandgap.

Epitaxy: A method of growing semiconductors (and other crystals) one layer of atoms at

a time. Each atom lines up with the atom(s) below it in a particular periodic fashion,

which depends on the crystal structure of the material.

GaInNAs: Gallium indium nitride arsenide. A semiconductor with a small bandgap which

emits light in the near infrared.

GaN: Gallium Nitride. A semiconductor with a wide bandgap, which emits light in the

violet or ultraviolet. Not to be confused with “dilute nitrides” such as GaInNAs.
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ICP: Inductively Coupled Plasma. One of several methods by which electrical power can

be concentrated to create a plasma, by passing RF through a coil.

IR: Infrared. Light with a wavelength somewhere beyond the limit of human vision (red,

0.7µm) toward longer wavelengths (lower energies).

MBE: Molecular Beam Epitaxy. A technique for growing very thin layers of very pure

semiconductors under ultra-high vacuum. Also known as Mostly Broken Equipment.

See Epitaxy.

MFC: Mass Flow Controller. A special valve which keeps the gas flow rate constant. Used

on the nitrogen plasma cell.

MOCVD: A gas-based form of epitaxy. Gases break down at the hot wafer surface,

depositing metal atoms.

PBN: Pyrolytic Boron Nitride. A white, machinable, nonreactive ceramic. All of the Ga,

Al, In, Si, Be, and N crucibles are made from PBN.

QW: Quantum Well. A thin (3–20nm) layer of material sandwiched between two layers

of larger bandgap. Both electrons and holes can fall into the QW, where they are

confined until they either recombine or escape.

RF: Radio Frequency. Hundreds of watts of RF power are concentrated, using a coil, to

strip electrons from nitrogen gas and generate the plasmas discussed in this thesis.

RGA: Residual Gas Analyzer. A mass spectrometer inside the MBE chamber which gives

the relative amounts of each type of atom or molecule. Most used when checking for

leaks.

RHEED: Reflection High-Energy Electron Diffraction. A technique for measuring the

wafer surface under high vacuum conditions, such as during MBE growth. RHEED

shows surface smoothness, surface reconstruction, and the presence of any amorphous

layer such as an arsenic cap.

Reconstruction: A repeating pattern of atoms on the surface of an ordered material. The

dominant reconstruction for GaAs at growth temperature is (2x4): a rectangle two

atoms wide, four atoms long.

SIMS: Secondary Ion Mass Spectroscopy. A characterization technique which tells the

composition of a wafer as a function of depth.

UV: Ultraviolet.

VB: Valence band. The energy level of electrons in their lowest-energy state.

VCSEL: Vertical-cavity, surface-emitting laser.



Appendix B

Reloading Arm and

Electropolishing of Stainless Steel

Parts

B.1 Reloading Sources in MBE

John English at the University of California at Santa Barbara has created a tool

for reloading a cell of an MBE chamber without opening the growth chamber. This

reloading arm is a long, narrow, rigid tray which attaches in place of the nosepiece

on the transfer arm. To refill the cell, the transfer tube is vented, and the reloading

arm is attached to the transfer arm, with source material placed on the tray. The

transfer tube is then closed and pumped down to UHV. The gate valve between the

transfer tube and the growth chamber. The transfer arm is the extended into the

growth chamber, with the reloading arm passing underneath the beam flux gauge and

CAR. The reloading arm is aligned with the opening of the cell to be refilled, and the

source material is carefully shaken out of the reloading arm into the cell. Fuenzalida

has also reported a similar arm, using a bimetallic tweezer, resistively heated, to hold

and drop a single pellet of source material.[251]

The advantages of English’s technique are that it allows the reloading of one cell

without breaking vacuum on the actual growth chamber, and it can hold a large
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amount of source material. The main disadvantage is that it still requires breaking

vacuum on the transfer tube, thus exposing the cleanest part of the MBE system to

atmosphere. Even if the installation of the reloading arm takes place inside a nitrogen-

purged glove bag [252], we have found contamination from water vapor still requires a

bake, albeit a shorter one. But the transfer tube cannot be baked if the reloading arm

is loaded with either gallium or indium, because these elements will melt. This means

a long pumpdown must be used on the transfer tube, resulting in a long downtime

for the machine. Also, the transfer tube is only pumped by ion pumps, which tend

to crack water vapor and release hydrogen, which is not well pumped. Finally, the

UCSB design used a long, narrow tray to hold the source material, but this only

allows reaching the two lowest sources in the machine. Turning the transfer arm

to reach any other sources spills the source material from the tray. It is also quite

difficult to refill newer SUMO cells, which have a small neck at the opening.

If a reloading arm could be designed to be loaded on the wafer trolley, many of

these difficulties would be avoided. One design which very nearly worked is shown in

Figure B.1. The arm consists of two telescoping tubes of stainless steel, with a hinge

allowing the tube to fold flat against the trolley, parallel to the face of the transfer arm

nosepiece. The inner tube holds the source material and is extended in the growth

chamber to reach under the CAR to the lip of the cell. By using a tube rather than

a tray, it is possible to reach all of the lower cells in the MBE machine, not just the

two middle sources. (With a stiff hinge, the tube can also reach the upper cells. This

may not be useful for reloading sources, but could be handy for bending, say, the

antimony shutter back in place.) Also, the small diameter of the tube matches the

diameter of the SUMO cells, potentially allowing refilling of narrow-necked SUMO

cells.

Unfortunately, a single telescoping stage was not sufficient to reach the cells in our

Mod-Gen II MBE chamber. With the telescope retracted, the arm must not exceed

6.25in from hinge to tip, or else the tip will run into the sides of the bellows, marked

as point “A” in Figure B.1. While this still allows enough length to reach just to the

tip of an older, trumpet-style cell, the SUMO cells are mounted farther away from the

wafer and, consequently, just barely out of reach of the reloading arm. The reloading
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principle was proven using a shorter prototype, which was able to exactly touch the

mouth of our aluminum cell, an older trumpet style. This prototype showed good

rigidity even with the telescope fully extended. It was also able to reach to the two

second-lowest ports on the machine.

System 5 was eventually opened and refilled the conventional way, eliminating the

urgency of this project, but the opening was more due to a broken heater more than

inherent problems with the technique. With a little more work, all four Group III

sources on the MBE machine could be refilled with this technique. There are several

possibilities for how to reach the extra 2-4cm to the SUMO cells with a telescoping

arm. One would be to add a third, outer tube to the telescope. Another would be to

replace or augment the two-stage telescope with a tube which slid along rails.

Although this particular iteration of the reloading arm was not successful, it is

still believed that a trolley-loadable reloading arm could prolong an MBE growth

campaign indefinitely, or until something major broke. It is hoped that others will

pick up where this project left off. The development of a “live” reloading technique

would be of great service to the MBE community.

B.2 Electropolishing

Most UHV chambers and large parts are made with stainless steel because it does not

outgas in UHV, and it withstands baking at 100◦C for short periods. However, ma-

chined parts contain many pits and voids due to the machining process, which would

lead to virtual leaks due to trapped gases. Also, machined parts are contaminated

with with heavy oils from cutting tools. In order to introduce new parts to a UHV

environment such as an MBE chamber, all stainless steel must first be electropolished.

Electropolishing removes trapped oil, passivates the surface (iron and nickel are pref-

erentially etched, leaving unreactive chromium), and removes surface hydrogen. It is

also possible to use wrought aluminum and some sand-cast and die-cast aluminum

alloys for UHV parts, but electropolishing of aluminum requires perchloric acid and

acetic anhydride (in a 2:7 ratio), which is an explosive hazard.[253] Therefore the

reloading arm was made with molybdenum or stainless steel parts wherever possible.
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In order for electropolishing to be successful, the surface must be extensively

cleaned with solvents to remove organic contaminants. For the reloading arm, the

parts were soaked in a slightly heated, ultrasonic bath of acetone, then isopropanol,

then methanol, then rinsed thoroughly with deionized water. The parts were then

soaked briefly in a 50% HNO3 solution to strip remaining organics, taking care to

avoid any droplets of HNO3 coming in contact with a solvent, which could lead to a

fire. A length of 1/4” stainless tubing, longer than the height of the beaker, should

be cleaned at the same time, for use as the cathode. This beaker was also thoroughly

cleaned with solvents and HNO3.

The actual electropolishing is performed as follows. A heavy wire, 12 to 14 gauge,

is connected between the positive terminal of a heavy-duty current source, and the

sample to be polished, the anode. Another wire is attached between the negative

terminal and the cathode. The cathode can be any common metal, but stainless steel

tubing avoids contamination issues. The current required for electropolishing is large:

more than 10 Amps (100A per square foot of etched material), so the wire must be a

heavy gauge. The wires should remain mostly insulated so they cannot accidentally

short together outside the beaker. The wires should not be immersed in the acid since

they are not ultraclean.

A large, ceramic beaker is filled with a concentrated acid solution of 1:1 sulfuric

acid:phosphoric acid, deep enough to cover the sample. If the sample is hollow, such

as the tube in the reloading arm, it will need to be electropolished from the inside as

well, so it is important to be able to put the cathode inside the sample and repeat the

etch. Immerse the sample and the cathode in the acid solution, taking care not to

let them touch. Turn up the current slowly, over at least 20 seconds, because there is

a delay between the onset of current and the production of gas bubbles (hydrogen).

Use enough current that the cathode is bubbling but the etch piece is not; if both

are bubbling, turn down the current. A low voltage drop, 2–4V, should appear. Zero

volts means your cathode and etch piece have shorted together. Higher voltage (10–

30V) either means current is too high (generating too much gas at surfaces) or else

the surface of the cathode is dirty and needs cleaning, perhaps just a strong spray of

water. The acid solution may turn a bit green, but this is normal.
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The I-V curve is supposed to have a flat spot at the ideal etch current density,

which occurred just before the onset of massive bubbling. If the solution and parts

are clean, nearly all the bubbles will be at the cathode, even at 10A. For the reloading

arm, it was not necessary to heat or stir the solution, though those may have helped.

The polish worked with either phosphoric or sulfuric acid alone, but a mirror finish

required both. The etch is finished when the voltage rises. It may be necessary to

remove the sample and cathode, spray with water, and restart the etch. Shake off or

blow off excess water before immersing in the acid solution.

The acid is considered hazardous waste and cannot go down the acid sink, since

it contains nickel from the stainless steel, a heavy metal poison. It may also contain

traces of chromium. Let the acid cool and dispose of it appropriately as hazardous

waste.
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