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ABSTRACT

Deep ultraviolet light emitting diodes (UV LEDs) are an important emerging tech-
nology for a number of applications such as water/air/surface disinfection, commu-
nications, and epoxy curing. However, as of yet, deep UV LEDs grown on sapphire
substrates are neither e cient enough nor powerful enough to fully serve these and
other potential applications.

The majority of UV LEDs reported so far in the literature are grown on sapphire
substrates and their design consists of AlGaN quantum wells (QWSs) embedded in an
AlGaN p-i-n junction with the n-type layer on the sapphire. These devices su er from
a high concentration of threading defects originating from the large lattice mismatch
between the sapphire substrate and AlGaN alloys. Other issues include the poor
doping e ciency of the n- and particularly the p-AlGaN alloys, the extraction of
light through the sapphire substrate, and the heat dissipation through the thermally

Vi



insulating sapphire substrate. These problems have historically limited the internal
guantum e ciency (IQE), injection e ciency (IE), and light extraction e ciency
(EE) of devices.

As a means of addressing these e ciency and power challenges, I have contributed
to the development of a novel inverted vertical deep UV LED design based on AlGaN
grown on p-SiC substrates. Starting with a p-SiC substrate that serves as the p-type
side of the p-i-n junction largely eliminates the necessity for the notoriously di cult
p-type doping of AlGaN alloys, and allows for e cient heat dissipation through the
highly thermally conductive SiC substrate. UV light absorption in the SiC substrate
can be addressed by rst growing p-type doped distributed Bragg re ectors (DBRS)
on top of the substrate prior to the deposition of the active region of the device.

A number of n-AlGaN Ims, AlGaN/AlGaN multiple quantum wells, and p-type
doped AlGaN DBRs were grown by molecular beam epitaxy (MBE). These were char-
acterized in situ by re ected high energy electron di raction (RHEED) and ex situ
by x-ray di raction, scanning electron microscopy, atomic force microscopy, photolu-
minescence, and re ectivity.

Using the primary elements of the proposed design, this research culminated in the
MBE growth, fabrication, and characterization of prototype deep UV LED devices

emitting below 300 nm.
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Chapter 1

Introduction, Motivation, Literature
Review

This work seeks to advance the current state of the art in deep-ultraviolet light emit-
ting devices. This is accomplished through evolutionary progress in both the growth
of AlGaN materials and devices by MBE and its application to revolutionary device

structures.

1.1 Introduction to IlI-Nitrides

The GaN-AIN material system is well suited for UV optoelectronic devices (emit-
ters, detectors and optical modulators) because its direct energy gap can be tuned by
changing its alloy composition to cover all three regions of the UV electromagnetic
spectrum (190-362 nm) [Kneissl, 2016, Moustakas, 2016, Pankove and Moustakas,
1998, Pankove and Moustakas, 1999, Morko , 2008, Nakamura et al., 2000]. Such
semiconductor devices are expected to be lightweight, compact and have low power
requirements. In addition nitride semiconductors are physically robust, chemically
inert, have high corrosion resistance and are non-toxic. These properties make them
attractive for use in hostile environments and at high temperatures. Ultraviolet LEDs
in particular are extremely well suited for a number of applications such as water /
air / food sterilization, surface disinfection, free-space non-line-of-sight communica-
tion, epoxy curing, counterfeit detection and uorescence identi cation of biological

/ chemical agents.



Figure 1 1: Stick diagram for c-plane Wurtzite crystals in the (A)
I11-polar and (B) V-polar orientations. In both gures the red vertices
represent group I11 atom locations, while blue vertices represent group
V atom locations. Both crystals are shown group-111 terminated, and
the growth direction is up.

In contrast to other 111-V semiconductors such as the AlGaAs material system, the
AlGaN crystal structure is wurtzite rather than zinc blende (Figure 1 1). The wurtzite
crystal system’s space group is P6smc which has a lower symmetry than zinc blende’s
F43m. This asymmetry combined with the large di erence in electronegativity of the
constituent atoms in AlGaN gives rise to a large spontaneous polarization (Figure 1 2).
This spontaneous polarization will form the basis for much of the work presented in

later chapters (particularly see Chapter 5).

1.1.1 Deep-Ultraviolet LEDs

Despite two decades of research, the external quantum e ciency (EQE) of the ma-
jority of deep UV LEDs reported in the literature is only around 1-5% [Kneissl,
2016, Hirayama et al., 2014, Khan et al., 2008, Pernot et al., 2010, Hirayama et al.,
2010, Grandusky et al., 2011, Shatalov et al., 2012b]. There is one report of a fully
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Figure 1 2: Illustration of the origin of the spontaneous polarization
in GaN [Wood and Jena, 2008]. A large di erence in the electroneg-
ativity between the group Il atoms and Nitrogen combined with an
asymmetric crystal structure leads to an asymmetric distribution of
electrons.

packaged LED emitting at 280 nm with an EQE of around 10% [Shatalov et al.,
2012b], but this is an outlier. This is to be contrasted with InGaN-based violet-blue
LEDs, whose EQE can be greater than 50%. The EQE is de ned as the product
of the internal quantum e ciency (IQE), the injection e ciency (IE) and the light
extraction e ciency (EE). If any one of these components is low, the EQE will be
low. The IQE is typically limited by extended defects which act as non-radiative
recombination centers. The IE is primarily limited by the con nement of free carriers
to the active region. The extraction e ciency is limited by the ability to extract the
light from the active region of the device to the free space.

Besides the poor IQE, other potential problems related to the low EQE of deep
UV-LEDs are the poor doping e ciencies of n- and in particular p-AlGaN with
high AIN mole fraction, leading to poor carrier injection (IE) into the active re-
gion [Nakarmi et al., 2009]. Furthermore, there are di culties in light extraction due

to emission selection rules originating from changes in the valence band structure of
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Figure 1 3: Literature review of EQE of Ill-nitride LEDs [Kneissl,
2016].

AlGaN alloys as the AIN mole fraction in the alloy increases [Nam et al., 2004]. Dif-
culties involved with removing the substrate and texturing the n-AlGaN is another
factor limiting the light extraction e ciency (EE).

Figure 1 3 summarizes the state of the art of the EQE of IllI-nitride based LEDs.
The devices emitting at wavelengths longer than 360 nm are based on InGaN quantum
wells (QWs) and in agreement with the previous discussion have high EQE. However,
LEDs emitting at wavelengths shorter than 350 nm are based primarily on AlGaN

QWs and have signi cantly reduced EQE.

1.2 Shortcomings of Current UV LEDs

The challenges facing UV LEDs that lead to their poor external quantum e ciency
can be explained and categorized by examining the three constituent components
of the EQE: internal quantum e ciency, light extraction e ciency, and injection

e ciency.



1.2.1 Internal Quantum E ciency

Currently, the majority of AlGaN-based deep UV-LEDs are grown on (0001) sapphire
substrates [Khan et al., 2008, Pernot et al., 2010, Hirayama et al., 2010, Shatalov
et al., 2012b] and due to the high lattice mismatch ( 14%), they su er from high
concentration of threading defects, which a ects their IQE. Another source of the poor
IQE is the incorporation of oxygen in AlGaN. Oxygen impurities are always present
in the process gases (ammonia, nitrogen) and incorporate readily during growth in
AlGaN Ims due to the high chemical a nity of aluminum for oxygen [Moustakas and
Bhattacharyya, 2011, Moustakas and Bhattacharyya, 2012]. Oxygen is also known to
introduce states in the center of the energy gap in AlGaN alloys with high AIN mole
fraction [Sedhain et al., 2012], which are likely to be recombination centers (radiative
and non-radiative). Both the high dislocation density and the incorporation of oxygen
impurities limit the IQE of the current generation of AlGaN-based deep UV LEDs.

Recently, AlGaN-based deep UV LEDs have been developed on AIN substrates.
High Al-content AlGaN alloys have been reported to grow psuedomorphically with
several orders of magnitude lower dislocation density than those grown on sapphire.
However, such substrates are commercially available only in small sizes and are pro-
hibitively expensive. Furthermore, the improvement in EQE of such LEDs over those
grown on sapphire is not signi cant [Grandusky et al., 2011], suggesting that point
defects such as oxygen impurities may be the IQE limiting non-radiative recombina-
tion centers. Much less e ort has been dedicated in developing deep UV LEDs on
SiC which is better lattice matched than sapphire to high Al content AlGaN alloys.
Such devices have been grown on SiC/AIN templates, which automatically rules out
the SiC from being part of the device because AIN is insulating [Moe et al., 2005, Moe
et al., 2007].

Chichibu and co-workers [Chichibu et al., 2006] have estimated the room tem-



perature IQE of AlGaN and InGaN alloys and their QWs by taking the ratio of the
photoluminescence intensity at 300 K to that at 8 K and the results are shown in
Figure 1 4. This analysis explicitly assumes that at low temperatures the recom-
bination is 100% radiative. It is apparent from this data that InGaN alloys have
superior emission properties than AlGaN alloys. Speci cally, AlGaN alloys with 55%
AIN mole fraction, which is required to form deep UV LEDs, has a reported IQE of
only 0.03%. The superior emission properties of InGaN alloys is attributed to spa-
tial inhomogeneities introduced by phase separation due to an 11% di erence in the
ionic radius of indium and gallium atoms in tetrahedral sites [Ho and Stringfellow,
1996,Singh and Moustakas, 1995,Singh et al., 1997,Doppalapudi et al., 1998]. Injected
electron-hole pairs in such alloys are localized in the resulting band structure poten-
tial uctuations which prevents them from di using and recombining non-radiatively
in dislocations and point defects. However, such phase separation is not expected in
AlGaN alloys, since Ga and Al atoms have identical ionic radii in tetrahedral sites.
As a result, injected electron-hole pairs move freely in the AlGaN alloy and recombine
non-radiatively at extended and point defects.

The poor crystalline quality and the high density of threading defects in AlGaN
alloys grown heteroepitaxially on sapphire are primarily due to the chemical activity
of nitrogen [Wright and Winkler, 1968, Moustakas et al., 2012]. Active nitrogen
reacts instantly with arriving Al atoms and limits their di usivity. This leads to
AlGaN Ims with microstructures consisting of small hexagonal columnar domains.
Such materials are expected to have high dislocation density, since the threading
dislocations occur primarily at the boundaries of the hexagonal columnar domains
due to their incomplete coalescence [Moustakas, 2013]. Furthermore, coalescence of
the small domains leads to tensile stress, which promotes nucleation and propagation

of cracks [Nix and Clemens, 1999]. This is even more important in silicon doped
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Figure 1 4: 1QE of AlGaN and InGaN alloys and their QWs [Chichibu
et al., 2006]. The considerably higher IQE of InGaN alloys is due to
spatial inhomogeneities in the band structure that form as a result of
phase separation in the alloy.

high Al content AlGaN Ims, since silicon acts as anti-surfactant and thus leads to
microstructures with even smaller domains [Liao, 2011].

The IQE estimated by the photoluminescence method is a reasonable technique
for use on QWs, since the injection of electron-hole pairs by light is uniform across all
the wells. However, the IQE by this method depends on the intensity of illumination
[Mickevifius et al., 2012]. These authors have carefully investigated the IQE as a
function of light intensity from 1 KW/cm2 to 10 MW/cmz2, and they found that its
magnitude increases with light intensity up to a certain point and then decreases.
Furthermore, the same authors report lower IQE values when determined by lifetime
measurements.

Our research group previously made an important step in the drive towards high
IQE AlGaN QWs with the investigation of the growth kinetics of AlGaN alloys by
plasma assisted MBE [lliopoulos and Moustakas, 2002]. We reported that in AlGaN
alloys the stoichiometry of the Ims during growth by plasma-assisted MBE depends

only on the Al- ux. Thus, any excess gallium during growth accumulates on the



surface of the growing AlIGaN Im in the form of liquid gallium, but it does not a ect
the Im stoichiometry. This exibility allows for a growth mode in which excess Ga
is intentionally maintained on the surface during growth. The alloy growth proceeds
by dissolving the arriving Al and active nitrogen species in the liquid Ga followed by
subsequent crystallization from the liquid phase into crystaline AlGaN. This growth
mode leads to band structure potential uctuations as a result of lateral thickness

uctuations of the liquid gallium on the surface of the growing AlGaN Im [Moustakas
and Bhattacharyya, 2011, Moustakas and Bhattacharyya, 2012]. This mimics the
spatial inhomogeneities due to phase separation present in InGaN alloys.

The presence of deeper potential uctuations leads to higher room temperature
IQEs due to the increased radiative recombination of the localized injected excitons.
This has been leveraged in the growth of high IQE Aly;GagsN / AIN MQWs by
MBE [Bhattacharyya et al., 2009, Zhang et al., 2011, Zhang et al., 2012]. When iden-
tical wells are grown with increasing amounts of excess Ga, the emission spectrum
redshifts indicating the presence of band structure potential uctuations of increasing
depth. An additional advantage of the Ga rich growth mode is the reduction of oxy-
gen incorporation in the AlGaN Ims because oxygen adatoms react with the liquid
Ga and form volatile gallium oxides. Experimental evidence regarding reduction of
oxygen incorporation in GaN Ims can be found in [Moustakas and Bhattacharyya,
2011, Moustakas and Bhattacharyya, 2012], where a three orders of magnitude re-
duction of oxygen concentration was achieved by growing GaN Ims under Ga rich

conditions versus nitrogen rich conditions.

1.2.2 Light Extraction E ciency

The Extraction E ciency (EE) is the ratio of the number of photons escaping the
device to the number of photons generated in the device. Due to the di erence in the

index of refraction between the active region and air, it is not trivial to extract 100%



of the generated light from the LED.

Optical absorption in p-GaN contact layers is one of the mechanisms for poor
EE in DUV LEDs. Absorption can be minimized with transparent p-AlGaN and a
re ecting p-type contact. Ni/Al contacts have been reported to have 70% re ectivity
at 275 nm [Shatalov et al., 2012a,Maeda and Hirayama, 2013]. This extraction scheme
has been shown to give a 2x increase in output power from an LED emitting at 280
nm [Shatalov et al., 2012a]. Further encapsulation of these devices gives an EE of
25% [Shatalov et al., 2013].

Conductive distributed Bragg re ectors could be incorporated into devices to pro-
duce resonant cavities, or, at the very least, direct light away from the UV absorbing
p-GaN layers. This dissertation will address this idea in detail in Chapter 5.

Due to the index of refraction contrast between sapphire (n=1.8) and air (n=1),
there is a signi cant amount of total internal re ection present at the air interface.
It is desirable to remove the sapphire substrate and the AIN bu er layer exposing
the n-AlGaN directly. This alone would eliminate a large number of wave guided
modes and increase light extraction from the device. However, short of mechanically
polishing o the sapphire and AIN there are few ways in which this can be achieved

in UV LEDs.

1.2.3 Injection E ciency

There are a number of components that are sometimes included in the injection
e ciency of an LED (sometimes referred to as the "electrical e ciency” [United States
Department of Energy, 2009]). In this dissertation work, | consider the injection
e ciency to be the ratio of carriers recombining (both radiatively and non-radiatively)
in the active region to the total carriers entering the device. This does not include
ohmic losses within the device, only the loss of carriers that do not recombine in the

active region, thus it is a valid component of the external quantum e ciency. Ohmic
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losses would be incorporated into the power e ciency of the device not the quantum
e ciency. It is easy to see how this is the most di cult internal e ciency to estimate
because there is little that can be done to directly measure it experimentally.

As far as DUV LEDs are concerned, the primary means of improving the injection
e ciency as de ned here is the use of an electron blocking layer. This is a layer
designed to form a large discontinuity in the conduction band so as to hinder the
transport of electrons across it. With this in mind it is placed on the p-type side
of the device adjacent to the active region, so that electrons with a high mobility
do not quickly travel all the way to the p-type material and recombine with the
low mobility holes before the holes have a chance to travel to the active region.
This layer signi cantly increases the number of electron-hole pairs that recombine
in the active region. However, hot electrons with energies large enough to overcome
the electron blocking layer will still enter the p-type region and recombine there.
Increasing the carrier concentration and mobility in the p-type material is another
approach to ensuring that the majority of carriers become con ned to the active
region and recombine.

The p-type doping of GaN and AlGaN is still one of the most challenging problems
in the eld. During growth by MOCVD, the incorporation of Mg in GaN is facilitated
by simultaneous co-doping with hydrogen. This hydrogen is subsequently removed
from the sample by post-growth annealing [Nakamura et al., 1992b, Nakamura et al.,
1992a]. In plasma-assisted MBE, it was reported early on [Moustakas and Molnar,
1992, Brandt et al., 1994, Kim et al., 1996, Ng et al., 1998] that p-type doping of
GaN with Mg is accomplished without any post-growth annealing. Our group has
attributed this to co-doping of the GaN Im with electrons arriving from the plasma
source [Ng et al., 1998]. It has been reported that larger doses of Mg lead to polarity

inversion from Ga-polar to N-polar GaN [Ramachandran et al., 1999]. This polarity
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inversion was reported to be more prominent when growth takes place under nitrogen-
rich conditions, while in the presence of a Ga wetting layer polarity inversion was
inhibited [Green et al., 2003]. All of the growth in this dissertation work is performed
under group I rich or stoichiometric conditions, never nitrogen rich.

Additional problems stem from the high vapor pressure of Mg at typical growth
temperatures during MBE growth [Guha et al., 1997, Bungaro et al., 1999]. To over-
come this problem, the p-type Ims have typically been grown at relatively low sub-
strate temperatures and relatively high Mg uxes [Guha et al., 1997, Cheng et al.,
1997]. It was found that Mg incorporates more e ciently during growth of GaN

Ims at high temperatures (770 C) under extreme Ga-rich conditions [Bhattacharyya
et al., 2004]. Our research group proposed that this result is due to the dissolution
of Mg in the excess Ga on the growth surface and its incorporation into the GaN

Im via liquid-phase processes. Transport measurements together with secondary-
ion-mass-spectroscopy have indicated that the Mg doping e ciency of GaN under
these conditions of growth is 10%. Using this method of doping, p-type GaN Ims
free of Ga-droplets and hole concentration varying from 8 10 to 3 10® cm 3
with corresponding mobilities varying from 110 to 2 cm?/Vs have been previously
obtained.

Beyond the incorporation of Mg dopants during growth, the activation of Mg
atoms into hole acceptors is itself a challenge. The activation energy of Mg in Al-
GaN alloys increases signi cantly with increasing Al composition (150meV for GaN,
>500meV for AIN) [Nam et al., 2003, G tz et al., 1996, Kim et al., 2000, Nakarmi
et al., 2005, Nakarmi et al., 2006, Nakayama et al., 1996]. In the case of a UV LED,
this is mitigated by the use of p-GaN for the p-type side of the diode, however GaN’s
narrower band-gap of 3.4 eV absorbs light in the deep UV spectrum making it an

undesirable component of a deep UV device. Thus there is still a strong need to
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have highly p-type doped AlGaN alloys with high Al content. This inherent trade-o
between optical properties and electrical properties of p-type AlGaN is the subject of
Chapter 5.

1.2.4 UV Emitters by MBE

Before moving on to UV devices on SiC substrates, | would like to brie y point out
some of the progress made so far on UV emitters grown by MBE. While this certainly
is not on an exhaustive report on the progress in UV devices by MBE, this should
provide the reader with a good start exploring the literature that is available. From
our research group alone there have been a number of Ph.D. dissertations [Sun, 2015,
Zhang, 2014,Kao, 2012, Liao, 2011] and papers [Moustakas, 2016,Sun and Moustakas,
2014,Moustakas et al., 2012,Zhang et al., 2011, Liao et al., 2011, Bhattacharyya et al.,
2009] all reporting on UV emitters grown by MBE. Further, a number of other groups
are pursuing an MBE approach as well [Zhang et al., 2016, Sawicka et al., 2014,
Skierbiszewski et al., 2014, Sawicka et al., 2013b, Sawicka et al., 2013a, Jmerik et al.,
2013, Jmerik et al., 2010, Jmerik et al., 2009].

1.3 Motivation for Inverted Vertical Devices on SiC Sub-
strates

SiC can be doped degenerately p-type. This is critical, since p-type doping of Al-
GaN has been historically di cult (see section 1.2.3). Further, p-SiC substrates are
commercially available in large sizes, have high thermal conductivity and the lattice
mismatch of high Al-content AlGaN alloys to SiC is only about 1%.

The largest contributor to the generally poor IQE of UV LEDs is non-radiative
recombination at dislocations [Khan et al., 2008, Kneissl, 2016, Chichibu et al., 2006].
Sapphire has a poor lattice mismatch to AlGaN (13% to 16%), which leads to high

defect densities around 108 cm 2 to 101° cm 2. In contrast, SiC has a better lattice
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mismatch to AlGaN (1%). The development of UV LEDs on SiC is signi cantly less
mature than devices grown on sapphire, but in principle this should be a simple route
to lower defect densities and higher 1QEs.

As described in section 1.2.3, e ectively p-doping AlGaN has been a signi cant
challenge for Ill-nitride based electronic devices. For this reason, LEDs grown on
sapphire have typically started with n-type material against the sapphire and then
ended with p-GaN on the top surface. The higher conductivity of the n-AlGaN allows
for lateral current spreading on the bottom of an etched mesa device structure, while
the p-GaN is only required for vertical current injection at the top. This results in
either extracting light through the bottom of the stack (ie. the n-AlGaN/sapphire)
or mechanically removing the substrate through grinding.

Sapphire has poor thermal conductivity (24 W/(m K)), while SiC has a very high
thermal conductivity (=300 W/(m K)) [Wkei et al., 2013, Casady and Johnson, 1996].
The use of SiC provides a very simple path to heat extraction without the need for

ip-chip bonding the LED devices. With su cient passivation, it is conceivable that
vertical devices on SiC could simply be diced into die nearly the size of a single device
and embedded into a heat sinking package. Without the need for mesa etching and
lateral contacts, a single SiC wafer could potentially yield a huge number of vertical
UV LEDs.

Beyond the development of DUV LEDs, there is a straightforward extension to
the development of vertical cavity surface emitting lasers. Solid state DUV lasers
have seen signi cant setbacks and have never been successful. Inverted vertical DUV
LEDs pose an opportunity to take a giant step forward towards vertical cavity surface

emitting lasers and revolutionize the eld.
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1.4 Literature Review: Progress Towards UV LEDs on SiC

To date, there are no reports of inverted vertical UV LEDs on p-SiC substrates, how-
ever incremental steps have been made that allow this dissertation work to take a leap
towards a signi cantly di erent device design. | summarize these key technological

reports here.

1.4.1 AIlGaN Growth on SiC

Moving from sapphire substrates to SiC substrates, while o ering many advantages,
comes with its own set of challenges. Despite the fact that it was shown long ago
that high quality AlGaN can be grown on SiC by MBE [Brandt et al., 1999], growth
technique aside, the SiC substrates themselves pose a challenge. The work of [Rudz-
i«ski et al., 2007] explores growth of GaN by MOCVD on various SiC miscuts. They
found an increasing density of defects in GaN on SiC as the miscut angle increases
from 0 to 3.4 to 8. Interestingly, they discovered that with an 8 miscut, basal
plane stacking faults are not parallel to the the wafer surface and thus are able to ex-
tend to the wafer surface. Further, they report cracks forming in the [1120] direction
perpendicular to the steps (the step edges run along the [1100] direction). They pro-
posed that geometrical partial mis t dislocations form along the steps during growth,
relieving the strain in the [1120] direction. The cracks form due to the thermal ex-
pansion coe cient di erence between GaN and SiC. This has implications for the
development of DUV LEDs on SiC substrates. One of the motivations for moving
to SiC substrates is its better lattice mismatch to AlGaN alloys, which should lead
to lower dislocation densities and thus higher IQEs. However, this evidence suggests
that the wafer miscut and likely the growth conditions play a signi cant role in re-
alizing low dislocation AlGaN on SiC. Despite the possibility that miscut SiC leads

to highly defective material, our research group has previously shown that despite
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fairly high defect densities, high IQEs can be achieved in AlGaN MQW:s on SiC sub-
strates [Zhang et al., 2012]. This was accomplished using the same Ga rich growth
technique as the work performed by our group on sapphire substrates [Bhattacharyya
et al., 2009]. However, [Zhang et al., 2011] reports that the IQE of MQWs on 3.5
is higher than that of MQWSs grown on on-axis SiC and on 7.8 miscuts. At present,
p-SiC is typically only available on 8 miscut substrates. Given that AlGaN grown
on 8 miscut substrates by MOCVD exhibit particularly high defect densities, and
to date have not been shown to yield high IQEs by MBE, the primary challenge in
developing DUV LEDs on p-SiC substrates is in establishing high IQE MQWs on
the 8 miscut substrates. However, it should be noted that there is at least one re-
port [Boeykens et al., 2011] of AlGaN grown on 8 miscut p-SiC. If p-SiC substrates
with 4 miscut substrates become more widely available in future, this challenge may

be signi cantly mitigated.

1.4.2 UV DBRs on SiC

An important part of the device design laid out in this dissertation is the conductive
UV DBR. DBRs have been understood for a long time, however only more recently
have they been demonstrated in the DUV based on AlGaN alloys. The work of [Moe
et al., 2006] reports the development of AlGaN DBRs grown by MOCVD on 6H-
SiC substrates operating in the DUV. The most important point from this work is
that they produce an 83% re ective DBR with a peak re ectance of 278 nm after 21
periods. Interestingly, they show that the AlGaN bu er material grown on the SiC
substrate must be lattice matched to the DBR to maximize the quality of the DBR.
They further show that since the DBR is coherently strained to the bu er material,
the composition of the base layer can shift the peak position of the DBR Im. Most of
the DBR Ims grown in this dissertation (see Chapter 5) were not grown on bu ers but

rather directly on the SiC substrate. It is possible that higher re ectances could be
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achieved with lattice matched AlGaN bu er layers. However, the desire to incorporate
the substrate as an electrical component of the device generally limits the possibility
of using a thick AlGaN bu er layer between the substrate the conductive DBR. Less
surprisingly, [Moe et al., 2006] reports that signi cant cracking occurs once the DBR
is grown too thick (somewhere greater than >1.3 m). This is in agreement with
the results of this dissertation, where signi cant cracking was also observed in very
thick DBRs. However, it should be noted that the use of 8 miscut SiC may have
also directly contributed to the formation of cracks as previously discussed. Similarly
to the previously reported DBRs, [Getty et al., 2007], reports UV DBRs grown by
plasma assisted MBE on on-axis SiC substrates. They report 80% re ectivity at 254
nm and 280 nm using 19.5 DBR periods. These DBRs are grown on 110 nm AIN
bu ers and do not exhibit the previously described poor performance of DBRs on
AIN grown by MOCVD. Further, these MBE grown DBRs do not exhibit cracking

since the DBR should be under compressive stress being grown on AIN bu ers.

1.4.3 p-Type Polarization Doping and Superlattices

As a means of reducing absorption in p-GaN layers and reducing series resistance in
the p-type side of traditional devices, there has been a substantial e ort to develop
p-type doped high Al content AlIGaN Ims. Superlattices in particular have been
demonstrated with enhanced p-type performance by a number of groups [Martens
et al., 2016, Chen et al., 2015, Cheng et al., 2013, Simon et al., 2010a, Nikishin et al.,
2005, Iwaya et al., 2003, Kinoshita et al., 2000, Kumakura et al., 2000, Saxler et al.,
1999,Kozodoy et al., 1999b,Kozodoy et al., 1999a, Goepfert et al., 1999,Schubert et al.,
1996]. To simply highlight one work that focuses on vertical conductivity, [Cheng
et al., 2013] reports a p-AlGaN superlattice with an average Al content of 60% that
is roughly twice as conductive as a bulk Im of the same composition at low vertical

current densities. At higher current densities the vertical conductivity approaches
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that of the lateral conductivity. Based on temperature dependent resistivity mea-
surements, they determined that the activation energy of Mg in the superlattice is
about 1/10 that in the bulk. Graded layers have also been shown to enhance the
p-type doping in high Al content AlGaN Ims [Simon et al., 2010b, Li et al., 2013].
These polarization enhanced doping techniques form the basis for the p-type doping

in the conductive DBRs developed in Chapter 5.

1.4.4 UV LEDs on SiC

There has previously been interest in vertical transistors and diode devices on SiC
substrates [Pankove et al., 1994, Torvik et al., 2000, Boeykens et al., 2011], however to
date there are few instances of UV LEDs on SiC substrates. The earliest report of a
DUV LED on SiC comes from [Kinoshita et al., 2000]. This is an edge emitting device
operating at 333 nm, grown on an on-axis n-type 6H-SiC substrate. The active region
was MQWs with 2 nm Alg.03Gag.g7N wells. Interestingly, while being edge emitting
it was operated in a vertical electrical orientation with Ni/Au contacts on the back
side of the SiC and Ni/Au contacts on the top of the p-GaN. Further, a p-type doped
Alg.25Gag.7sN / GaN superlattice was used in conjunction with p-GaN as the p-type
side of the device. The use of p-GaN as the top layer precluded them from extracting
the light from the top of the device, forcing them to collect it out of the side. The
device was driven in a pulsed DC mode with a duty cycle of just 0.4%. The need for
such a low duty cycle suggests they were experiencing signi cant self heating despite
the use of a p-type superlattice to enhance p-type conductivity. This early device,
while likely very low in performance, actually incorporates a number of the design
concepts pursued in this dissertation work (see Chapter 6). The key points are that it
is grown on SiC, operates in a vertical electrical orientation, and incorporates p-type
superlattices for enhanced conductivity.

A major step towards high performance DUV LEDs on SiC substrates is reported
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in [Moe et al.,, 2005]. A packaged and encapsulated DUV LED emitting at 275
nm with 2.1 mW of optical power output was demonstrated. While these authors
suggest n-SiC for use in future vertical devices, the device reported is a traditional
mesa structured device and has a 250 nm AIN bu er followed by 465 nm of undoped
Alg.63Gag.37N between the n-AlGaN layer and the SiC substrate. The p-type side of
the device is very thin so as to let light escape. It is composed of 20 nm p-Alg.s7Gag-33N
serving as the electron blocking layer and 10 nm p-GaN on top for better contacting
with Ni/Au. Interestingly, despite the very high thermal conductivity of SiC, they
attribute a roll o in performance during DC operation to self heating. This could be
the result of the high Al content AlGaN used in the p-type side of the device or series
resistance from current crowding from the lateral current spreading in the n-AlGaN
layer. Finally, the authors report that the dislocation density measured by TEM is
4:5 10° which is relatively low, but it was grown on presumably on-axis SiC by
MOCVD. Such a low defect density in material grown by MBE on 0 -axis substrates
may not be easily achievable.

Recently, [Liang et al., 2016] reported a vertically conducting DUV LED grown
on n-SiC by MOCVD. The reported device emits at 288 nm. Despite being grown on
n-SiC, the device structure itself is inverted with the p-side down and the n-side up.
This is accomplished by inserting a polarization-induced backward-tunneling junc-
tion between the bottom p-GaN and the n-SiC substrate. This tunnel junction is
the source of a second emission peak around 386 nm. They attribute relatively poor
device performance to low IQE in their unoptimized active region and a high defect
density. This device is interesting as its inverted vertical device structure resem-
bles the devices described in this dissertation. However, being grown by MOCVD,
the surface morphologies they show do not resemble those grown by MBE in this

dissertation.
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Chapter 2

Experimental Methods: Molecular Beam
Epitaxy

MBE is a physical vapor deposition technique carried out with source material sup-
plied by e usion cells operating under ultra-high vacuum. It has historically been an
important growth technique for the development and continued study of the I11-V
compound semiconductors.

In the WBSL we use a Veeco Gen Il MBE. The design of this model is typical
of many MBE systems in use today. The growth chamber is a horizontally oriented
cylindrical chamber with eight 4 inch openings at one end to mount the e usion cells
and an 6 inch opening at the other through which to load substrates. A 6 in steel
tube serves as an intermediate "bu er" chamber between the growth chamber and an
additional 6 inch tube that functions as a load-lock or "entry" chamber. The bu er
chamber is pumped by a ion pump, and typically achieves pressures on the order
of 10 ° Torr. The entry chamber is pumped by a turbo pump, reaching pressures
of 10 7 Torr. Substrates are transported between the entry and growth chambers
via a trolley that rides on a rail down the length of the entry and bu er chambers.
Substrates are mounted to molybdenum blocks. The entry chamber has two heating

laments down the sides which are used to bake the trolley under vacuum in order to
reach maximum vacuum levels before a gate valve is opened allowing the trolley to
pass through to the bu er chamber. Within the bu er chamber, there is a substrate

heater roughly the equivalent to the heater on the substrate manipulator within the
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growth chamber. Samples are mounted to this heater to degas before transferring
them into the growth chamber. This minimizes contamination of the growth chamber.
Growing crystals within UHV allows the mean free path for arriving adatoms to be
much longer than the scale of the growth chamber, so they do not interact as they
travel from the e usion cells to the substrate. Using cryogenic cooling panels on the
interior walls of the growth chamber, combined with the UHV, allows for very low
impurity incorporation into the semiconductor crystal being grown. The ability to

very precisely grow high quality crystals is one of the strengths of the MBE system.

2.1 MBE Equipment

The molecular beam epitaxy system is composed of a large number of parts, almost
all of which are necessary for operation of the system. A single failure often requires
shutting down the system and venting to atmosphere for maintenance, at which point
more parts will likely fail. This section describes the maintenance and typical oper-
ating procedures of the MBE system. In this section, | will describe the various

maintenance procedures we follow, along with some typical MBE operating data.

2.1.1 Vent Procedure

It is important to remember that most damage to the system occurs during main-
tenance. Beyond simply replacing or repairing failed components, there is always
a trade o between removing an MBE component during a vent for preventative
maintenance vs not removing it in favor of preventing possible damage to a compo-
nent if there is no suspicion it requires maintenance. Obviously, components that
are not terribly fragile but are prone to failure are likely candidates for preventative
maintenance, where as fragile components that are most likely to be damaged during
inspection are safer to be left alone.

The vent procedure is as follows:
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Before beginning a vent, ensure that all supplies needed for the vent are ready.
This includes copper gaskets, gloves, lint free cloth, isopropyl alcohol, aluminum

foil, and replacement source materials if cells are to be re lled.

. All cells and the substrate manipulator should be at room temperature.

. Turn o the power supplies to the cells and manipulator. The power cords and

thermocouple wires leading to the cells can be removed.

Ensure that the gate valve between the growth chamber and the bu er chamber
is closed. Alternatively, it may be easier to leave the valve between the bu er
chamber and the entry chamber open if the bu er chamber will be vented as

well.

Set the main chamber turbo pump to half speed. If all chambers will be vented,

set the entry turbo to half speed as well.

Close the gate valve to the main turbo pump, and close the gate valve to the

entry turbo pump.

Ensure that the manifold has been roughly pumped out (mTorr pressure range).

. Turn o ion gauges in chambers to be vented.

If the entry and bu er will be vented, open the pneumatic valve between the

entry and manifold.

Slowly open the metal seal valve between the manifold and the growth chamber.

The pressure in the manifold should drop.

Slowly open the nitrogen vent valve into the manifold (5 psi). It will take about

15 minutes to vent the system. If the entry is being vented, leave the door
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unlatched to prevent over pressuring of the system. If only the growth chamber
is being vented, begin loosening the bolts on one of the anges that will be
opened during the vent. Leave the bolts loose enough to allow the ange to

leak if over pressuring occurs.

2.1.2 Restoring High Vacuum Without Baking

After venting the MBE system for maintenance, UHV conditions must be restored.
Typically, this would involve roughing out the system to the mTorr range, then pump-
ing down to the 10 7 range with a turbo pump and an ion pump. This would be
followed by constructing a baking enclosure around the entire system and heating it
for multiple days at 180 C. This very e ectively removes any volatiles from the sys-
tem (mainly water) and should result in a pressure around 10 1° once the system
returns to room temperature. We opt not to bake our GEN Il MBE due to concerns
over thermally stressing the already aging system. While not ideal, this does have
the advantage of not requiring the removal of components from the system that are
not bake safe, such as the residual gas analyzer which is quite fragile. In this section,
| describe the steps necessary to take to restore UHV conditions without baking.
The following procedure is for returning the MBE from atmospheric pressure to

10 8 Torr:

1. Before sealing the last open ange on the growth chamber, close the nitrogen
bleed into the manifold. This will eliminate any risk of over pressuring the

growth chamber.

2. If the intro/bu er are vented right now, this is a good time to load a blank
substrate onto the trolley. This will save time later. Leave the gate valve
between the entry and bu er chamber open if they need to be roughed out.

Ensure the gate valve between the growth chamber and the bu er chamber is
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closed.

3. Seal the last open ange on the growth chamber (or bu er if that was where

the maintenance occurred).
4. Turn on the scroll pump connected to the manifold.

5. If the main turbo was shut down during the vent, turn on the roughing pump
for the main chamber turbo pump. Wait for the backing pressure to stabilize.

The turbo pump gate valve should still be closed at this point.

6. Turn on the main chamber turbo pump and set it to half speed. If the main
turbo was not shut down during venting, it should still be at half speed. Simi-

larly, start the entry turbo pump at half speed if it was previously o .
7. Wait for the pressure in the manifold to be stable below 60 mTorr.

8. Close the metal-seal valve between the main chamber and the manifold. Close

the pneumatic valve between the manifold and the entry chamber.

9. Once the main turbo is at half speed, open the turbo gate valve and pump out

the main chamber. Also open the gate valve on the turbo in the entry chamber.

10. After 5 minutes, the main chamber ion gauge may be turned on. If the growth
chamber pressure is in the low 10 # Torr range, turn the main turbo up to full

speed. Do the same with the entry chamber.

11. Let the main chamber pump out overnight. Once the bu er chamber pressure

is in the low 10 © range, the ion pump can be turned back on.

The above procedures should result in the growth chamber being below the low
10 ° Torr range by the next morning (see Figure 2 1). The bu er and intro chambers

should be approaching the 10 8 Torr range.
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Figure 2 1. Evolution of the chamber pressure over time while pump-
ing down the growth chamber for the rst time after venting. After 1
day being pumped by a 12 inch turbo pump the pressure should reach
low 10 © or high 10 7 Torr. This was recorded from a vent in April
2013.
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Figure 2 2: Evolution of the chamber pressure over time while cooling

the cryo-shroud in the growth chamber with liquid nitrogen for the rst

time after venting. It takes roughly an hour to see a signi cant change
in pressure. This was recorded during a vent in April 2013.
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At this point, the following procedure is used to restore the chamber to UHV

conditions without external baking:

1. Turn on the RGA and allow it to degas. Spectra should be stored repeatedly

throughout this processes to monitor progress.

2. Turn on the cell power supplies, leaving the setpoints around room temperature.
This will ensure that none of the cells accumulate condensation when the cryo-

shroud is lled with liquid nitrogen.

3. Turn on the liquid nitrogen and allow the system to cool for at least 2 hours.
Growth chamber pressure should drop to the low 10 8 Torr range (see Figure

22and 2 3).
4. Use the RGA and a He cylinder to perform a He leak check.
5. Turn 0 the RGA, and ramp the e usion cells to 100 C at 5 C/min.
6. Once the pressure has stabilized, ramp the cells to 200 C.
7. Ramp the CAR to 300 C at 15 C/min.
8. Turn o the liquid nitrogen and allow growth chamber to warm up over night.

9. Further outgassing of the chamber may be achieved by ramping the substrate
heater to maximum power with the cells at 200-300 C without liquid nitrogen
(Figure 2 4). This results in the growth chamber becoming hot to the touch,
further releasing anything adsorbed onto the interior of the chamber. This is a
key step where we are e ectively baking out the chamber from the inside rather
than externally with a bake tent. The chamber pressure should rise dramatically

and then slowly decrease as the released atoms are removed (Figure 2 5).
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The next morning, turn on the liquid nitrogen again and allow system to cool

down for at least 2 hours.

The above two steps can be repeated multiple times in a row, or repeated again

after the entire procedure is complete.

Use a variac and heating tape to heat the nitrogen supply line to the plasma

source.

Flow 1.2 sccm of heated nitrogen through the plasma to evaporate any water
inside the plasma crucible (the plasma is 0 ). Leave this running for a few

hours.

Start the Veeco plasma at 350 W with a nitrogen ow of 1.2 sccm. The Oxford
source requires 2 sccm of nitrogen. It may be di cult to strike. If the plasma
will not strike, with the plasma source at 350 W, close the pneumatic nitrogen
valve closest to the plasma source for about a minute to build up some pressure,
then open it, allowing the pressure to surge through the plasma source. This
should cause the plasma to strike. Once started, leave it running for a few

hours.

Turn o the plasma and allow the chamber pressure to drop back into the low

10 & Torr range. Ramp the cells to idle temperatures.

Figure 2 4 shows the progression of the chamber pressure when liquid nitrogen is

initially on and the pressure is in the E-8 Torr range, with the cells and substrate all

around 300 C. Liquid nitrogen is turned o (Figure 2 4a), and the pressure begins to

rise as the chamber temperature increases to room temperature (Figure 2 4b). The

cryo-panels release their adsorbed atoms and the chamber pressure peaks and drops as

material is pumped out by the turbo pump (Figure 2 4c). The substrate heater is then
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Figure 2 3: Complete evolution of chamber pressure following a vent
in October 2013. It follows very closely to the pressures seen after other
vents. The sudden increase then decrease in pressure in the middle of
the graph is when the e usion cells were powered back on and liquid
nitrogen was supplied to the cryopanels.
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Figure 2 4: Growth chamber pressure a few days after venting. This
was recorded following a vent in October 2013.
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Figure 2 5: Growth chamber pressure during an internal baking. This
was recorded in November 2013 after a vent in October 2013.

turned up to about 4 A and the chamber walls begin to warm above room temperature
(Figure 2 4d). The chamber walls reach their maximum temperature and material
is pumped out from the chamber (Figure 2 4e). The substrate heater is turned o

and the chamber walls quickly return to room temperature and the chamber pressure
drops signi cantly (Figure 2 4f). Liquid nitrogen is reintroduced to the system and the
chamber pressure rapidly drops even further (Figure 2 4g). E usion cells are heated
up to their growth temperatures for their nal outgassing (Figure 2 4h). Figure 25
shows the progression of the chamber pressure while baking from the inside. There
is initially liquid nitrogen in the chamber and the cells are at idle temperatures,
then liquid nitrogen is turned o (Figure 2 5a). After substantial outgassing of the
chamber just from the heat of the cells, the substrate heater (which does not have a
sample on it) is turned up to full power (400 W) and the chamber walls become hot
to the touch (Figure 2 5b). Eventually the chamber pressure peaks (Figure 2 5¢) and
slowly drops, at which point the substrate heater is turned o (Figure 2 5d). Finally,
as the chamber walls cool down, the pressure drops signi cantly and is now an order

of magnitude lower than before baking; compare Figure 2 5e with a pressure of le-7
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Torr without liquid nitrogen cooling to Figure 2 5b around 1e-6 Torr without liquid
nitrogen cooling. With the reintroduction of liquid nitrogen the chamber pressure
should reach the 1e-9 Torr range.

In March 2015 the MBE was vented to replace a Ga e usion cell that had failed.
During this vent, the aluminum top and bottom cells were re lled with material.
Simultaneously we replaced the gate valve between the growth chamber and the bu er
chamber. The failing gate valve was original to the system ( 1985), and was replaced
with a gate valve with a pneumatic actuator. The original gate valve had an 8 inch CF

ange with a 6 inch inner diameter and was 3.5 inches deep from ange to ange. The
new gate valve was also an 8 inch CF with 6 inch inner diameter, but was only 3 inches
deep ange to ange. The bu er chamber is equipped with around 2 inches of bellows
welded to it, with a rotating 8 inch CF ange to accommodate the growth chamber
and the gate valve. While the bellows was quite sti , it was able to accommodate
the 1/2 inch of stretching needed to meet the new gate valve. Compressed air for the
pneumatic actuator was supplied by 174 inch nylon tube connected with a Swagelok

tting to the compressed air manifold supplying compressed air to the cell shutters.
The compressed air inlet for MDC pneumatic actuator came equipped with a 1/8 inch
NPT to 5/32 inch push-to-connect tting. This was replaced with a 1/8 inch NPT
to 1/4 inch push-to-connect tting, and mated with the 1/4 nylon tube from the air
manifold. Electrical power to the gate valve was supplied by a power cord with an
in-line rolling switch designed for repairing a broken lamp. This type of switch o ers
a simple means of controlling the gate valve with little chance of accidental operation.

The chamber pressure following this vent is shown in Figure 2 6. Liquid nitrogen
was never introduced and the cells were never heated. The next week, the MBE was
vented again to replace the Varian titanium sublimation pump (Varian 922-0039) Ti-

Ball source (replacement part 916-0005) in the growth chamber. After replacing the
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used up Ti source with a replacement purchased as surplus from a supplier, the MBE
was roughed though the manifold with the scroll pump. Once the pressure was around
20 mTorr, the TSP was put in stand-by and allowed to outgas. The TSP was then
turned up to 0.1 g/hr to further outgas. This resulted in a large increase in pressure
and the TSP was returned to stand-by. The gate valve to the growth chamber turbo
pump was opened (the turbo was still o ), and the scroll pump backing the turbo
was then used to increase the pumping rate. The TSP was repeatedly turned on to
0.1 g/hr to outgas until the pressure remained constant around 20 mTorr, at which
point the TSP was returned to stand-by for the return to high vacuum. The water
cooling lines to the TSP were then attached. The manifold was then closed and the
main turbo was started in order to pump down the growth chamber. The pressure
following this vent is shown in Figure 2 7. Upon returning to high vacuum, the TSP
was then outgassed to it’s maximum temperature (0.5 g/hr) and then returned to
stand-by. After allowing the system to pump down overnight, the TSP was red
again at 0.5 g/hr and the CAR heater was turned up to 300 C brie y to outgas
then turned back down to 200 C to warm up the entire chamber. At this point, the
only water cooling in the system was for the TSP (and the turbo pumps, which were
never disconnected). The power cord to the TSP failed a few weeks later due to
overheating. The overheating was the result of the building chilled water going down,
which eventually overheated the our heat exchanger and stopped our cooling water
ow.

Another main chamber vent was performed on January 26th 2016 to re Il source
material and replace the plasma nozzle. The uxes for the top aluminum, bottom
aluminum, gallium, and indium cells before the previous vent (January 2015), directly
after the previous vent (March 2015), and just before this vent (January 2016), are

shown in tables 2.1, 2.2, 2.3, and 2.4 respectively. Source material was added to the



31

Figure 2 6: Growth chamber pressure after venting on March 24th
2015. The pressure increase on March 26th is from turning on the
residual gas analyzer.

Figure 2 7: Growth chamber pressure after venting on March 30th
2015.
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op Aluminum Ce UXeS over

Date BEP
1/26/2015 1.4e-7
4/8/2015 le-7
1/11/2016 9.5e-8

Table 2.1: Top aluminum cell uxes between vents at 1000 C. In
March 2015, 3 g of Al were added, however the ux actually decreased
after that re Il. Notice the drop in ux during 2015 is less than 10%,
so 3 g of Al were added again during this vent.

ottom Aluminum Ce Uxes over

Date BEP
1/26/2015 6.8e-7
4/8/2015 6.8e-7
1/11/2016 6.3e-8

Table 2.2: Bottom aluminum cell uxes between vents at 1100 C. In
March 2015, 15 g of Al were added, however, there was no change in
the ux after that re Il. Over the course of 2015, the ux decreased
less than 10%, another 15 g of Al were added during this vent.

cells based on the amount depleted and the amount added during the previous vent.

The main growth chamber pressure after the vent is shown in gure 2 8. This
graduate drop in pressure during the rst 12 to 18 hours is consistent with previous
vents. Before this graph was taken, the chamber was roughed out from two scroll
pumps, one attached to the manifold and the other pulling vacuum through the
roughing port on the main turbo pump. Roughing the main chamber in this way

took around 1 hour to reach a few tens of militorr, at which point the manifold metal

Ga Cell Fluxes over 2015

Date BEP
1/26/2015 1.6e-6
4/8/2015 5.8e-7
1/11/2016 3.7e-8

Table 2.3: Gallium cell uxes between vents at 900 C. In March
2015, 100 g of Al were added, however during that vent the Ga cell
was swapped out, so the uxes between January and March cannot be
compared. An appreciable drop in ux is recorded over the course of
2015, so another 100 g of Ga were added during this vent.
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neCce uxes over

Date BEP
1/26/2015 9.3e-7
4/8/2015 8.7e-7
1/11/2016 7.9e-8

Table 2.4: Indium cell uxes between vents at 670 C. This cell was
not re lled in March, so the decline in ux is continuous across all three
dates. During this vent 20 g of In was added.

Figure 2 8: Growth chamber pressure after venting on January 26th
2016.
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seal valve was closed, and the main turbo pump was started at half speed, being

turned up to full speed after around 30 minutes.

2.1.3 Water Cooling

The turbo pumps and plasma sources are all water cooled by a heat exchanger cir-
culating distilled water. Flow to the Veeco plasma supply is maintained at roughly
400 ccm, with the water circulator operating. If this ow rate decreases, it is possible
that algea or some other deposits are restricting the ow through the plasma supply.
To clean this build-up, a Master ex L/S peristaltic pump is used to circulate 3-4
liters of 1-2 wt% acetic acid through the plasma water cooling lines (100 ml of 60%
acetic acid diluted to 3-4 liters). A peristaltic pump is used because it provides good
resistance to the acid. After circulating for 1 hour, the acid solution may develop
a slight blue-green color, suggesting that some amount of copper from the internal
cooling pipes as wells as some of the build-up has been removed. Replace the acid
solution with straight deionized water to rinse out any remaining acid or residue. The

ow rate should be improved after just a single session, but multiple sessions may be

required (see Figure 2 9).

2.2 Growth Conditions

In this section, | will describe the general procedure and experimental conditions for
MBE growth as carried out in this work. This section should be viewed as an overall
guideline and when certain conditions are changed for a particular experiment later
in this dissertation, the changes will be detailed with respect to the procedure given

here.
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Figure 2 9: Annotated photographs of the setup used to clean the
water cooling lines in the Veeco nitrogen plasma supply. a) A bucket
with 3-4 liters of 2% acetic acid solution is used as a reservoir for
pumping the solution through the plasma supply. b) The hose from
the paristaltic pump is slipped over some 1/8 inch steel tube that is
connected to the plasma cooling lines with a Swagelok connector. The
seal between the hose and the tube is tightened with some cable ties.
The return from the plasma supply is simply some plastic tube running
back to the reservoir.

2.2.1 Beam Equivalent Pressure and Fluxes

The primary controls in MBE growth are the source material ux and the substrate
temperature. Direct measurement of cell uxes is di cult. On the other hand, it
is straight forward to measure the beam equivalent pressure from a given cell by
placing an ionization gauge (in this case called the beam ux monitor) in place of
the substrate. The beam equivalent pressure is proportional to the atomic ux and
can thus be used as a proxy for it. One di culty in this assumption is that the beam
equivalent pressure is measured with an ion gauge. This pressure gauge is generally
calibrated to nitrogen and is not equally sensitive to all elements. In principle, this
needs to be accounted for when comparing BEPs of two di erent source materials.
The cell BEP is itself not directly controlled. Instead, it is the cell temperature that

can be directly controlled. There is an Arrhenius relationship between the cell ux
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Figure 2 10: Typical beam equivalent pressures from the bottom Al
cell, shown on a (A) linear plot and (B) Arrhenius plot.

and the cell temperature. The computer controlling the MBE can be programmed to
step through a set of temperatures for each cell and measure the BEP. It can then
simply t a line to this data as seen in Figure 2 10. Once the slope and intercept of
the Arrhenius relationship is determined, this can be very reliably used to predict the
cell ux (BEP) at a given temperature and vice versa using equations 2.1 and 2.2.

The ux (really the BEP) is in Torr and the cell temperature is in Celsius.

1000 [ArrheniusSlope ] B
[F|UX]=10( s +[Arrheniusintercept]) 2.1)

1000 [ArrheniusSlope]

nT t = i
[CellTemperature] logio([Flux]) [Arheniuslntercept]

(2.2)

This is a powerful tool for the automation of MBE growth. Given the desired
compositions and Im thicknesses, the computer can fully automate the growth pro-
cesses by setting the cells to the appropriate temperatures and opening and closing
the shutters at the appropriate times. Computer control over MBE and darkroom

hardware is described in Appendix: Computer Control of Hardware.



37

2.2.2 Substrate Temperature and Mounting

Along with uxes (see Section 2.2.1), the substrate temperature is one of the two
most important controls available in MBE growth. As one of the major challenges
in the growth of Ill-nitride Ims by MBE, this dissertation work does not o er a
complete solution to this problem. We have used a number of techniques for mounting
samples in the MBE chamber in attempts to improve the repeatability, accuracy, and
uniformity of the substrate temperature during growth. One of the challenges in
exploring new mounting techniques is the impact a mounting technique has on the
visibility of the RHEED (see Section 4.1.1). The RHEED is focused to a particular
location where the sample is expected to be positioned by the substrate manipulator.
There is some amount of adjustment that can be made, but if the mounting technique
substantially changes the thickness of the mounting plate, or obscures the glancing
electron beam, the RHEED system will be unusable. The approaches described below
all have pros and cons, so it is necessary to consider the requirements of the substrate
being used and the structure being grown before selecting an approach.

Before discussing mounting techniques, it is important to rst discuss tempera-
ture control itself. Measuring the actual temperature of the substrate is considerably
more di cult than one might expect. The thermocouple in the substrate manipu-
lator within the growth chamber is not in thermal contact with the substrate. It is
positioned 5 mm behind the substrate, in the center of the heater. For this reason,
the temperature the thermocouple reads may or may not actually correspond to the
surface temperature of the substrate. An approach commonly used in GaAs growth
is reading the temperature with a pyrometer. This device measures the infrared
radiation from the substrate and/or mounting block to determine the temperature.
Unfortunately this does not work for sapphire or SiC substrates where they are trans-

parent to IR so the pyrometer only sees the heater itself. One way to measure the
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temperature indirectly, is by monitoring the RHEED for the evaporation of Ga from
the sample surface. With the plasma o , depositing Ga on the sample results in the
RHEED becoming dim due to the amorphous nature of liquid Ga. If a known amount
of Ga is deposited on the substrate surface, the amount of time it takes for that Ga
to evaporate should indicate the temperature of the substrate. The temperature in
absolute units is unknown but this technique allows for the comparison of two sam-
ples. | typically deposit 60 seconds of Ga with a BEP of 1e-6 Torr. | then watch
the RHEED to see how long it is before the reconstruction lines reappear. There is
typically a window of around 10 seconds where the amount of Ga has been reduced to
some critical threshold and is continuing to decrease to nearly zero excess Ga. During
this window, the reconstruction lines reappear and continue to increase in brightness
until they return to their original intensity. For many of the samples in Appendix:
Detailed Growth Conditions, | report the time span from closing the Ga shutter to
the onset of the reconstruction returning and brightening.

The rst technique used to mount 1 cm square SiC substrates were plates that
adapt from a 3 inch circle (the GEN Il MBE’s native wafer size) to a 1 cm square.
These plates were provided by Veeco, and were made of molybdenum. The back
plate has just a slightly <1 cm square hole in it, and the front plate that sandwiches
the sample has a hole slightly >1 cm square and small ngers that hold the sample
in place. One of the challenges with these plates is that over time they accumulate
nitride material on the surface and begin to warp with repeated thermal cycles. It
is believed that thermal expansion coe cient mismatch between Mo and the nitride
material is playing a role in this warping. This leads to samples slipping out from
the plates. This is worsened by the fact that the various types of SiC substrates used
in this dissertation work have di ering thicknesses, so some wafers worked better in

these plates than others. A similar mounting scheme replaced the Mo back plate that
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simple has a square hole in it, with a thicker plate made of pyrolytic boron nitride
(PBN). This PBN plate had a hole slightly >1 cm cut in it, but did not penetrate
the full thickness of the plate. Only a square window slightly <1 cm went all the
way through the plate. This left a shallow pocket in the PBN plate in which the SiC
substrate could sit. This prevents the SiC from sliding out, as was occurring with the
two Mo plate scheme. The SiC was then further held into the pocket by a Mo plate
with small ngers, as in the case of the two Mo plate scheme. The downside to this
mounting technique was that the thickness of the pocket was xed, and again the
thickness of the SiC wafers varied. This led to thinner wafers shifting around a little,
making it very di cult to use the RHEED. Further, these plates also accumulated
signi cant nitride material on the surface, and rather than bowing like the Mo plates,
these PBN plates would start to crack and layers of PBN would de-laminate. This
combined with the considerably higher cost of the PBN plates made them less than
ideal for wafer mounting.

Both of the above described mounting techniques rely on direct radiative heating
of the SiC by the heater. This isine cient as only some fraction of the radiative heat
is absorbed by the SiC substrate. Further, the Mo plate re ects a great deal of the
heat back at the heater, which produces a cavity. This has the e ect of impacting
the reading on the thermocouple placed between the heater and the substrate. Ide-
ally, a susceptor that would absorb all of the radiative heat would transfer the heat
conductively into the substrate. Beyond heating e ciency, this would have the added
advantage that if the temperature of the susceptor could be readily measured, the
temperature of the substrate would be known as well. This can be accomplished to
some extent by back coating the SiC wafer with a refractory material such as Ti, Ni,
or Si. These materials will not evaporate at the high heater temperatures, and will

help absorb some of the radiative heat and conduct it to the substrate. This idea can
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be extended when a vertical device is being considered. The backside contact of the
device (for p-Sic this is an Al/Ti metal stack) can be deposited and annealed before
loading it into the growth chamber. Further, Ti or p-Si can be deposited to increase
the thickness for higher IR absorption. This simultaneously reduces a post-growth
fabrication step, the back contact already being present), and serves to direct heat
into the substrate during growth.

An approach that is widely used in arsenide MBE was also attempted. The
substrate was soldered to a solid Mo plate using indium. Unfortunately, the In did
not wet the SiC substrates and the sample would peel o after baking in the entry
chamber. This could be mitigated somewhat by depositing thick Ni on the back of
the SiC wafer. Similarly, the Mo plate could be replaced with a Si carrier wafer.
The Si carrier wafer would also have Ni deposited on it. This signi cantly improved
wetting, and reduced the likelihood of wafers slipping o . However, the chance that a
substrate would slip away at high temperature was never fully eliminated. Soldering
the substrate to a carrier wafer works signi cantly better for very small substrate
sizes. Unfortunately, as the Si carrier would have nitride material deposited on it
during growth, it would need to be replaced after nearly every growth. However,
the cost of silicon wafers is quite low, so this is not necessarily a major drawback.
Similarly, a 1 cm SiC wafer could be soldered to the Si carrier, and then a Mo plate
with ngers could be placed over it to further hold the SiC in place. This works fairly
well, but has the drawback that the ngers may intermittently block the RHEED.
The primary advantage of using a solid plate, whether it is Mo or Si, is that the
substrate is then heated conductively. Therefore, it can be assumed that the solid
plate and the substrate are the same temperature. In the case of the Mo plate, much
of the radiative heat is re ected back at the heater. In this respect, the Si wafer has

an advantage in that it absorbs much of the radiative heat. Interestingly, using a p-Si
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carrier wafer allows for device level testing (see Section 4.1.5) using the p-Si carrier
wafer as the back contact since the solder serves as a good electrical contact between

the carrier and the p-SiC substrate.

2.2.3 Substrate Cleaning

All samples described in this work were cleaned in a series of solvents prior to growth
in the MBE chamber. This procedure consisted of sonicating for 15 minutes each
in trichloroethylene, then acetone, then isopropyl alcohol, and then deionized water.
This process is particularly important for substrates that were diced into smaller
pieces, as substrates are held into the dicing saw by vacuum and adhesive Im. UV
light can be used to remove the adhesive Im. However, residue is still left over. The
solvent cleaning procedure followed by piranha solution (3:1 solution of H,SO,4 and
H,0O,) has proven e ective at remove the residue. We have also used aqua regia (3:1
solution of HCI and HNO3) to further clean substrates. However, there is a concern
with both piranha and aqua regia that the surface of the SiC may become oxidized.
Beyond solvent cleaning, SiC substrates are further submerged in 50% hydro uoric
acid for 10 minutes then rinsed in deionized water in an attempt to remove any silicon
oxide that may be present prior to loading in the MBE system. This may help with
any oxidation that occurs during the cleaning with piranha solution or aqua regia.

The cleaning procedure is as follows:

1. Sonicate in trichloroethylene for 15 min.
2. Sonicate in acetone for 15 min.

3. Sonicate in isopropanol for 15 min.

4. Sonicate in deionized water for 15 min.
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5. Dry thoroughly, and submerge in piranha solution (3:1 solution of 30% H,SO,
and H,0;) and/or aqua regia (3:1 solution of HCI and HNO3) for 10 min.

6. Dip in HF for 10 min.
7. Immediately load into MBE system.

2.2.4 Ga Cleaning

Once a sample is loaded into the growth chamber and raised to the growth tem-
perature (and before nitridation in the case of sapphire substrates), the substrate is
cleaned with liquid Ga. This is accomplished by exposing the sample to a high Ga
BEP ( 1 10 ® Torr) and cycling the substrate temperature above and below the Ga
evaporation temperature. This allows Ga to accumulate and then be evaporated, in
hopes that some residual oxygen or other impurities on the surface may be evaporated
with the Ga. This is thought to be particularly e ective with oxygen as the gallium
will react to form volatile gallium oxide. It is unclear if cycling the substrate tem-
perature is more e ective than simply holding the substrate temperature very high
while exposing it to Ga. A high temperature substrate will signi cantly reduce the
Ga adatom dwell time, but at the same time may impart a larger amount of thermal
energy to Ga adatoms and overcome any heat of formation required for them to react

with surface oxides.

2.2.5 Nitrogen Plasma

We have employed two di erent nitrogen plasma sources in our MBE system. The

rst is supplied by Veeco, we later installed an Oxford CARS-25, and nally returned
to the Veeco. The Veeco nitrogen plasma supply is typically operated at 300 W and
1.2 sccm of nitrogen. This leads to an AIN growth rate of roughly 280 nm/hour, with

an aluminum BEP of around 5:5 10 7 Torr. The striking procedure is as follows:
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1. Ensure that the power supply is powered on at the rear and switched on at the

front.
2. Turn the RF on on the front control, and turn the power up to 60 W.

3. Use the tuning network on the back of the nitrogen plasma source to reduce the

re ected power to 2 W.

4. Open the pneumatic values to the nitrogen gas supply cylinder and set the ow

on the MKS mass ow controller to 1.2 sccm.
5. Rapidly turn up the plasma power to 300-400 W.

6. There ected power should jump suddenly into the 100 W range, indicating that
the plasma has stuck. This can be con rmed by viewing the plasma source from

a growth chamber viewport (the plasma source should be glowing brightly).

7. Turn down the re ected power with the tuning network on the back of the
plasma supply, then adjust the plasma power to the desired power, while simul-

taneously further tuning the re ected power.

8. The re ected power may abruptly rise again within the rst hour, at which
point further tuning is again necessary. This problem was mitigated by sending

the plasma source in for service by Veeco.

Directly following a vent, it may be initially di cult to strike the plasma. This can
be resolved by owing nitrogen through the plasma while heating the nitrogen supply
lines in an attempt to outgas both the supply lines and the plasma crucible. Further,
using a higher nitrogen pressure to strike the plasma is often e ective. This can
be accomplished by allowing some pressure to build up behind one of the solenoid

valves and then abruptly opening it to release the pressure into the nitrogen plasma.
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Alternatively, turning up the nitrogen ow rate to 10 sccm has a similar e ect without
the risk of building an unknown pressure behind a valve. Once the plasma has struck
for the rst time after venting, allowing it to run for several hours typically results in
no problems striking it again in the future.

The Oxford CARS-25 is a liquid nitrogen cooled 600 W plasma supply. Typical
operation occurs at 207 W with 2 sccm of nitrogen, providing a growth rate of around
220 nm/hour with an aluminum BEP of around 3:5 10 7 Torr. It incorporates
a thermocouple in contact with the cooling line near the internal PBN crucible for
monitoring the internal temperature, which allows for external control over a solenoid
valve to provide more or less liquid nitrogen cooling. It further includes an optical
window for external monitoring of the plasma spectrum. In typical use, an optical
emission detector unit composed of a silicon photodiode and ampli er is coupled to
the plasma via a ber. This allows for continuous monitoring of the plasma’s optical
intensity. This is particularly useful for determining when the plasma has struck
while attempting to strike the plasma. The striking procedure is similar to the Veeco

plasma:

1. Ensure that the power supply, temperature controller, and optical monitor are

all switched on at the front.

2. Manually open the valve to the liquid nitrogen to provide signi cant cooling
before starting. Once the plasma is initially struck, the temperature may rise
very quickly. Once it is clear liquid nitrogen is reaching the plasma, return
control of the valve to the temperature controller. A setpoint of 10 C on the

temperature controller was found to be e ective.
3. Turn the RF on on the front control, and turn the power up to 300-400 W.

4. Use the tuning network on the back of the nitrogen plasma source to reduce the
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re ected power.

Open the pneumatic values to the nitrogen gas supply cylinder and set the ow

on the MKS mass ow controller to 10 sccm.

. Within a few minutes (as it takes time for pressure in the chamber to build)

the optical monitor should go from a reading of < 1 mV to around 7 mV. This

may only occur brie Yy, so it is important to monitor this carefully.

Reduce the nitrogen ow to 2 sccm

. There ected power should jump suddenly, indicating that the plasma has stuck.

The optical monitor should rise to a value of > 100 mV.

. Turn down the re ected power with the tuning network on the back of the

plasma supply, then adjust the plasma power to the desired power, while simul-

taneously further tuning the re ected power.

Ensure that the liquid nitrogen cooling is maintaining crucible temperature of

around 10 C. Temperatures above 30 C, should be avoided.

Plasma Species

The nitrogen species generated by the plasma potentially have a great impact on the

growth rate and material quality. The two most important factors in establishing

the nitrogen species is the plasma power and the nitrogen ow rate. An indirect

method of determining what species are present, is the measurement of the optical

spectrum of the plasma and attributing speci ¢ peaks to the various species believed

to be present. The emission spectrum from the Veeco plasma source as a function of

nitrogen ow rate is shown in Figure 2 11.
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Figure 2 11: Optical spectra of the Veeco plasma source at various
nitrogen ow rates. Note that at high ow rates a stable plasma could
not be sustained without increasing the plasma power. The intensity
of all of the spectra have been normalized to the peak around 750 nm,
which is believed to be one of the peaks correlated to atomic nitrogen.
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Nitridation

Through nitridation exposing the substrate to the RF nitrogen plasma at high tem-
peratures, a few monolayers of the sapphire’s surface can be converted from aluminum
oxide to aluminum nitride, providing a growth surface with signi cantly less strain
than would be expected from growing directly on sapphire [Wang et al., 2006].

In our Gen Il MBE, 2 inch Ti back-coated sapphires are generally nitridated for
roughly half an hour at a thermocouple temperature of 800-900 C with a pyrometer
reading of 700 C. The progression of the RHEED data is shown in gure 2 12. The
amount of time required for nitridation varies from sample to sample and may be a
function of actual substrate temperature, for this reason monitoring the RHEED is
important. We do not use a computer for RHEED image analysis, so we are limited to
human subjectivity as to the degree of nitridation that has occurred. It is likely that
using a computer would allow for a signi cantly more rigorous approach to controlling
nitridation.

For SiC substrates, it is important to NOT nitridate, as this would create SiN
which is not desired. For details for starting AlGaN epitaxy on SiC substrates see

Section 6.1.



48

Figure 2 12: RHEED images of sapphire being nitridated over time.
This is a 2 inch sapphire substrate mounted between an annular Mo
plate and a solid Mo plate with a thermocouple temperature of 860 C
and a pyrometer temperature of 708 C. The plasma power from the
Veeco plasma was 300 W with 1.2 sccm of N,. As this sample is
mounted on a solid Mo plate rather than the typical two annular Mo
plates the actual substrate temperature is likely reduced, thus increas-
ing the required nitridation time. After 110 min the RHEED has clearly
become streakier and has a visible change in its reconstruction, indi-
cating su cient nitridation.
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Chapter 3

Experimental Methods: Device
Fabrication

This chapter will cover the process for traditional (n-type side down) UV LEDs. The
fabrication steps necessary for inverted vertical devices are very similar and generally
simpler. The reduction in fabrication time and complexity is one of the strengths of

the inverted vertical design on p-SiC.

3.1 LED fabrication

Once the device stack has been grown by MBE, it is just a chip with thin Ims
coating it nearly to the edges. Turning this chip into a working device requires
isolation of the n-layer and p-layer and application of anode and cathode contacts
to the respective layers. In the case of MBE grown devices, where all the Ims are
deposited in sequence without masks, and typically without any interruption, with
the possible exception of an interruption between the bu er layer and the rest of the
device isolation is achieved by etching away part of the device stack down to the
bottom-most layer. In a traditional AlGaN based LED structure, the bottom layer
is the n-type material. Once a region of n-type is exposed, the cathode contact may
be deposited with a mask. The mask ensures that only the desired n-type region is
coated. The anode contact is also deposited through a mask so as not to contact the

n-type regions.
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3.1.1 Mesa Etching

The rststep in traditional UV LED fabrication is etching through the p-type material
on the surface down to the n-type material just above the bu er layer, leaving only a
smaller region of whole stack remaining to serve as the active device area. Typically,
a square mesa with 200-500 m edges is isolated for this purpose.

It has been previously shown that Cl based chemistry is very e ective at etching
GaN, AlGaN and AIN [Smith et al., 1997, Shul et al., 1998]. The general mechanism
is based on the reaction of Cl with Al and Ga to form volatile chloride compounds
which evaporate in the low pressure of the RIE chamber.

Two di erent tools have been used in this work to perform CI etching: a Plas-
matherm 790 RIE, and a homemade system built around a Plasmatherm ICP source.
In both systems, 7 sccm of Cl, and 1 sccm of Ar are used. For the ICP system, an
ICP power of 500 W and a bias power of roughly 40 W is applied, achieving an etch
rate of roughly 100 nm/min. For the RIE, 350 W is applied typically resulting in a
bias of 700-900 V, achieving an etch rate of roughly 130 nm/min.

In the RIE, we have found that the etch rate can vary wildly if proper cleaning of
the chamber is not performed between runs. First, the chamber is cleaned (without
the sample inside) by running 50 sccm of O, at 150 W for 10 minutes. At this point
any residue within the chamber has hopefully been removed. Just prior to loading
the sample, it is dipped in HCI for 1 minute with the intent of removing some of the
native oxide on the surface. This has been shown to be e ective for GaN [Buttari
et al., 2003], however it is unknown if this is helpful for AIN surfaces. The sample is
then loaded, and the chamber is pumped down to <5 mTorr, then purged with N, for
a few minutes, then pumped down for 10 minutes. This is performed with the intent
of removing any residual oxygen from within the chamber. This process is repeated

between every sample.
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3.1.2 $S1818 Photoresist Processing

S1818 photoresist is used as a mask for etching the mesa pattern into the wafer and as
a mask for metal deposition. A few microns of S1818 has proven to be an e ective etch
mask for etching at least 1 micron of AIN. During the spin coating of the photoresist,
there are various steps requiring the use of a hotplate to heat the wafer. Temperature
plays a very important role in processing photoresist, so temperature is con rmed
by either a thermocouple taped to a Si wafer with thermal paste or a thermocouple
screwed into a larger Al puck placed on the hotplate and allowed to equilibrate until
the correct temperature is read from the thermocouple. The wafer is then placed on
top of the calibrated Si wafer or Al puck. The steps for processing the S1818 are as

follows:
1. Dry the wafer on a hotplate at 90 C for 5 minutes, and then let cool.
2. Place the wafer on the vacuum chuck of the spinner and turn on the vacuum.

3. Using a disposable plastic pipette, apply S1818 to coat the wafer’s entire surface.
The rst few drops from the pipette should be disposed of, until a steady stream

may be delivered, to prevent any bubbles from being placed on the wafer.

4. Spin the wafer at 4,000 RPM for 30 s, with a start and stop acceleration of
20,000 RPM.

5. Remove the wafer from the spinner, and softbake on a hotplate at 90 C for 60

S.

6. Expose the wafer under hard contact with the appropriate mask for 15 s in the
Karl Suss MA6 mask aligner, with a optical intensity of 10 mW/cm?. This is
described in further detail in section 3.1.3. Note that the exposure time tends

to be mask dependent as the mask making process is not always consistent.
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7. Using a Petri dish, develop the exposed wafer in MF-319 developer for 40s,
agitating the Petri dish lightly to disperse the dissolved photoresist. At the
scale of lithography we are doing, we have not seen agitation or the lack thereof

to play any signi cant role in this procedure.

8. Immediately rinse clean with DI water for 1 minute to terminate further de-

velopment by any residual developer left on the wafer.
9. Hardbake the wafer on a hotplate at 120 C for 5 minutes.

10. Clean the developed resist with the oxygen plasma asher for 3 minutes at 300

W and 300 sccm of Oxygen.

The above procedure produces a uniform Im of 2 m thick, which is suitable for

all of our fabrication steps.

3.1.3 Mask Design

Mask alignment is performed using a Karl Suss MA6 mask aligner. The primary
mask used provides patterns for LEDs and TLM measurements. It is on a 5 inch
glass slide with an iron oxide mask. The pattern is divided into four 2 inch square
regions: etching, n-contacts, p-contacts, and thick contact pads. The rst pattern,
for etching, de nes regions that will be the tops of the mesas. Squares with 200, 300,
and 500 m edges serve as the LED mesas, and larger rectangular regions serve as
mesas for p-type TLM measurements. The second and third patterns de ne windows
for n- and p-type contact deposition respectively. The n-type contacts encircle the
LED mesas and the p-type contacts cover the entire top of the LED mesas. The nal
mask de nes smaller windows on top of the already deposited n- and p-type contacts,
where thicker metal will be deposited for contacting with probes.

A few secondary masks were produced to aid in the electrical characterization of
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grown Ims. These masks are composed of two or three layers: an etching layer,
and contact layers. The mesas in these masks form either a cross with large 1 mm
contacts spaced 3 mm apart for Hall e ect measurements or cloverleafs for Van der
Pauw method conductivity measurements, along with large mesas for surface TLM,
and large etched regions for bottom layer TLM. Some of these masks have only a
single contact layer for when the studied Im will be uniformly p-type or n-type.
This signi cantly simpli es the fabrication steps required for a more rapid analysis

of a single type of Im.

3.1.4 Contacts

Forming Ohmic contacts with the AlGaN material system has historically been, and
continues to be, a challenge [Foresi and Moustakas, 1993, Chen et al., 2003, France
et al., 2007,Gong et al., 2010]. This highlights one of the advantages of using a highly
doped conductive substrate, where highly conductive Ohmic contacts are more readily
formed.

For contacting n-type AlGaN alloys, we use a Ti (15 nm) / Al (50 nm) / Ni
(25 nm) / Au (50 nm) contact scheme. This is then annealed for 30 s at 950 C in
nitrogen. This has shown to be very e ective in cases where the AlGaN is highly
doped n-type. Contacting n-type SiC is simpler, where just a Ni (5 nm) / Au (5 nm)
contact scheme is used. This is then annealed as many as ve times for 30 s until no
further improvement is seen. Such a thin contact works well, but does not o er much
in the way of lateral current spreading. After annealing, another thicker layer of Ni
(50 nm) / Au (15 nm) is deposited on top of the initial annealed contacts to further
improve conductivity.

Contacting p-AlGaN is typically more di cult. We use a Ni (5 nm) / Au (5 nm)
contact scheme, and anneal for 10 minutes at 500 C in air. If the AlGaN is well

doped, this results in acceptable contacts. A thicker stack of Ni (50 nm) / Au (15
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nm) can then be deposited in order to encourage current spreading and provide more
robust pads for contacting with sharp probes. As with n-type material, this process
only works well when the material being contacted is heavily doped. Otherwise a
depletion region between the lightly doped AlIGaN may develop, forming a Schottky
junction. Consequently, it is advisable to provide a thin (<30 nm) layer of excessively
doped material to serve as a contact layer. Excessive doping may severely impact the
mobility of the contact material, but if it is thin, the trade o of improved contact
quality is likely worth it.

For contacting p-SiC, an Al / Ti contact scheme is used.



55

Chapter 4

Experimental Methods: Material and
Device Characterization

Proper characterization of Ims and devices is just as important as their production.
A combination of in situ and ex situ characterization techniques are used to guide
sample growth as it is occurring and in planning future samples. This is one of the ma-
jor challenges with device development of nitrides grown by MBE, and semiconductor
devices as a whole. It is necessary to take the time for deliberate characterization of
individual Ims and full devices. Techniques such as AFM and XRD must be per-
formed before fabrication. This signi cantly contributes to the lag between conception
and realization of devices. In an ideal scenario where MBE growth is reproducible
and fairly fast, this lag time could be reduced by the growing of batches of samples.
Some samples would be subsets of the full device (for example just the layers leading
up to the active region), with the sole intention of characterization. Other samples
would be fabricated into the full device structure for device level characterization.
In this way, fabrication and Im level characterization could proceed simultaneously,
leading to a full characterization of a device and its constituents in a minimum time.
In practice, particularly in this academic setting, not all samples can be characterized
with every technique. For example, one cannot measure the 1QE of a full device stack

as it requires access to the exposed active region for low temperature PL.
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4.1 Characterization Techniques

These characterization techniques were of course not invented in this project and
each is the subject of entire theses and books. 1 will not do these characterization
techniques the injustice of trying to cover them at length here. Rather, | will cite
relevant literature and describe them as necessary for the understanding of their

application to this work.

4.1.1 Re ection High Energy Electron Di raction

Re ection High Energy Electron Di raction (RHEED) is the primary in situ charac-
terization technique used in MBE [Ichimiya and Cohen, 2004, Holloway and McGuire,
1996, Braun, 1999]. The operating principle is that electrons are accelerated to 10-
15keV and re ected at a glancing angle o the substrate while growing. The beam
di racts o the surface atoms and hits a phosphor coated viewport where the pattern
may be monitored externally. Only the top few monolayers are probed, thus provid-
ing information about surface structure, uniformity, and smoothness. The pattern
is generally in the form of a specular spot along with a series of lines representing
the reciprocal spacing of the surface reconstruction. As with any di raction pattern,
the intensity is dependent on the uniformity of the periodicity of the surface. For a
perfectly ordered surface, very bright and thin lines would be expected. Whereas, a
perfectly disordered amorphous surface would result in no di raction pattern at all.

In traditional 111-V material systems, the primary role of the RHEED system is to
perform "RHEED oscillations,” to establish the growth rate (see Figure 4 1). Assum-
ing a layer by layer growth mode, the intensity of the specular spot oscillates, reaching
its peak intensity when the maximum smoothness is achieved, ie. a full monolayer
exists on the surface. As additional adatoms arrive, the intensity decreases due to

scattering o the incomplete monolayer until a minimum smoothness is reached, or in
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Figure 4 1. RHEED specular spot intensity over time collected dur-
ing the measurement of RHEED oscillations for GaAs, AlAs, and Al-
GaAs [Holloway and McGuire, 1996]. In a modern RHEED system, a
computer controlled camera monitors the intensity of the specular spot
producing a similar graph and then takes the Fourier transform, thus
providing the oscillation frequency.
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other words, when 50% of the next monolayer has been grown. Before computers, a

ber optic was positioned over the specular spot and the light was fed to a PMT. The
PMT output would then be sent to a plotter, where the frequency could be measured.
In a modern RHEED system, the RHEED screen is monitored by a camera and the
oscillations are recorded digitally so the computer can take the Fourier transform and
thus quickly provide the growth rate in monolayers per second. In the nitride material
system, RHEED oscillations are di cult to produce and were not used in this work.
Instead, cross-sectional SEM of a thick bulk Im with a known growth time served
to establish the growth rate for a given composition.

In this work, the RHEED was generally used to monitor the Im smoothness and
to determine the presence of excess Ga during growth. The smoothness of the surface
was determined by the sharpness of the lines or the presence of spots. A spotty
RHEED indicates that there is three dimensional di raction due to a rough surface.
The presence of liquid metal on the surface of the crystal leads to dimmer di raction
patterns because it is amorphous. It is assumed that the presence of excess Ga would

largely diminish the visibility of the already dim lines due to surface reconstruction.

4.1.2 Atomic Force Microscopy

Put simply, an atomic force microscope rasters a sharp probe over the surface of a
sample and records a topographic map of the sample surface [Haugstad, 2012, Morita
et al., 2015]. The resolution of an AFM is typically better than 1 nm both laterally
and vertically. There are actually many modes of operation for an AFM; operating
as a microscope the AFM can record force information or height information or it
can function as a direct write lithography tool. In this work, a Digital Instruments
(now Bruker) Dimension 3000 AFM was operated in tapping mode where the probe
is oscillated at its resonant frequency by a piezo and monitored by a laser re ected o

the probe. As the tip interacts with the surface, largely due to Van der Waals and/or
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electrostatic forces, its oscillation amplitude or frequency will change. This is used
as feedback in positioning the probe a xed height over the surface. By maintaining
constant amplitude and frequency, the height of the probe as it is rastered across
the surface provides the topographic information. At the same time, the changes in
amplitude and phase of the probe can be mapped as well, potentially showing contrast
due to changes in material properties rather than topography.

AFM provides a picture of the surface morphology of a Im. Most obviously, this
can simply tell us whether the Im was smooth or not, which suggests whether the
growth conditions were appropriate for the desired morphology. If there is excess
metal at the end of a growth, this will be very clear in an AFM scan of the surface
as metal droplets will be readily visible to the AFM. Since the AFM can provide
very accurate measurements of height, it is also useful for very precisely measuring
step heights (see Figure 4 2) or etch depths. The scan size of AFM images taken
in this work were typically squares 10x10, 2x2, and 1x1 m in size. The AFM has
a maximum step size the probe can accommodate, so only samples with expected
roughness of less than 1 m were typically imaged. One of the other downsides of
the AFM is that the raster rate is typically quite low so that it may take around 10

minutes for a single image to be scanned.

4.1.3 Scanning Electron Microscopy

Scanning electron microscopes raster a focused beam of electrons over the sample
and detect secondary electrons that are emitted from the sample surface [Goodhew
et al., 2000, Reimer, 2013]. The image contrast is based on the amount of detected
secondary electrons. The number of electrons collected can be in uenced by either
geometric e ects from the surface or material properties, thus SEM can provide similar
information to AFM (see section 4.1.2). As with AFM, there are a huge number of
operational modes and types of detectors. One of the strengths of SEM over AFM is



60

Figure 4 2: AFM image of an AIN template grown by hydride vapor
phase epitaxy on sapphire. Step edges are clearly visible by AFM.

that the magni cation can cover a huge range, allowing for elds of view considerably
wider than that of AFM. Further, AFM cannot image samples with roughness more
than a few microns, while SEM is not limited in this way. In this work, standard
techniques were used on a Zeiss Supra 55 SEM. The two detectors typically used were
a standard Everhart-Thornley detector and an in-lens detector.

The simplest use of the SEM in this work was to characterize the surface mor-
phology of Ims. Cracks in the Im or excess metal droplets on the surface are clearly
visible in the SEM. One of the strengths of the SEM is that the electron beam can be
rastered across the sample extremely quickly, providing images in less than a second.
Compare this to the AFM where a single image can take minutes. The second and
more unique use of the SEM was to measure the thickness of Ims to establish an

average growth rate. Once a sample was cleaved in half, the in-lens detector of the
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Figure 4 3: Cross section of an n-AlGaN / AIN stack on intrinsic SiC.
The SiC is at the bottom. A clear distinction between the n-AlGaN
and AIN is visible using the in-lens detector.

SEM could be used to image the cleaved edge and measure the Im thickness, taking
advantage of the contrast due to material di erences rather than surface features (see

Figure 4 3).

4.1.4 Photoluminescence

Photoluminescence is luminescence due to excitation from light. A 224 nm He-Ag
pulsed laser with around 5 J per 100 ms pulse was used to excite carriers in AlGaN

Ims. The emitted light is collected with a 2 inch lens that columnates the light
towards an Acton Research 50 cm monochromator with a photomultiplier tube. The
output current signal from the photomultiplier tube is rst fed into a transimpedance
ampli er and then into either a boxcar integrator or a lock-in ampli er. The trigger
output from the laser pulses is connected to the input trigger for the ampli er being

used. The resulting data is then read into a computer via RS-232 serial communica-
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tions.

PL serves two primary functions. At room temperature, it shows the band gap of
the material, if we ignore stokes shift for a moment. This is useful for double checking
the AlGaN composition of bulk Ims. PL emission from quantum well stacks can be
used to predict the electroluminescence spectrum of a full device stack. Secondly,
the IQE of a sample can be estimated by comparing the integrated intensity of the
PL at room temperature to the PL at cryogenic temperatures. This assumes that at
su ciently low temperatures the carriers do not di use and immediately radiatively

recombine [Chichibu et al., 2006].

4.1.5 Electroluminescence

There are two ways we measure the electroluminescence of LEDs. The electrolumi-
nescence spectrum can be collected prior to full device fabrication in what we call
a wafer level test. The manner in which this is performed depends on the device
structure. In the case of a traditional sapphire device with the n-AlGaN down and
the p-GaN on top, a diamond scribe is used to scratch through the top layers expos-
ing the n-AlGaN. Indium solder is applied to the scratch forming the n-type contact
to the n-AlGaN. This indium also contacts the p-GaN. However, the lateral conduc-
tivity of the p-GaN is likely orders of magnitude worse than the n-AlGaN layer so
the electrical short to the p-GaN here is of little consequence. No p-type contact is
needed. Rather, we use a gold probe in place of a typical tungsten probe because the
larger work function of gold (5.5 eV) is su cient to form a rudimentary contact to
the p-GaN. With this setup, a quick 1V curve and emission spectrum can be acquired
without going through the full mesa etching and metal deposition process.

In an inverted device on p-Sic, there is no need to even scratch the device. Using
silver paste, the p-SiC can be adhered to an Al heat sink and electrical contact can

be easily made through the heat sink. The n-AlGaN on top is easily contacted with
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a typical tungsten probe, or a piece of ne copper wire. These wafer level tests are a
good way to get a quick sense of whether or not the device is going to light up once
it is fully fabricated. However, collecting the light from this arrangement is not so
simple. In the case of a traditional device, the light emitted can actually be collected
by an integrating sphere through the sapphire as usual, while the make-shift contacts
are placed on top. In this case, due to the poor current spreading of the p-GaN, the
light is emitted directly under the p-contact. In the case of an inverted device, the
light must be collected from the top. Since the p-contact is the entire p-SiC wafer
which has fantastic current spreading, the light should come out from the n-type
contact which has slightly worse current spreading. Collecting the light from under
the n-contact with the probe still in place is challenging, but can be accomplished
by bringing in a ber optic as close as possible to the probe. In an inverted device,
the current spreading is fairly good in both the n-type and p-type sides of the device.
This means that if a short is present across the device, even at the edge of the wafer,
little or no light may be generated at the n-type contact. Generally speaking, if the
wafer level test cannot be completed easily, it has little use since the spectrum will
have to be measured again after full device fabrication anyway.

Once the work of fabricating the device is complete, characterization of fully
fabricated device is fairly straightforward. Power is supplied by either a DC Keithley
2420 SourceMeter or a pulsed DC power supply. In some cases, standard tungsten
probes and probe positioners were used, or the wafer was adhered to a heat sink
package with silver paste and aluminum wire bonds were made to breakout pads.
Light was collected a number of ways. With the sample mounted on a heat sink and
wire bonds providing power, the sample was placed in front of the entrance slit to an
Acton Research 50 cm monochromator equipped with a photomultiplier tube. The

output current signal from the photomultiplier tube is rst fed into a transimpedance
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ampli er and then into either a boxcar integrator or a lock-in ampli er. The device is
driven with pulsed DC current and the output trigger is connected to the input trigger
of the ampli er being used. The resulting data is then read into a computer via RS-
232 serial communications. Alternatively, the emission spectrum can be read using
an Ocean Optics compact USB spectrometer. This spectrometer allows for measuring
LEDs driven with DC current since it does not require a trigger input. One of these
spectrometers is hooked up to an integrating sphere for calibrated optical power
measurements. This is very e ective for bottom emitting devices, but is di cult
to use with top emitting devices, as the wire bond connections must be fed to the
back of the device while it is placed face down onto the sphere. Another of these
spectrometers can be used with a ber optic to measure the spectrum by placing the

end of the ber very close to the device under test.

4.1.6 Van der Pauw and Hall E ect Methods

Obviously, establishing the electrical characteristics of Ims is crucial to the devel-
opment of successful optoelectronic devices. In 1958 Van der Pauw described the
method by which a four point probe measurement may be used to reliably and ac-
curately measure the resistivity and Hall e ect of thin Ims [Pauw, 1958]. The Hall
e ect method is a technique used for measuring the concentration of carriers in a thin

Im. The sample under test is etched with a clover-leaf pattern, and contacts are
deposited on each of the 4 corners. Resistances are measured by supplying current
between two adjacent contacts and measuring the resultant voltage at the other two
adjacent contacts. If the contacts are labeled going clockwise 1, 2, 3, and 4, then

these are de ned by Equation 4.1.

R12;34 = r (41)
34
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Two perpendicular average resistances Ra and Rg can be calculated by Equations

4.2 and 4.3.

_ Ri2:34 + Ro1:43 + Ras12 + Razon

Ra 2 (4.2)
Ry3.41 + R3p.14 + Ryq1.93 + R1a
RB — 23;41 32;14 1 41;23 14,32 (43)
The equation governing the sheet resistance, Rs, is given by Equation 4.4.
e MR te ReTRe 1=0 (4.4)

Clearly this equation is not readily solvable for the sheet resistance, unless the two
perpendicular resistances are equal. However, a solution can be found with Equation

4.5.

Ra+ Rg
R
* In(@ 2

f(RA;Rg) (4.5)

In this equation, T(Ra; Rg) is a correction factor approximated in Equation 4.6

as a function of Ra and Rg if the di erence between Rp and Rg is small.

[
Ra Rg 2|n(2) Ra Rg 4 In(2)2 In(2)3

f(Ra:R 1
(Ra;Re) Ra + Rg 2 Ra + Rg 4 12

(4.6)

If the di erence between Ra and Rg is large, f(Ra; Rg) can then be approximated
by Equation 4.7, where Ryarge is the larger of Ra and Rg, and Rgman is the smaller
of Ra and Rg. This ensures that the ratio in this equation is larger than 1.

0:223

R
f(Ra;Rg) 1:1413  _laree (4.7)
RsmaII

With the approximations for Ry (Equation 4.5) and f(Ra; Rg) (Equation 4.6 or
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4.7) in hand, a guess at the value for R can be made. At which point, the validity
of this guess can be con rmed by checking if the left hand side of Equation 4.4 does
indeed come out to zero. Given that we are discussing the AlGaN material system
(and the associated fabrication di culties, material inhomogeneities, cracks, etc...),
these approximations are more than su cient to provide a sheet resistance with an
acceptable margin of error. If the guess for Rg checked against Equation 4.4 is deemed
too far o , it may be more realistic to assume there is a problem with the quality
of the Im being studied. That said, starting with a reasonable guess, there are a
multitude of numerical methods by which a more accurate solution may be found.
To measure the Hall mobility and carrier concentration, the sample is positioned
with a magnetic eld going perpendicular to the Im. A known current is then owed
from two opposite ends of a clover leaf and the resulting voltage is measured from the
other two contacts. This measurement is conducted in all 4 orientations, and then 4
more times with the magnetic eld reversed, and with the magnetic eld o . This
voltage, combined with the current, Im thickness, and magnetic eld allow for the

calculation of the carrier concentration with Equation 4.8 and the Hall mobility with

Equation 4.9.
|l B 108
= — 4.8
: e Vg, d ( )
_
"1 B R (4.9)

In Equations 4.8 and 4.9, n is the carrier concentration in cm 3, is the mobility
in cm2=V's, | is the supplied current in amps, e is the elementary charge with a value
of 1:602177 10 1°, V, is the average measured Hall voltage which is the di erence in
voltage with and without the magnetic eld present, B is the magnetic eld in Gauss

(it is multiplied by 10 8 to convert it to webers the unit for magnetic ux), and d is
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the Im thickness in cm.

With our Hall e ect system being computer controlled (see Appendix: Computer
Control of Hardware), all of the above equations can be incorporated into a Python
script for fully automated measurements of sheet resistance, mobility, and carrier

density.

4.1.7 Transmission-line Method

The transmission-line method is a technique for determining the sheet resistance of
a Im and the contact resistance [Schroder, 2006]. Resistances across the Im are
taken between contacts of varying distances. As the contact spacing increases, it is
expected that the measured resistance will increase accordingly. The limit as the
distance between contacts approaches zero is assumed to be the resistance of the two
contacts. Geometric concerns can be simpli ed by using circular TLM measurements
where the two contacts are concentric. This eliminates the need to use etching to
isolate the area being measured. The rst contact is a circle of radius L, and the
second contact is an annulus around the rst contact. The spacing between the two
contacts should be much smaller than the radius L.

The resistance for a measurement between the two concentric contacts with a

known distance between them can be given by Equation 4.10.

C Rs
2 L

Where Rt is the measured resistance, Rs is the sheet resistance, L is the radius of
the inner contact, d is the distance between the two contacts, and Lt is the transfer
length. C is a geometric correction that can be assumed to be 1 in the case that

L >> d, otherwise it is de ned by Equation 4.11 [Schroder, 2006].
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Figure 4 4: Circular TLM data, shown with and without the geo-
metric correction factor C [Schroder, 2006]. The x and y intercepts are
labeled 2Lt and 2R respectively. Without the correction factor, the
data does not form a straight line and determining the intercepts would
be di cult.

L d
C =i+ 7) (4.11)

Creating a plot with the measured values of Rt in the y axis vs. the contact

spacing d in the x axis (see Figure 4 4) should yield a straight line with slope CZ FES

and an x intercept of 2Lt. The y intercept of this graph is 2 times the contact
resistance R.. However, we are typically not interested in the contact resistance but

rather the speci ¢ contact resistivity ., which can be found using Equation 4.12.

¢ = LIRs (4.12)

The speci ¢ contact resistivity allows us to compare contacts from sample to sam-
ple. This allows us to compare di erent metal contact schemes and annealing steps
to determine which yields the lowest speci ¢ contact resistivity. Further, di erent

AlGaN alloys will react di erently with deposited contacts yielding di erent speci ¢
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contact resistivity so the ideal combination of alloy composition (and doping) and

metalization (and annealing) can be explored.
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Chapter 5

Growth and Characterization of
Conductive DUV DBRs

The design and implementation of high performance solid-state light emitting devices
hinges on the ability to control two things: charge carriers and photons. In the rst
half of this chapter, I will discuss DBRs as a means of enhancing light extraction,
particularly in conjunction with DUV absorbing SiC substrates. The second half of
the chapter will focus on creating electrically conductive DBRs suitable for inclusion
as an electrical component in vertical DUV LEDs.

Conductive DBRs have been developed in the Arsenide/Phosphide material sys-
tems and have led to the development of high e ciency optoelectronic devices operat-
ing in the IR [Geels, 1991]. However, similar approaches of designing conductive DBRs
and in particular p-type DBRs for applications in DUV optoelectronic devices, has not
previously been developed. The main reason for this is the large ionization energy of
p-type dopants in high Al content AlGaN (150meV for GaN, >500meV for AIN) [Nam
et al., 2003,G tz et al., 1996, Kim et al., 2000, Nakarmi et al., 2005, Nakarmi et al.,
2006, Nakayama et al., 1996]. In these materials, it has been demonstrated that po-
larization induced ionization processes are e ective in p-type doping of high AIN mole
fraction AlGaN alloys [Cheng et al., 2013].

To develop thin Im photonic structures for use in the DUV, it is extremely helpful
to have a predictive optics model. We used the transfer matrix method to predict the

optical properties of the DBRs. Similar modeling was performed in previous reports
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of AlGaN DBRs on SiC. In particular, Appendix D of [Moe et al., 2007] shows a
MathCAD notebook that performs the transfer matrix calculations for DBRs. The
use of optical models for improving device design has been extensively used for many
years and has seen particular success in organic devices [Peumans et al., 2003, Agrawal,
2008, O’Connor et al., 2010, Zhao et al., 2014] and is consequently well described
elsewhere [Born and Wolf, 1999, Heavens, 2011]. The transfer matrix method allows
for a relatively accurate calculation of the re ectance spectrum of a proposed optical
stack. This is used to determine the appropriate thickness needed for each layer to
obtain the desired re ectance properties. A quick method of designing a DBR is
to simply choose a single wavelength of interest and look up the index of refraction
in the two materials at that wavelength. The proper Im thicknesses will be 1/4
of the wavelength in each of the two materials. This is a good starting point, but
this does not account for the impact the SiC substrate has on the optical properties.
The transfer matrix method can account for this. Further, literature values of the
index of refraction will very likely di er from the actual properties of the MBE grown
material. Ellipsometry needs to be used to measure an accurate value for the index

of refraction across all the wavelengths of interest.

5.1 Superlattices and Graded Composition Layers

Polarization doping is based on the concept that the polarity di erence between two
di erent AlGaN compositions at a heterojunction leads to interfacial sheet charges.
These xed charges draw in free carriers of the opposite charge. Further, the internal
electric elds reduce the activation energy required for dopant ionization and con-
sequently, higher carrier densities are made available to screen out the xed charge.
Using this principle, signi cant work has gone into using superlattices to enhance the

p-type doping of AlIGaN Ims [Martens et al., 2016, Chen et al., 2015, Cheng et al.,
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2013, Simon et al., 2010a, Nikishin et al., 2005, Iwaya et al., 2003, Kinoshita et al.,
2000, Kumakura et al., 2000, Saxler et al., 1999, Kozodoy et al., 1999b, Kozodoy et al.,
1999a, Goepfert et al., 1999, Schubert et al., 1996]. These authors nd that p-type su-
perlattices exhibit signi cant improvements in conductivity over bulk p-AlGaN Ims.
Further, polarization enhanced doping does not display the same temperature depen-
dence as simple thermally ionized Mg doping because the internal polarization elds
are not temperature dependent. Similarly, layers where the AIGaN composition is
graded result in a continuously varying polarity and an associated xed charge dis-
tributed in 3 dimensions. Just as in superlattices, this signi cantly improves dopant
ionization and thus higher conductivities can be achieved [Simon et al., 2010b, Li
et al., 2013]. A former member of our research group has previously looked at the
conductivity of p-type superlattices and the e ect of superlattice period length [Li,
2008].

By achieving high hole concentrations in high AIN mole fraction AlGaN Ims,
some freedom is a orded in the selection of the composition of the p-type side of an
LED. For example, a SL can simply replace the p-GaN [Iwaya et al., 2003, Cheng
et al., 2013]. However, more advanced optical structures such as p-type DBRs can be

grown.

5.1.1 Experimental p-type Superlattices

A set of superlattices were grown to characterize the conductivity of individual su-
perlattice structures before incorporating them into a DBR. Superlattice A was com-
posed of 50% wells and 70% barriers each 1 nm thick. Superlattice B was composed
of 70% wells and 90% barriers each 1 nm thick. Both samples were grown with the
Oxford nitrogen plasma source with a power of 207 Watts and 2 sccm of nitrogen
providing a growth rate of 220 nm/hour. Samples V3399 (p-AlGaN Superlattice on
AIN/Sapphire) and V3389 (p-AlGaN Superlattice on AIN/Sapphire) were grown on
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Figure 51: The theta-2theta XRD spectrum (Cu k ; and k ,
unmonochromated) for Sample V3399 (p-AlGaN Superlattice on
AIN/Sapphire) (50%-70% superlattice on sapphire). The vertical black
lines are shown to roughly indicate the expected positions for AlGaN
alloys from 0% to 100% in 10% increments. The peak position indicates
a composition around 60% for this superlattice. A peak corresponding
to GaN is visible as well.

AIN templates grown by HVPE on sapphire. Theta-2theta XRD data for these two
samples are shown in Figures 51 and 5 2. These XRD scans were taken with a pow-
der XRD system without a monochromator in the x-ray source so double peaks are
visible. However, they clearly show that the 50-70% superlattice and the 70-90%
superlattice have average compositions of 60% and 80% respectively. These samples
have p-GaN on top, and the GaN peak is also visible in the XRD data.

These structures showed lateral resistivities as low as 733 c¢cm. Assuming the ver-
tical conductivity is similar, this would lead to hundreds of Ohms of series resistance
in a typical LED device. Since these structures were grown on sapphire, the next step
was to look at the same structures on SiC substrates. At this point we did not have
p-SiC available to us, so growth conditions for these structures were established on
n-SiC substrates with Samples V3390 (p-AlGaN Superlattice 50-70% on n-SiC) and
V3398 (p-AlGaN Superlattice 70-90% on n-SiC). Theta-2theta XRD scans are shown
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Figure 52: The theta-2theta XRD spectrum (Cu k ; and k ;
unmonochromated) for Sample V3389 (p-AlGaN Superlattice on
AIN/Sapphire) (70%-90% superlattice on sapphire). The vertical black
lines are shown to roughly indicate the expected positions for AlGaN
alloys from 0% to 100% in 10% increments. The peak position indicates
a composition around 80% for this superlattice. A peak corresponding
to GaN is visible as well.

for these two samples in Figures 5 3 and 5 4. These data con rm the compositions of
the superlattices are on target.

To establish that | can achieve vertical conductivity through a high Al content
p-type doped superlattice, two Ims were grown. The rst, Sample V3167 (p-GaN on
Sapphire) was a p-Gan Im roughly 1 m thick. This sample serves as the template
for the growth of a conductive superlattice Sample V3170 (p-AlGaN Superlattice 60-
75% on p-GaN template). This superlattice consisted of 120 60% AlGaN wells 1 nm
thick and 75% AlGaN barriers 0.5 nm thick. The AFM images of the p-GaN template
show a very rough morphology (see Figure 55). It is likely that further optimization
of the growth conditions could lead to an improved Im. This would presumably also
improve the quality of the superlattice grown on top of it. Both of these samples were
etched as shown in the inset schematic of gure 5 6. Contacts were deposited on the

samples and the measured IV curves are shown in Figure 5 6.
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Figure 53: The theta-2theta XRD spectrum (Cu k ; and k , un-
monochromated) for Sample V3390 (p-AlGaN Superlattice 50-70% on
n-SiC). The vertical black lines are shown to roughly indicate the ex-
pected positions for AlGaN alloys from 0% to 100% in 10% increments.
The spectrum shows a peak around 60% AIN mole fraction (35.3),
consistent with its 50-70% composition. A small peak from the GaN
capping layer is also visible (34.6 ). The strongest peaks are from the
SiC substrate.

These two samples have identical p-Gan bu ers, the only di erence being the
addition of a high aluminum content p-type AlGaN superlattice to one of them. The
IV curve for the sample with the superlattice is clearly worse, but this is expected
because it is nearly twice as thick vertically. This initial conductivity measurement
establishes the rst step in developing conductive DUV DBRs. This structure will

serve as the building block for DBR samples.

5.1.2 Experimental p-type Superlattice DBRs

Sample V3421 (p-AlGaN Superlattice DBR on n-SiC - 283 nm peak) was grown on
a 1 cm square of 4H n-SiC with a 0 miscut. This sample was a DBR with SL layers
A and B of average AIN mole fraction of 60% and 80%. SL A was composed of
wells and barriers each around 0.8 nm thick with AIN mole fractions of 50% and

70% respectively. SL B was composed of wells and barriers each around 0.8 nm thick
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Figure 54: The theta-2theta XRD spectrum (Cu k ; and k , un-
monochromated) for Sample V3398 (p-AlGaN Superlattice 70-90% on
n-SiC). The vertical black lines are shown to roughly indicate the ex-
pected positions for AlGaN alloys from 0% to 100% in 10% increments.
A peak from the GaN capping layer is visible around 34.6 . The spec-
trum also shows a peak around 50% AIN mole fraction (35.3 ) resulting
from the 50% AlGaN bu er layer. The peak visible at 65% (35.5) is
suspected to be an artifact of the x-ray source spectrum. The primary
peak is expected to be around 80% AlIGaN however it may be obscured
by the SiC peak. The peak at 90% (35.9 ) is likely the k , peak cor-
responding to the k ; peak located at 80% AIN mole fraction (35.7 ).
The strongest peaks are from the SiC substrate.
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Figure 55: A40 m eld of view AFM image of Sample V3167 (p-
GaN on Sapphire). This is an unusually rough surface morphology. It
is likely that further optimization of the growth conditions could lead
to an improved Im and ultimately better conductivity.
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Figure 56: IV curves from samples V3167 (p-GaN on Sapphire)
and V3170 (p-AlGaN Superlattice 60-75% on p-GaN template). The
inset schematics show the etched mesa structure of the relative Im
thicknesses. A signi cant series resistance is present in this experiment
due to the lateral current path in the p-GaN. However, | have clearly
achieved conductivity through the superlattice sample. The current
through the superlattice is less than that of the p-GaN Im alone be-
cause it is 210 nm thicker.
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Figure 57: The measured re ectance spectrum of Sample V3421 (p-
AlGaN Superlattice DBR on n-SiC - 283 nm peak), taken with respect
to a UV enhanced Al mirror.

with AIN mole fractions of 70% and 90% respectively. Each DBR layer contained
17 wells and barriers giving a total Im thickness of around 27 nm, so the DBR had
a periodicity of around 54 nm. The DBR was 540 nm thick consisting of 10 DBR
bilayers, resulting in 48% re ectance at 282 nm (Figure 5 7).

Since sample V3421 (p-AlGaN Superlattice DBR on n-SiC - 283 nm peak) was
grown on a n-type SiC substrate, it is generally unsuitable for conductivity measure-
ments because of the pn-junction formed between the p-type DBR and the substrate.
Consequently this structure was repeated as a new sample V3430 (p-AlGaN Super-
lattice DBR on p-SiC) on a p-type SiC substrate (sourced from Cree) to allow for
conductivity measurements vertically through the substrate and the DBR (as the
structure would be arranged in an inverted device). The growth conditions were

identical except for the substrate temperature (and consequently Ga ux) during
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growth. Di erences in substrate temperature during growth are thought to be due to
small variations in the sample mounting and variations in the substrates themselves.
This unfortunately leads to a change in the required amount of Ga to maintain excess
Ga during growth. To facilitate the formation of contacts to the top of the structure
an additional 30 nm p-GaN Im was deposited with a higher Mg cell temperature of
350 C (as compared to 330 C as in the DBR) on top the DBR.

The 1V curve of sample V3430 (p-AlGaN Superlattice DBR on p-SiC) is shown in
Figure 5 8. It is unusual in that it apparently displays negative di erential resistivity.
This was initially an unexpected result. However, upon closer analysis this would
seem to make sense based on a comparison to GaAs based n-i-p-i structures [Schubert
et al., 1987].

Both the superlattice DBR and the n-i-p-i structure exhibit sawtooth shaped
band diagrams (see Figure 59). In the n-i-p-i this is due delta doping with a long
periodicity ( 60 nm). In the DBR, this is due to the interfaces between superlattices
having xed sheet charges that behave similarly to the delta doping in the n-i-p-
I. The periodicity of the sawtooth band structure in the DBR follows that of the
optical periodicity ( 54 nm). Two modeled band diagrams are presented in Figure
59. In the rst, the sawtooth band structure resulting from the interfaces between
the two superlattices is evident. The number of superlattice layers and the number
of DBR periods shown have been reduced for clarity. In the second band structure,
the superlattices have been replaced with bulk Ims of the same average composition
as the superlattices. This simpli es the calculation signi cantly. The band structure
remains generally the same, still displaying the sawtooth pattern. The mechanism of
the negative di erential conductivity is described elsewhere [Schubert et al., 1987].
At equilibrium, there is a large barrier to free carriers because the periodicity is large

( 60 nm). Once a bias is applied, the bands tilt and the barrier height and width are
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Figure 5 8: (A) The measured IV curves for Sample V3430 (p-AlGaN
Superlattice DBR on p-SiC). The blue curve is the rst current sweep
showing negative di erential resistance, the red curve is a subsequent
current sweep showing only the low impedance regime. (B) The IV
curve of a GaAs n-i-p-i structure displaying negative di erential resis-
tance [Schubert et al., 1987].
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Figure 59: (A) The simpli ed equilibrium band diagram for Sam-
ple V3430 (p-AlGaN Superlattice DBR on p-SiC) calculated using
nextnano [Birner et al., 2007]. The substrate has been excluded and
the number of superlattice periods and DBR periods have been reduced
for clarity. (B) The full scale DBR with the superlattices replaced with
bulk Ims for simplicity. The sawtooth band structure is present even
without the inclusion of the superlattices. (C) A schematic of the band
diagram and the mechanism by which negative di erential resistivity
occurs in n-i-p-i structures [Schubert et al., 1987]. The sawtooth band
structure present in both the DBR and the n-i-p-i is clear. This sup-
ports the hypothesis that the DBR is operating with the same conduc-
tivity mechanism.
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reduced. The internal elds within the structure continue to increase and eventually
avalanche breakdown occurs. Once some number of carriers overcome the barriers,
they screen out the xed charges and the bands atten. With the barriers signi cantly
reduced, current may ow with a lower impedance.

Interestingly, for the DBR structures, after the initial current sweep which displays
negative di erential resistance, the subsequent measurement of the DBR does not
exhibit the negative di erential resistivity shown in Figure 5 8. This may be due to
carriers becoming trapped at the interfaces between superlattices and maintaining
the attened bands and consequently maintaining the low impedance regime between
tests. This negative di erential behavior is repeatable in continuously graded DBRs

as discussed in Section 5.1.3.

5.1.3 Experimental p-type Graded DBRs

The motivation for developing DBRs composed of graded layers is the conductivity
advantage they may have over DBRs composed of superlattices (and certainly the
conductivity advantage they provide over bulk Ims). However, before exploring the
electrical properties of these structures the optical properties must rst be con rmed.
The optical results from this section were initially reported by us in [Brummer et al.,
2015]. When we submitted this paper for review one of reviewers argued that these

graded structures were not distributed Bragg re ectors:

A DBR needs discontinuities in the refractive index. This does not occur
for a sinusoidal and triangular composition grading. The saw tooth pro le
features these discontinuities but the lambda quarter layer thicknesses are
no longer present and the manuscript gives no explanation regarding the
working principle of this speci ¢ DBR structure. A simulation with the
transfer matrix method is not suitable to model this problem. A full wave
simulation would be necessary to predict the behavior of the used layer
stacks.
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I do not bring this up to highlight de ciencies in the peer review process nor to
disparage the reviewer. Rather, | want to highlight the fact that it is not immedi-
ately obvious that this concept works. One way to understand the operation of a
traditional DBR is to consider the constructive interference in the re ected wave at
each of the individual interfaces between the 1/4 wave plates in the stack. Thus, it
does not stand to reason that a continuously graded AlGaN Im should function as a
DBR. However, a DBR can also be understood to be any Im or stack of Ims with
a 1/2 wavelength periodicity in its index of refraction (as is the case of 2 alternating
1/4 wave plates). With this latter interpretation, it becomes clear that any material
with a periodic index of refraction change will yield a band gap and serve as a mirror.
Admittedly, some arbitrary periodic function may not necessarily serve as a good
mirror. Therefore, | will show here that there are at least a handful of graded struc-
tures that are likely contenders for both good optical properties and good electrical
properties.

A DBR where the AlGaN composition pro le is a sawtooth is perhaps the easiest
to understand. By continuously grading the Im from high to low Al content (in
the Ga polar orientation), a xed negative polarization charge will be distributed
throughout the Im. This should lead to positive free carriers being drawn in to
screen the charge, and produce a p-type Im. The composition cannot be graded
downwards forever obviously, so at some point a discontinuity in the composition is
introduced and high Al content AlGaN is deposited and graded down in Al again,
repeating the rst Im. The discontinuity from low to high Al AlGaN alloy introduces
a narrow n-type region. So the majority of this stack will be p-type with narrow n-type
regions within it (see Figure 5 10). Nextnano calculations suggest that these narrow
regions won’t actually be n-type but rather just depletion regions. The holes would

then tunnel through the depletion regions and the total stack would be conductive.
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Figure 5 10: Nextnano simulations of the equilibrium band diagram
for (A) an n-type sawtooth graded DBR (low to high Al) and (B) a
p-type sawtooth graded DBR (high to low Al). The n-type DBR is the
same as that in V3515 (Sawtooth Graded DBR on SiC) but with Si
doping added to the model.

With those electrical arguments for such a structure in mind, we must con rm that
it has the correct optical properties. To prove that this structure is indeed functioning
as a DBR, Sample V3515 (Sawtooth Graded DBR on SiC) was grown. This sample
was grown on semi-insulating 0 miscut SiC and is a series of undoped Ims where
the AlGaN composition is graded from low (50% AlGaN) to high (85% AlGaN). This
structure results in a band diagram similar to those in Figure 5 10. However, those
diagrams show doped Ims to give a better sense of the band structure as it would be

implemented in a device relying on the DBR for conductivity. This would theoretically
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produce an n-type Im (and further, Si could be added as a dopant), but being on
an insulating substrate, this sample was only meant for optical studies anyway. Due
to the band o sets and polarizations of AlGaN and SiC, there is a signi cant barrier
to holes in the valance band of the p-type structure at the SiC/AlGaN interface.
This can be signi cantly reduced with very high p-type doping densities in the two
materials. The re ectance spectrum of this sample is shown in Figure 512. The
equivalent p-type structure where the AlGaN is graded from high to low should have

the same optical properties.

A

Figure 5 11: Nextnano simulations of the equilibrium band diagram
for triangularly graded DBRs with the same structures but with (A)
n-type doping and (B) p-type doping. The n-type DBR is the same
as that in V3511 (Triangular Graded DBR on SiC) but with Si doping
added to the model.

Building o the idea of the sawtooth structure, the discontinuity in the AlGaN

composition can be replaced by grading the composition back smoothly. This Im
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with a triangular AlGaN composition pro le was grown as Sample V3511 (Trian-
gular Graded DBR on SiC). The simulated equilibrium band diagram is shown in
Figure 511. Further, the re ectance spectrum for this sample is shown in Figure
512. Obviously this Im would not be purely p-type. Rather, it would be alternat-
ing layers of p-type and n-type. However, with n-type or p-type dopants added, the
structure becomes predominantly one or the other, with regions where the doping
is somewhat compensated by the polarization charge. Similarly, the triangular com-
positional pro le could be smoothed out into a sinusoidal pro le as done in Sample
V3510 (Sinusoidal Graded DBR on SiC). The equilibrium band structure of this sam-
ple is very similar to that of the triangular DBR. The re ectance spectrum is shown
in Figure 5 12. With both the triangular and sinusoidal compositional pro les, the
goal is not to produce a uniformly p-type Im, but to produce a Im that has a large
free carrier concentration across it. Part of the reasoning behind this approach is the
desire to eliminate discontinuities in composition. The concern with a DBR full of
abrupt changes in composition would be the risk of generating new dislocations in the
crystal. However, further studies are required to determine if these DBR structures
increase or decrease the defect density of subsequent Ims. High resolution TEM
images of the crystal defects within these DBRs would be helpful.

The re ectance of these three graded DBRs are compared to that of a traditional
DBR structure in Figure 512. This traditional DBR (Sample V3514 (Traditional
DBR on SiC)) had the same average composition and periodicity as the graded DBRs.
It is clear that the bulk Im traditional DBR has the highest re ectance. This is
because the square wave is indeed the optimal structure for high re ectance. However,
the sinusoid and the triangular DBRs both have nearly as good a re ectance spectrum,

with the added electrical bene ts.
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Figure 5 12: Experimental and predicted re ectance spectra for DBR
Samples V3514 (Traditional DBR on SiC), V3510 (Sinusoidal Graded
DBR on SiC), V3511 (Triangular Graded DBR on SiC), and V3515
(Sawtooth Graded DBR on SiC). This work was reported by me and
Gordie Brummer in [Brummer et al., 2015].

The surface morphology for all four DBRs is shown in Figure 5 13. These samples
were grown as close to stoichiometric conditions as possible to avoid band structure
potential uctuations impacting the optical properties of the Ims. This likely re-
sulted in all four Ims being grown slightly less group 111 rich than would be ideal
for the material quality. The photoluminescence spectra for the three graded DBRs
is shown in Figure 5 14. The sawtooth DBR shows just a single broad peak in the
PL spectrum. This could be characteristic of free carriers radiatively recombining
in a variety of AlGaN compositions present within the DBR. In all three cases, the
highest photon energy peak is at 270 nm. This is believed to be the emission from
somewhere around the average AlGaN composition that is then Stokes shifted red-
der. The two peaks in the PL for the sinusoidal and triangular DBRs are in the same
positions. This is expected since they share a very similar structure. The secondary
lower energy peak present in the sinusoidal and the triangular DBRs could be due
to carriers recombining across peaks and valleys in the band structure narrowing the
e ective band gap. This is complicated by the fact that at room temperature, the
free carriers generated by the pulsed laser are free to di use and may be screening the

polarization charges and attening the bands. This would impact where additional
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Figure 513: SEM images of the surface morphology with a 10kx
magni cation for Samples (A) V3514 (Traditional DBR on SiC), (B)
V3510 (Sinusoidal Graded DBR on SiC), (C) V3511 (Triangular Graded
DBR on SiC), and (D) V3515 (Sawtooth Graded DBR on SiC). All four
samples have very similar morphologies. Defects are clearly visible at
the grain boundaries of all the samples.

free carriers would di use to and what composition material they would be emitting
from. Further investigation is required to determine the source of the 285 nm PL
peaks present in the sinusoid and the triangular DBRs.

Sample V3662 (Sawtooth Graded DBR on p-SiC) is a sawtooth p-type DBR with a
60 nm period composed of a 18 layers of AlGaN graded from 70%-50% (see schematic
in Figure 5 15A. It is capped with 55 nm of p-GaN to aid in forming top electrical
contacts, which were made of Pd. The back contacts were 30 nm Al /70 nm Ti 1 mm

squares. The IV curve was taken from a square contact with 300 m edges on the
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Figure 5 14: Normalized photoluminescence spectra for graded DBR
Samples V3510 (Sinusoidal Graded DBR on SiC), V3511 (Triangular
Graded DBR on SiC), and V3515 (Sawtooth Graded DBR on SiC).

top of the device to the back side of the device (see Figure 5 15B). With the sample
held rmly in place with vacuum to the steel platen on the probe station, electrical
contact to the back side of the substrate was simply made through the platen. The
current voltage characteristic of this sample is shown in Figure 5 16. At the time of
writing this dissertation, the top contacts for this sample had not yet been annealed.
This likely contributes to the non-ohmic nature of the IV curve and the high series
resistance. Despite being work in progress, this already serves as proof of concept that
I can produce a high aluminum content p-AlGaN conductive DUV DBR composed

of periodic graded layers that is potentially suitable for use in DUV LEDs.
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Figure 515: (A) Schematic of the structure of Sample V3662 (Saw-
tooth Graded DBR on p-SiC). (B) Optical microscope image of the
top contacts and tungsten probe. The back contacts are faintly visible
through the substrate as slightly darker squares. The bright re ection
below the tungsten probe is from the ceiling light. While unintentional,
this re ection does highlight the various contacts used for Van der Pauw
measurements and circular TLM measurements.

Figure 516: 1V curve of Sample V3662 (Sawtooth Graded DBR
on p-SiC). The contacts used in this measurement were not annealed.
This likely contributes to the non-ohmic characteristic of this stack.
However, this is proof of the concept of a p-AlGaN DBR composed of
periodic graded layers.
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5.2 UV LED on Sapphire with Graded p-Type AlGaN Layer

Sample V3308 (LED with graded p-type) is a bottom emitting LED grown on sap-
phire. This LED was grown on an n-AlGaN template (sample V3261 (n-AlGaN
Template on AIN/Sapphire)) itself grown on an AIN template (sample V3256 (AIN
Template on Sapphire)). This LED has an active region composed of a single 50%
AlGaN quantum well and 70% AlGaN barriers. The p-type side of this device was
composed of p-AlGaN graded from 80% to 20% Al content. Finally, the device was
capped with p-GaN to improve current spreading and contact formation. The device
was etched into a mesa structure as seen in Figure 5 17. The emission spectrum of
this device is shown in Figure 5 18. While not incorporating a full DBR structure,
this device shows a path towards incorporating a p-type graded DBR into the p-type
side of the device between the active region and the p-GaN. Such a device should have
signi cantly higher light extraction e ciency from the elimination of UV absorption

in the p-GaN.
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Figure 517: SEM image of V3308 (LED with graded p-type), after
mesa etching and deposition of n-type contacts at the bottom of the
mesa.

Figure 5 18: Electroluminescence spectra at various drive currents
from sample V3308 (LED with graded p-type). At higher drive currents
two distinct peaks are visible at 311 nm and 340 nm.
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Chapter 6

UV LEDs on SiC Substrates

Ultraviolet (UV) light sources based on AlGaN alloys are gaining signi cant attention
due to their potential applications in a range of elds such as industrial curing, free-
space communications, high-density optical data storage, medical treatments and
disinfection, and uorescent bio/chemical agent detection. However, to date, deep
UV LED:s in laboratories, let alone those that are commercially available, have failed
to reach e ciencies higher than a few percent and power outputs of more than a few
mW [Khan et al., 2008, Kneissl, 2016]. There are a number of signi cant hurdles facing
current generation AlGaN based UV LEDs: the high density of dislocations [Chichibu
et al., 2006], p-type doping in high Al composition alloys [Nam et al., 2003, Nakarmi
et al., 2005], thermal management [Chitnis et al., 2002], and light extraction [Fujii
et al., 2004]. In this chapter I report on a proof of concept of a novel design for
inverted vertical deep UV LEDs on p-SiC substrates that aims to simultaneously

address all of these di culties.

6.1 Film Growth on p-SiC Substrates

Deep UV LEDs were grown by RF plasma-assisted MBE in a Veeco GEN-11 MBE
system as described earlier (speci cally the sections in chapter 2, Substrate Cleaning,
Substrate Temperature and Mounting, Ga Cleaning). The substrates were typically
1 cm? squares diced from larger 4 inch SiC wafers.

In contrast to sapphire substrates, SiC substrates are not nitridated before grow-
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ing. This would form SiN, disrupting the already close lattice match between SiC
and AIN. It has been shown that high quality AIN Ims can be grown on SiC sub-
strates [Okumura et al., 2010]. However, just as with sapphire substrates, the quality
of the AlGaN Ims will be dictated largely by the surface preparation of the substrate
and initial nucleation of the nitride Ims. To this e ect, two di erent nucleation ap-
proaches were explored. In the rst nucleation scheme, Ga was continuously deposited
on the substrate for 5 to 10 seconds preceding the striking of the plasma. The AIN
EBL was then immediately grown without interrupting the Ga deposition. It has
been shown that supplying Ga to the SiC growth surface just before initiating AIN
growth can serve to improve the AIN Im quality [Okumura et al., 2010]. It is sus-
pected that the presence of a small amount of Ga on the surface increases the Al
adatom di usion enough to improve heteroepitaxy. In the second nucleation scheme,
a 3nm AIN bu er layer was grown by rst depositing liquid Al on the growth surface
(Si-face) of the p-SiC at high temperature. The plasma was then turned on and the
liquid Al was nitridated. The AlGaN was then grown on top of this bu er, typically
with In and Ga used to enhance the di usivity of Al adatoms. An aspect of this nu-
cleation scheme that must be considered is that the presence of excess Al (i.e. liquid
aluminum as have deposited it) in the presence of the SiC corrodes the substrate and
releases Si atoms [Hoke et al., 2005, Hoke et al., 2007]. The release of Si could lead to
an inadvertently n-type doped AlGaN layer later in the growth if the Si eventually
incorporates into the growing Im. However, the Si poor SiC/AIN interface would
now have excess Al which is a p-type dopant in SiC. This could potentially serve to
further compensate the xed positive polarization charge at the SiC/AIN interface,
reducing the barrier to the injection of holes.

Both of these techniques aim to prevent the exposure of the bare p-SiC substrate

to active nitrogen, potentially nitridating it and increasing the dislocation density of
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grown Ims. In practice, it is extremely di cult to adequately characterize the nucle-
ation of these AlGaN Ims. AIN Ims 40 nm thick (similar to the electron blocking
layer of an inverted LED) were grown on SiC substrates using the Ga based (V3619
(EBL - Ga Nucleation)) and Al based (V3618 (EBL - Al Nucleation)) nucleation
schemes. While the morphology of the Ims is clearly di erent as seen in Figure 6 1,
from this analysis alone it is unclear which nucleation technique is preferred.

A second set of samples V3617 (MQWs - Ga Nucleation) and V3616 (MQWs - Al
Nucleation), comprising a 40 nm thick AIN Im followed by 15 quantum wells (2 nm
Alp-4Gag:sN wells / 2 nm Alg.sGag-sN barriers) were grown using the Ga nucleation
and Al nucleation techniques respectively. AFM images of these samples are shown
in Figure 6 2. These samples are essentially the EBL and active region of an inverted
LED. In this experiment the surface morphology of the active region grown with
the Ga nucleation scheme is considerably smoother than that of the active region
grown with Al nucleation. However, it is always possible this may be due to slight
di erences in Ga coverage during growth. Interestingly, the measured IQEs of sample
V3616 (MQWs - Al Nucleation) and sample V3617 (MQWs - Ga Nucleation) are very
similar at 1% and 3% respectively. Figure 6 3 shows the PL spectra for these two
samples. Ultimately it is the quality of the material in the active region grown on top
of these nucleation layers that is of critical importance to the performance an LED
device. In XRD studies of a variety of Ims grown using both nucleation techniques,
there was no appreciable change in the material quality. This, combined with the
low IQE of these samples, suggests that the limiting factor in the material quality
grown in these experiments is something other than the nucleation step. It is believed
that the substrate temperature is more important. While some devices were grown
using the Al based nucleation scheme, the majority were grown using pre-deposited

Ga nucleation.
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Figure 6 1: AFM images and line pro les of 40 nm AIN grown with
(A & C) pre-deposited Ga nucleation V3619 (EBL - Ga Nucleation)
and (B & D) thin Al nucleation V3618 (EBL - Al Nucleation). The
AFM images have a 20 nm z-axis scale centered at the mean height
of each image. Line pro les are taken diagonally down the staircase
morphology of their respective AFM image. The Ga based nucleation
scheme yields wider taller terraces as compared to the Al based nucle-
ation scheme.
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Figure 6 2: AFM images of 40 nm AIN and 15 AlGaN quantum wells
(2 nm Algy.4Gag:gN wells /7 2 nm Aly.sGag.4N barriers) grown with (A)
pre-deposited Ga nucleation (sample V3617 (MQWs - Ga Nucleation))
and (B) thin Al nucleation (sample V3616 (MQWs - Al Nucleation)).
The AFM images have a 10 nm z-axis scale centered at the mean height
of each image. The Ga based nucleation scheme yields a considerably
smoother morphology than the Al based nucleation scheme.

A B

Figure 6 3: Temperature dependent photoluminescence of 40 nm
AIN and 15 AlGaN quantum wells (2 nm Alg.4Gag.eN wells /7 2 nm
Alg.sGag.4N barriers) grown with (A) pre-deposited Ga nucleation (sam-
ple V3617 (MQWs - Ga Nucleation)) and (B) thin Al nucleation (sample
V3616 (MQWs - Al Nucleation)). By comparing the emission at room
temperature to the emission at low temperature the 1QEs can be esti-
mated at 1% and 3% for Ga nucleation and Al nucleation respectively.
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6.2 Top Emitting UV LED on n-SiC

Sample V3400 (LED on n-SiC) was grown on a 1 cm square of 4H n-SiC sourced from
SiCrystal AG. First, the substrate was cleaned in situ with a Ga BEP of 1:2 10 ©
Torr, while the substrate was ramped between 725 C and 660 C at 10 C/minute. This
was followed by growing a Si doped n-Aly.sGag.4sN bu er 100 nm thick. As a reference
point for growing various AlGaN compositions, the Al BEP required to produce AIN
with the Oxford plasma at 207 Watts and 2 sccm of nitrogen yielding 220 nm/hr
was assumed to be 5:3 10 7 Torr. After the bu er, a single asymmetric Aly-4Gag.sN
guantum well with Aly.;Gag.3sN barriers was grown. The barrier towards the n-type
side was 10 nm while the barrier towards the p-type side was 3 nm, because the
mobility of holes is worse than the mobility of electrons. A p-type electron blocking
layer of Aly.9Gag:1N 10 nm thick was then grown with a Mg cell temperature of 375 C.
At this point a p-type conductive transparent superlattice was grown to serve as the
p-type side of the device and to allow for light extraction from the top of the device.
The barriers were Aly.7Gag-3N and the wells were Aly.sGag-sN, each roughly 1 nm thick.
The total superlattice was composed of 100 bilayers giving a total thickness of 200 nm.
The entire superlattice was doped with the Mg cell at 375 C. In order to aid in the
formation of ohmic contacts, 32 nm of p-GaN was grown on top of the superlattice,
again with the Mg cell still at 375 C. The schematic of the device diagram is shown
in Figure 6 4. 1t was predicted that with a very thin GaN layer only a little of the UV
light would be absorbed. The device was fabricated by etching mesas of various sizes
and n-type and p-type contacts were deposited as described in section 3.1. One of
the devices on the chip can be seen operating in Figure 6 5. The uniform emission on
this device indicates good current spreading. However, not all of the devices showed
such uniform light emission, suggesting non-uniformity in the p-type material. The

emission spectrum is seen in Figure 6 6. This spectrum was collected with a current
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Figure 6 4: Schematic diagram of device V3400. The p-AlGaN su-
perlattice composition was chosen to avoid absorption of the emitted
light. A relatively thin p-GaN layer was grown on top of the SL to
promote better electrical contacts.

of 12 mA (13.3 A/cm?), and a voltage of 26 V. The high driving voltage is likely due
to series resistance in the p-type superlattice. Further, signi cant ohmic heating of
the p-type material is suspected due to the current steadily dropping while held at a
constant voltage during operation.

This is an interesting device because it incorporates some of the major design
concepts considered in this work. With only a thin n-type AlGaN layer, the n-
SiC substrate is expected to contribute a signi cant amount to the lateral current
spreading at the base of the mesa. Because the substrate is n-type, this device could
be operated vertically by depositing n-type contacts to the backside of the n-SiC
substrate. This approach was not taken in this device for simplicity of characterization
in our existing probe-station setup designed for contacting the top side of the device.

Further, this device proves that an optically transparent p-type SL can serve as the
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Figure 6 5: (A) Optical microscope image of sample V3400 a top
emitting UV LED on n-SiC. The device being probed in this gure
is a square with 500 m sides. There is a thin p-type contact across
the top of the entire mesa, and a much thicker contact shaped like two
concentric squares is deposited on top of the rst one as contact pads to
help spread current more e ectively; (B) The same device in operation,
showing uniform light distribution.
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Figure 6 6: The emission spectrum from sample V3400 (LED on n-
SiC). Light with a peak wavelength of 306 nm was collected through
the transparent p-type superlattice with average AIN mole fraction of
60%. There is a clear emission tail in the longer wavelengths.

p-side of the device and that light can be extracted through it. This builds signi cant
con dence in the ability to incorporate a p-type DBR based on superlattices into

future devices.

6.3 Top Emitting Deep UV LEDs on p-SiC

Sample V3571 (Inverted LED on p-SiC) is an inverted UV LED grown on a 1 cm
square p-SiC substrate with a structure as shown in Figure 6 7. The substrate was
soldered to a 2 inch Si wafer with indium and gallium, this carrier wafer was then
mounted into a standard Veeco UNI-Block for 2 inch wafers. After degassing in the
load-lock at 140 C until the pressure read around 1 10 7 Torr, the sample was further
degassed in the bu er chamber above 500 C until the pressure read around 5 10 °

Torr.
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Figure 6 7: A schematic of the structure of sample V3571 (Inverted
LED on p-SiC).

To start the crystal growth on the p-SiC substrate, a 3nm AIN bu er layer was
grown by rst depositing liquid Al on the growth surface (Si-face) of the p-SiC at
high temperature. The plasma was then turned on and the liquid Al was nitridated.

The AIN EBL was then grown directly on top of the thin nucleation layer with
In and Ga used to enhance the di usivity of Al adatoms. The In and Ga shutters
were closed 30 seconds before the end of the EBL to minimize the chance of there
being excess metal at the end of the layer that may lead to nitridated metal droplets.
It is interesting to note that the AIN EBL in this sample is undoped. As AIN is
typically highly insulating one might expect that this device would not function due
to the expected electrical discontinuity between the substrate and the active region.
However, this proves not to be the case. The equilibrium band structure was modeled
using nextnano3 [Birner et al., 2007] and is shown in Figure 6 8. As can be seen in
the band diagram, there is undoubtedly a large barrier to hole injection across the
p-SiC/AIN interface. This is due to a combination of the band o set between SiC and
AIN and the spontaneous polarization of the two materials leading to a xed positive
charge at the interface. However, once holes have overcome this barrier, the internal

eld within the AIN EBL actually serves to drive these holes into the active region
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Figure 6 8: The equilibrium band structure for Sample V3571 (In-
verted LED on p-SiC) as calculated using nextnano3 [Birner et al.,
2007]. The Fermi level is indicated by a horizontal dashed line. As a
guide to the eye, the labeled device layers are demarcated by dotted
vertical lines.

of the device. This stems from the fact that in this inverted device the p-side and
n-side of the device have been switched (as this device is arranged p-down), while
the polarity of the AlGaN material itself has not (the device was grown Ga-face as is
typical).

The active region was composed of 15 2 nm thick Aly.4Gag.sN wells and 2 nm
Alg.sGag.4N barriers, starting and ending with a barrier (15 wells, 16 barriers). Again,
using nextnano3, emission the ground state in the quantum wells was calculated to
have an energy of 4.4 eV, corresponding to 282 nm. The measured emission spectrum,
as shown in Figure 6 9, has a peak around 300 nm. This is signi cantly red shifted
from the predicted value.

Despite ane ciency of <1%, this prototype serves as an excellent proof of concept.
The p-side of the device is composed solely of the p-SiC. Holes are injected through
the AIN EBL. Light is extracted from the top through the transparent n-AlGaN. The
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Figure 6 9: The electroluminescence spectrum of sample V3571 (In-
verted LED on p-SiC), an inverted ultraviolet LED grown on p-SiC
emitting around 300 nm. The three di erent drive voltages 15 V, 18V
and 21 V, correspond to drive currents of 150 mA, 200 mA, and 300
mA respectively. (inset) The current-voltage characteristic of the de-
vice shows clear rectifying behavior with little reverse leakage current.
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fact that this device emits light shows that such a design can work, and the next step
is to increase the e ciency. It should also be noted that one of the spectra shown in
Figure 6 9 was collected while being driven with over 6 W of electrical power. This
speaks well to the ability of these prototypes to dissipate substantial amounts of heat
without destroying the device. This could lead to extremely high output UV LEDs.
For example, if a wall-plug e ciency of even 1% could be achieved while being driven
with 6 W of power this would lead to a 60 mW output device, making it extremely
competitive against commercially available technology.

Based on data from similar MQW designs grown on 8 miscut p-SiC substrates,
the active region of Sample V3571 (Inverted LED on p-SiC) is believed to have an
IQE of less than 1%. Consequently, an alternative active region was investigated with
Sample V3627 (LED Active Region - Thin Wells / AIN Barriers). This sample is an
active region grown on 40 nm of AIN just as it would be in an inverted LED. This
sample has 15 Alg.3Gag.7N quantum wells each 1.5 nm thick, and AIN barriers each
10 nm thick. The temperature dependent photoluminescence spectra are shown in
Figure 6 10. The integrated intensities of the PL are shown in Figure 6 11. By dividing
the room temperature PL intensity by the cryogenic temperature PL intensity, we
can approximate the IQE of the sample. The IQE of Sample V3627 (LED Active
Region - Thin Wells /7 AIN Barriers) was found to be around 12%. This is still not a
competitive IQE for AlGaN MQWs on SiC substrates when compared to the state of
the art [Zhang et al., 2012]. However, it is a signi cant improvement over my previous
active regions grown on 8 miscut p-SiC with <1% IQE. It is believed that the IQE
on on 8 miscut p-SiC could be further increased by optimizing the growth conditions
speci cally required for these substrates.

Using the active region design from Sample V3627 (LED Active Region - Thin
Wells / AIN Barriers), a new UV LED was grown: Sample V3629 (Inverted Vertical
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Figure 6 10: The temperature dependent photoluminescence spectra
of Sample V3627 (LED Active Region - Thin Wells / AIN Barriers).

Figure 6 11: Arrhenius plot of integrated PL intensity as a function of
temperature for Sample V3627 (LED Active Region - Thin Wells / AIN
Barriers). Dividing the integrated PL intensity at room temperature
by that at cryogenic temperature yields an IQE of around 12%.
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Figure 6 12: A schematic of the structure of Sample V3629 (Inverted
Vertical LED on p-SiC).

LED on p-SiC). Rather than 15 multiple quantum wells with AIN barriers, only a
single quantum well was used. There are two reasons for this. The rstis that it is
believed that only the rst few wells towards the p-type side of the device play an
active role in electroluminescence due to the mismatch in mobilities between holes and
electrons in AlGaN. The second is the concern that 15 AIN barriers would introduce
a signi cant series resistance to the device as the electrons need to overcome each of
these barriers. The device schematic is shown in Figure 6 12.

This device was grown on a p-SiC with 10 m of p™ epitaxial SiC grown on top.
This device maintains the use of a 40 nm thick undoped AIN electron blocking layer.
This was unchanged because Sample V3571 (Inverted LED on p-SiC) convincingly
shows that contrary to what one might expect, holes can indeed be injected from the
p-SiC substrate through this fairly thick AIN. One di erence between this sample
and Sample V3571 (Inverted LED on p-SiC) is the use of liquid Ga during nucleation
rather than Al. Due to concern over the release of Si from the p-Sic substrate (see

Section 6.1), it was believed this may be the preferred nucleation scheme. Further,
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Figure 6 13: The equilibrium band diagram for Sample V3629 (In-
verted Vertical LED on p-SiC) as calculated using nextnano3 [Birner
et al., 2007]. The Fermi level is indicated by a horizontal dashed line.
As a guide to the eye, the labeled device layers are demarcated by
dotted vertical lines.

a slightly lower Al composition in the top n-AlGaN layer (55% vs 60%) was used to
improve lateral current spreading around the top electrical contact.

The equilibrium band diagram for this device is shown in Figure 6 13. As with
Sample V3571 (Inverted LED on p-SiC), there is a large barrier to hole injection at
the p-SiC / AIN interface. However, once holes make it over this barrier, the internal

eld within the AIN will help inject them into the active region.

This device was fabricated for vertical operation. Al/Ti contacts were deposited
on the back of the p-SiC substrate and Ti/Al contacts were deposited on top of the n-
AlGaN. The electroluminescence spectrum for Sample V3629 (Inverted Vertical LED
on p-SiC) is shown in Figure 6 14, and the IV curve is shown in 6 15. The primary
peak is at 294 nm. However, there is a broad secondary peak starting around 392
nm. This secondary peak increases in intensity with increasing drive current more
than the primary peak does. The origin of this secondary peak can be inferred by

comparing the EL of the device to the PL of the p-SiC substrate and the PL from
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the n-AlGaN top layer (see Figure 6 16). The secondary peak at 392 nm corresponds
closely to the photoluminescence peak of the p-SiC substrate, suggesting that this
EL is from the p-SiC / AIN interface. Further, the PL from the n-AlGaN overlaps
the primary emission peak at 294 nm. This indicates that a signi cant portion of the
light emitted from the active region is going to be absorbed in the n-AlGaN. This
explains why that as the driving power goes up, the primary peak intensity does not
increase as much as the secondary peak which is not being absorbed (as seen in Figure
6 14). Based on HRXRD measurements, the edge defect density in the n-AlGaN layer
is around 8 10'° cm 2. Although some small adjustments are needed, this device
incorporates an improved active region over the previous prototype and again shows

proof of concept for an inverted vertical deep ultraviolet LED on p-SiC.
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Figure 6 14: The normalized electroluminescence spectrum of Sample
V3629 (Inverted Vertical LED on p-SiC), operated under pulsed DC
current with a duty cycle of 0.5%. The primary DUV emission peak is
at 294 nm. As the driving voltage increases, the broad secondary peak
(starting around 392 nm) from the p-SiC increases in intensity with
respect to the primary DUV peak.
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Figure 6 15: The IV curve for a square device with 400 m sides
from Sample V3629 (Inverted Vertical LED on p-SiC).
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Figure 6 16: The electroluminescence spectrum of Sample V3629 (In-
verted Vertical LED on p-SiC) operating at 30 VV compared to the nor-
malized photoluminescence peaks of the p-SiC substrate the n-AlGaN
top layer of the device. The secondary peak in the EL corresponds
closely to the PL from the p-SiC. The edge of the PL from the n-
AlGaN overlaps the primary EL peak from the device. This indicates
that a signi cant portion of the EL is probably being absorbed by the
n-AlGaN layer.



114

Sample V3666 (Inverted vertical DUV LED on p-SiC) continues to build upon
Sample V3629 (Inverted Vertical LED on p-SiC). The wells in this device were slightly
reduced in Al content and the n-AlGaN was slightly increased in Al content (see
schematic in Figure 6 17). This should reduce the amount of optical absorption in
the n-AlGaN layer. This device had 3 MQWs instead of a single quantum well. The
equilibrium band diagram is shown in Figure 6 18. As seen in the electroluminescence
spectra in Figure 6 19, this device emits at 290 nm. There is a secondary peak at 323
nm. The broad peaks from the p-SiC around 392 nm are visible as well. Initially, as
the driving voltage increases from 15 V to 20 V, the primary peak intensity increases.
However, as the driving voltage is increased from 20 V to 25 V, only the secondary
peaks increase in intensity. This could be due to electrons getting over the barrier
into the electron blocking layer and recombining at the p-SiC / AIN interface. At 15
V of driving voltage, this device is already operating at over 1.5 W of electrical power
(see IV curve in Figure 6 20). Self heating could be leading to a decrease in the IQE
of the MQWs leading to reduced optical output at the primary wavelength at higher
operating power. The source of the peak at 323 nm is unknown at the time of writing
this dissertation, so further investigation is required.

In this section | have showed a number of inverted vertical DUV LEDs on p-SiC
substrates where the p-type side of the device is solely comprised of the p-SiC sub-
strate. A number of these devices have been shown to operate at very high electrical
powers, demonstrating that he SiC substrate is able to dissipate a substantial amount
of heat away from the devices. Further improvements in the IQE of the active regions
IS necessary to realize high output devices. In the next section I show a prototype
near-UV device that incorporates a p-type DBR as a step towards addressing light

extraction.



115

Figure 6 17: A schematic of the structure of Sample V3666 (Inverted
vertical DUV LED on p-SiC).

Figure 6 18: The equilibrium band diagram for Sample V3666 (In-
verted vertical DUV LED on p-SiC) as calculated using nextnano3
[Birner et al., 2007]. The Fermi level is indicated by a horizontal dashed
line. As a guide to the eye, the labeled device layers are demarcated
by dotted vertical lines.
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Figure 6 19: The electroluminescence spectra of Sample V3666 (In-
verted vertical DUV LED on p-SiC) at various drive voltages. The
device was driven under pulsed DC conditions with a 0.7% duty cycle.
As the drive voltage is increased from 15 V to 20 V the primary peak at
290 nm initially increases. However, when the drive voltage is further
increased from 20 V to 25 V the primary peak does not intensify, but
the secondary peaks do.
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Figure 6 20: The IV curve of Sample V3666 (Inverted vertical DUV
LED on p-SiC).

6.4 Top Emitting Near-UV LED on p-SiC with Graded DBR

Sample V3663 (Inverted Vertical Near-UV LED on p-SiC w/ DBR) is an inverted
vertical near-UV LED grown on a 1 cm square p-SiC + 10 m p*-SiC epitaxial
substrate purchased from Cree. As seen in the schematic in Figure 6 21, the device
consists of a p-type sawtooth DBR, and GaN quantum wells. The idea behind this
device is to incorporate all of the design elements (particularly the graded p-AlGaN
DBR) into a prototype device. A near-UV device with lower Al content AlGaN was
chosen for this prototype because it is easier to make than a high Al content device.
The equilibrium band diagram was modeled with nextnano and is shown in Figure
6 22. As with Sample V3571 (Inverted LED on p-SiC), the EBL of this device was
AIN. This introduces a large barrier to the injection of holes from the p-type DBR into
the active region. However, once holes traverse this barrier, the internal eld in the

AIN will drive holes towards the active region. At the time of writing this dissertation,
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Figure 6 21: A schematic of the structure of sample V3663 (Inverted
Vertical Near-UV LED on p-SiC w/ DBR). This device has an inverted
vertical structure and includes a sawtooth graded p-AlGaN DBR be-
tween the absorbing p-SiC substrate and the active region.

the device has not been fully fabricated and the electroluminescence spectrum has not
been collected. However, a series of photographs taken during wafer level testing are
shown in Figure 6 23. Once it is measured, if the electroluminescence spectrum shows
emission from the active region, this would be a proof of concept demonstration for
all the device design concepts presented in this dissertation: an inverted vertical UV

LED on p-SiC with a p-AlGaN DBR grown between the active region and the p-SiC.
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Figure 6 22: The equilibrium band diagram modeled with nextnano
for Sample V3663 (Inverted Vertical Near-UV LED on p-SiC w/ DBR).

Figure 6 23: Photograph of wafer level testing of Sample V3663
(Inverted Vertical Near-UV LED on p-SiC w/ DBR) showing near-
ultraviolet electroluminescence. As of writing this dissertation, this
device has not been fully fabricated and characterized. In this photo
the p-SiC is still soldered (In/Ga solder) to the p-Si carrier wafer used
to load it in the MBE. A gold probe is used to contact the edge of the
SiC, while a copper wire contacts the top of the device.
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Chapter 7

Preliminary and Future Work: AlGaN
QDs by Droplet Epitaxy

This future work section is an extension of my master’s thesis research studying
droplet epitaxy in the arsenides [Nothern and Millunchick, 2012, Reyes et al., 2013,
DeJarld et al., 2014]. 1 would like to apply droplet epitaxy to AlGaN alloys. Using
QDs as the active region of a DUV-LED would have the same e ect as the formation
of potential uctuations in the AlGaN quantum well (see Section 1.2.1). Free carriers
would be localized in the inhomogeneous active region and radiatively recombine
rather than di use around until they nd a defect and recombine non-radiatively.

Ultraviolet active regions have been shown previously using GaN QDs grown using
the Stranski Krastanov growth mode [Verma et al., 2013, Yang et al., 2014]. The
three-dimensional growth in this method is driven by the lattice mismatch between
GaN and the AIN barriers. The required lattice mismatch precludes this method as
a means of generating AlGaN guantum dots on AlGaN barriers. | am not aware of
any literature to date that reports AlGaN/AlGaN quantum dots.

| propose the use of droplet epitaxy, a QD growth technique that does not rely on

lattice mismatch, to grow Al,Ga; xN QDs on AlyGa; yN barriers.

7.1 Droplet Epitaxy

Droplet epitaxy is a technique where group Il material alone is supplied during

the growth such that surface tension causes this excess material to form droplets.
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Subsequently, group V material is supplied to crystalize the group 111 droplets into
guantum dots. This approach to growth relies on the fact that the group Il material
is generally non-wetting to the substrate. This is the case for Ga on GaAs, but may
not hold for all group 111 / substrate combinations. The frequent observation of Ga
droplets remaining at the end of a growth from excess Ga used during growth suggests
that this is the case for Ga and GaN. ldeally, Al and Ga would be co-deposited to
form Al-Ga alloy droplets that would then be nitridated to form AlGaN quantum
dots.

For droplet epitaxy of AlGaN quantum dots to work, the rst thing that must
be considered is the temperature range in which Al-Ga liquid alloys can be formed.
The phase diagram for the Al-Ga alloys shows that there is in fact a reasonably wide
range of compositions that can be formed at reasonable growth temperatures (see
Figure 7 1). At a temperature of around 400 C, Al-Ga solutions with at least 50%
Ga should be liquid. One remaining question about the feasibility of this research
thrust is whether the high reactivity of Al and N will lead to phase separation during
nitridation. It is well known that Al and N react preferentially over Ga and N. So if
insu cient active nitrogen is supplied, it can be expected that the Al in the Al-Ga
solution will crystallize into AIN rather than form AlGaN. Thus, when it is time to
crystallize the liquid droplets into quantum dots, the active nitrogen must be supplied

in extreme excess so that Al and Ga are equally nitridated simultaneously.

7.2 Preliminary Results

At the time of writing this dissertation, only some very preliminary experiments have
been performed. | present these initial results here with the hope that this work may
be continued toward the development of higher IQE DUV active regions.

An AIN template was grown on a sapphire substrate and then diced into 1 cm
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Figure 7 1: Phase diagram for Al-Ga [Davies et al., 2002].
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Figure 7 2: AFM image of liquid Ga droplets deposited on an AIN
template.

wafers for performing multiple experiments on the same template. 1 minute and 45
seconds of liquid Ga was deposited with a BEP of 1.2e-6 on 1 cm of the AIN template
at 400 C and removed from the growth chamber. An AFM image of the resulting
Ga droplets are shown in Figure 7 2. The sample was then returned to the growth
chamber and exposed to 5 minutes of nitrogen plasma operating at 300 W with 1.2
sccm of nitrogen at a substrate temperature of 400 C. An SEM image of the resulting
guantum dots are shown in Figure 7 3. This experiment serves as a set of starting
conditions for the development of AlGaN QDs.

Using the same template, Al and Ga were co-deposited on the substrate at 400 C.
An AFM image of the resulting metal droplets on the AIN are shown in Figure 7 4.
One concern with this experiment is that upon cooling the sample to remove it from

the growth chamber, the alloy will leave the liquid solution phase and enter a mixed
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Figure 7 3: SEM images at (A) 20kx and (B) 50kx magni cation of
GaN quantum dots formed after returning the sample from Figure 7 2
to the growth chamber and exposing it to nitrogen plasma.
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Figure 7 4: AFM image of AlGa droplets deposited on an AIN tem-
plate.

phase of Ga-rich AlGa liquid solution (something like 98% Ga / 2% Al) and Al-rich
AlGa solid alloy (something like 90% Ga / 10% Al). The exact compositions are not
known because the exact alloy composition of the liquid Al-Ga alloy is not known
precisely. From the AFM image, there is no way to determine that there has been
phase separation. There does appear to be a visibly large polydispersity in metal
droplet size, which may be an indication that some of the droplets are solid and some
are liquid.

This sample was then returned to the growth chamber and exposed to the nitrogen
plasma at 400 C. Here arises another di culty with this experiment. If there had
previously been phase separation upon cooling, bringing the sample back to 400 C
may have re-melted the solid phase. However, if during phase separation the two

alloys formed separate droplets so they were no longer in contact upon re-heating,
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the Al-rich solid droplets would not melt at 400 . Not being exactly sure what the
composition of the liquid Al-Ga alloy was to begin with and to what extent there
may have been phase separation upon cooling, it is impossible to know exactly what
happened upon re-heating. That said, an AFM image and an SEM image of the
resulting nitridated quantum dots are shown in Figure 7 5. Clearly QD like structures
have been formed, but as of writing, their composition has not been con rmed. The
SEM image shows darker circles in the center of many of the QDs. This could be
contrast from edge e ects from the in-lens detector, but it could also be contrast
due to composition. If the Al within the droplets nitridated into AIN before the Ga
formed GaN, it is possible core-shell structures could be formed. It is also possible

that only a shell is crystallized and that there is still a liquid core.

7.3 Outlook

In this chapter, | have shown some preliminary results on a direction of research
that | believe could lead to improved 1QEs for DUV LEDs. Future work in this area
would include re-growing these QDs not on AIN templates but on AlGaN Ims. This
would serve to con rm that the Al-Ga alloy continues to wet AlGaN Ims not just
AIN Ims, but also would allow for photoluminescence measurements. With an AIN
template, performing PL measurements is very di cult because our 225 nm laser will
not be absorbed in the template and the only light absorption would be in the QDs
themselves, leading to only a very weak signal. Using an AlGaN template, the laser
light could be absorbed and the generated carriers could di use into the QDs and
emit more light. With an AIN barrier, cathodoluminescence could be performed to
extract the emission spectrum from the QDs. It would also be bene cial to perform
TEM on the QDs to determine their composition. If there is a core-shell structure,

the TEM would show it.
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Figure 75: (A) SEM and (B) AFM images of the quantum dots
formed after returning the Al-Ga droplet sample from Figure 7 4 to the
growth chamber and exposing it to nitrogen plasma.
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Chapter 8

Growth of THz Detectors on Semipolar
GaN substrates

In collaboration with Dr. Habibe Durmaz and Professor Roberto Paiella, an intersub-
band photodetector based on GaN/AlGaN heterostructures was produced [Durmaz

et al., 2016].

8.1 THz Detectors on Semipolar GaN

THz radiation covers wavelengths ranging from 0.1 mm to 1 mm, a band of wave-
lengths that fall within the far infrared. This spectral range has a wide array of
detector applications from imaging for astronomy and security, to communications,
to scienti ¢ spectroscopy and characterization. However, there has been little progress
in the way of solid state devices operating in this band of radiation [Lee and Wanke,
2007, Feng et al., 2015].
AlGaN based devices grown on c-plane sapphire exhibits strong internal electric
elds due to the spontaneous and piezoelectric polarization. This leads to poor ra-
diative recombination e ciencies due to the quantum-con ned Stark e ect. Using an
0 -axis substrate such as (2021) GaN, re-orients these elds to be mostly in-plane,
thus it is referred to as a semipolar substrate (the m-plane is fully non-polar). This
signi cantly reduces the elds parallel to the growth direction, thus reducing the
quantum-con ned Stark e ect. Being able to choose between a polar, semi-polar, or

non-polar substrate allows for one more tool to use in engineering the band structure



129

of a device such as the one demonstrated here.

8.2 Growth and Characterization

Sample V3542 (THz Intersubband Detector on (2021) GaN) is a intersubband pho-
todetector grown on a semipolar (2021) GaN substrate. The substrate was single
side polished and approximately 5 mm by 8 mm. Due to its non-standard size the
wafer was soldered to a 2 inch Si carrier wafer with In-Ga solder. The solder largely
de-wetted the surface of the substrate at high temperatures so a typical Veeco Molyb-
denum spring plate designed for 1 cm square samples was used to hold this wafer to
the 2 inch carrier during Im growth in the MBE system. After degassing the wafer
at over 500 C in the bu er vacuum chamber, the wafer was cleaned in situ with
Ga (see Section 2.2.4). The plasma conditions were held constant throughout the
growth, with a power of 300 W and a nitrogen ow rate of 1.2 sccm, yielding a 5e-7
Torr beam equivalent pressure of active nitrogen and an average AlGaN growth rate
of 275 nm/hour. Due to the reactivity of Al, the AI/N ux ratio alone is used to
control the alloy composition when growing AlGaN under Ga rich conditions. First,
260 nm of n-GaN was grown homoepitaxially as a bu er layer. Next was a set of
30 quantum wells with 13 nm 6% AIlGaN barriers and 7.6 nm doped n-GaN wells.
Finally, the device was capped with 200 nm of 4% n-AlGaN.

The photoluminescence shown in Figure 8 1 depicts a clear emission peak from
GaN as well as a slightly higher energy shoulder corresponding to the n-Alg.04Gag-gsN
top layer. AlGaN grown on this sort of substrate typically exhibit undulations in the
surface morphology running in the [1014] direction (ridges running parallel to [1210])
[Ploch et al., 2012, Sawicka et al., 2013b, Sawicka et al., 2013a]. These ridges are
typically larger in MBE grown Ims, as is the case with this sample (see Figure 8 2).

However, based on preliminary results, it appears that the undulations in this sample
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Figure 8 1: Photoluminescence spectrum of sample V3542 (THz In-
tersubband Detector on (2021) GaN). This was measured using a Pho-
ton Systems HeAg 224 nm pulsed laser with an average power of less
than 1 mW. A primary peak is seen at 363 nm (3.42 eV) corresponding
to the GaN substrate. An additional peak is seen at 355.5 nm (3.49
eV) corresponding to the Alg.qsGag.0sN.

run perpendicular to the predicted direction. It is possible that the undulations
seen on this sample are a ected by the very Ga rich growth mode or the surface

preparation.

8.3 Device Fabrication and Characterization

This sample was etched into mesa structure devices much like the UV LEDs described
earlier in this dissertation. The photocurrent spectrum for this device is shown in
Figure 8 3. The photodetector has a peak in photocurrent at at 41.7 meV (frequency:
10.1 THz, wavelength: 29.7 m). This lies within the forbidden reststrahlen band of

GaAs THz photodetectors. The dependence on bias voltage and temperature can be
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Figure 8 2: AFM and SEM images of Sample V3542 (THz Intersub-
band Detector on (2021) GaN).
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Figure 8 3: Photocurrent spectrum of Sample V3542 (THz Intersub-
band Detector on (2021) GaN). There is a peak at 41.7 meV (frequency:
10.1 THz, wavelength: 29.7 m). This was originally reported in [Dur-
maz et al., 2016].

found in Figure 8 4. At low bias voltages, the photoexcited carriers are more tightly
bound to the wells, but as the voltage increases they are more likely to escape as the
quasi-bound states (in the wells) become more strongly coupled to the unbound states
(outside the wells). This increases the photocurrent. However, this saturates once
the con nement within the wells is reduced su ciently to reduce the intersubband
absorption. The temperature dependence shows the photocurrent can be measured
to temperatures as high as 50 K. While the peak responsivity of this device is only
around 10 mA/W, it serves as proof on concept for AlGaN based intersubband THz

photodetectors on semipolar (2021) GaN substrates.
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Figure 8 4. Photocurrent as a function of bias voltage and temper-
ature for Sample V3542 (THz Intersubband Detector on (2021) GaN).
This was originally reported in [Durmaz et al., 2016].
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Chapter 9

Conclusion

This dissertation has demonstrated prototype inverted vertical deep ultraviolet light
emitting diodes grown on p-SiC substrates (Chapter 6). Further, conductive p-type
AlGaN distributed Bragg re ectors were demonstrated as a pathway towards higher
light extraction e ciency from DUV LEDs (Chapter 5). It is believed that the combi-
nation of these two developments provide many advantages of traditional DUV LEDs
and could one day lead to lower cost higher performance devices. However, the per-
formance of the prototype devices developed in this work is still very low. More work
needs to be done, particularly in improving the IQE of the active regions grown on the
8 miscut p-SiC substrates. Some preliminary work on an alternative active region
based on AlGaN quantum dots was reported (Chapter 7). Future work could develop
these active regions and incorporate them into DUV LEDs similar to the inverted
vertical prototypes from this work. Lastly, various approaches such as surface rough-
ening, optical thin Ims, or embedded photonic structures could be incorporated in

the top n-AlGaN to improve light extraction.



Appendix: Detailed Growth Conditions

Growth conditions are provided for samples of particular interest.

V3167 (p-GaN on Sapphire)

p-Ga

N on sapphire.

Wafer Preparation

2 inch Sapphire, 1 m Ti back coat

Mo plates

clean: sonicate 10 min in trichloroethylene / acetone / isopropanol / DI water

Nitridation

Cell T(C) BEP (Torr)

Thickness / Duration

Sub 890
Plasma 350 W 1.7 sccm Nitrogen

1 hour 53 min

AIN
Cell T(O BEP (Torr) Thickness / Duration
Albot 1091 6.2e-7
G 893 1.2e-6 .
AN |0 © 700 nm (2 hour 10 min)
Sub 900

Plasma 350 W 1.7 sccm Nitrogen
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p-GaN

Cell T(C) BEP (Torr)

Thickness / Duration

p-GaN

Ga 890 1.1e-6
Mg 350
Sub 800

Plasma 300 W 1.2 sccm Nitrogen

1 m (3 hours 5 min)

Evaporate excess Ga

Cell

T (C) BEP (Torr)

Thickness / Duration

Sub

810

5 min




137

V3170 (p-AlGaN Superlattice 60-75% on p-GaN template)

Superlattice with 120 periods of 60% AlGaN wells 1 nm thick and 75% AlGaN bar-
riers 0.5 nm thick. The superlattice has a total thickness of 180 nm.

Wafer Preparation
1/4 of V3167 (p-GaN on Sapphire)

Mo plates

clean: sonicate 10 min in trichloroethylene / acetone / isopropanol / DI water

p-GaN
Cell T(C) BEP (Torr) Thickness / Duration
Ga 893 1.2e-6

p-GaN Mo 350 1 m (13 min)
Sub 810
Plasma 300 W 1.2 sccm Nitrogen

p-type Superlattice 70%-90%

Cell T(O BEP (Torr) Thickness / Duration
Albot 1061 3.27e-7 60%
Altop 1042 8.5e-8 15%
. Ga 893 1.2e-6
Barrier: 75% 0.5 nm (16 sec)
Mg 350
Sub 685
Plasma 300 W 1.2 sccm Nitrogen 1.5 nm x120 periods
Albot 1061 3.27e-7 60%
Ga 893 1.2e-6
1 nm (16 sec)
Well: 60% Mg 350
Sub 685
Plasma 300 W 1.2 sccm Nitrogen
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p-GaN

Cell T(C) BEP (Torr)

Thickness / Duration

p-GaN

Ga 893 1.2e-6
Mg 350
Sub 805

Plasma 300 W 1.22 sccm Nitrogen

32 nm (8 min 44 sec)

Evaporate excess Ga

Cell

T (C) BEP (Torr)

Thickness / Duration

Sub

815

15+ min
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V3256 (AIN Template on Sapphire)

AIN template 2.6 m thick on 2 inch sapphire.

Wafer Preparation
2 inch sapphire with 1 m Ti back coating
Mounted with 3 to 2 Mo adapter
sonicate 10 min in trichloroethylene / acetone / isopropanol / DI water
Nitridation
Cell T(C) BEP (Torr) Thickness / Duration
Sub 870 45 min
Plasma 150 W 0.8 sccm Nitrogen
AIN
Cell T(O BEP (Torr) Thickness / Duration
Albot 1070 3.2e-7
AIN Altop 995 9.33e-7 1.9 m (8 hours)
Sub 870
Plasma 150 W 0.8 sccm Nitrogen
Remove Sample from growth chamber
Ga Clean Sub 3505775 x1 10 C/min
Ga le-6
Nitridation
Cell T(C) BEP (Torr) Thickness / Duration
Sub 900 35 min
Plasma 300 W 1.2 sccm Nitrogen
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AIN
Cell T(O BEP (Torr) Thickness / Duration
Albot 1074 3.5e-7

AIN Altop 990 8.18e-7 700 nm (3 hours)
Sub 900
Plasma 150 W 0.8 sccm Nitrogen

Nitridation

Cell T(C) BEP (Torr)

Thickness / Duration

Sub 900
Plasma 250 W 0.8 sccm Nitrogen

15 min
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V3261 (n-AlGaN Template on AIN/Sapphire)

n-AlGaN template 1.9 m thick grown on previous sample V3256 (AIN Template on
Sapphire).

Wafer Preparation

1 cm of sample V3256 still with 1 m Ti back coating
mounted with PBN 1cm plate

sonicate 10 min in trichloroethylene / acetone / isopropanol / DI water

Sub 9005770 _
Ga Clean x1 10 C/min
Ga le-6
Nitridation
Cell T(C) BEP (Torr) Thickness / Duration
7 .
Sub 870 29 min
Plasma 200 W 1.2 sccm Nitrogen

Alo:esGag:asN
Cell T((O BEP (Torr) Thickness / Duration
Albot 1068 2.75e-7

algan | &% 2e-6 400 nm (1 hour 20 min)
Sub 820
Plasma 200 W 1.4 sccm Nitrogen

N-Alo.e5Gag:3sN

Cell T(O BEP (Torr) Thickness / Duration
Albot 1068 2.75e-7
Ga 900 2e-6

n-AlGaN | s; 1200 2e-6 1.9 m (6 hours)
Sub 820
Plasma 200 W 1.4 sccm Nitrogen
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V3308 (LED with graded p-type)

UV LED grown on previous samples V3261 (n-AlGaN Template on AIN/Sapphire)
and V3256 (AIN Template on Sapphire). The p-type side of this sample is composed

of a single

GaN layer.

graded 80% ¥ 10% p-AlGaN layer 150 nm thick capped with a 200 nm p-
The active region is composed of a single 1.5 nm Alg.50Gag.s0N quantum

well with asymmetric 10 nm and 4 nm Alg.;0Gag-30N Barriers.

Wafer Preparation

1 cm of sample V3261/V3256 still with 1 m Ti back coating
mounted with PBN 1cm plate

sonicate 10 min in trichloroethylene / acetone / isopropanol / DI water

Sub 82095700 _

Ga Clean x3 10 C/min
Ga le-6

N-Alo:60Gao.40N
Cell T(O BEP (Torr) Thickness / Duration
Albot 1082 3.55e-7
Ga 905 2e-6

n-AlGaN | sj 1200 885 nm (2 hours 46 min)
Sub 805
Plasma 177 W 0.9 sccm Nitrogen

Anneal

Cell T (C) BEP (Torr) Thickness / Duration

Sub

805 10 min
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Single Asymmetric Quantum Well

Cell T((O BEP (Torr)

Thickness / Duration

Albot 1091

. Ga 915
Barrier Aly.7;GagsN

Sub 805

4.14e-7 70%
2.35e-6

Plasma 177 W 0.9 sccm Nitrogen

Albot 1071

Ga 915
Well A|0;5Ga():5N

Sub 780

2.96e-7 50%
2.35e-6

Plasma 177 W 0.9 sccm Nitrogen

Albot 1091

. Ga 915
Barrier Aly.7GagsN

Sub 805

4.14e-7 70%
2.35e-6

Plasma 177 W 0.9 sccm Nitrogen

10 nm (112 sec)

1.5 nm (17 sec)

4 nm (45 sec)

2 Part Electron Blocking Layer

Cell T(O BEP (Torr) Thickness / Duration
Albot 1102 5.0e-7 85%
Altop 998 8.9e-8 15%
p-AIN ca o 2356 5 nm (56 sec)
Mg 350
Sub 780
Plasma 177 W 0.9 sccm Nitrogen
Albot 1098 4.7e-7 80%
Ga 915 2.35e-6
p-Alp:sGagaN | Mg 350 5 nm (56 sec)
Sub 780
Plasma 177 W 0.9 sccm Nitrogen
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Graded 80% ¥ 10% p-AlGaN

Cell T(O BEP (Torr)

Thickness / Duration

Graded p-AlGaN

Albot 1098 4.7e-7 80%

987 5.9e-8 10%
Ga 915 2.35e-6
Mg 350 4e-8
Sub 800

Plasma 177 W 0.9 sccm Nitrogen

150 nm (28 min)

p-GaN

Cell T(C) BEP (Torr)

Thickness / Duration

Ga

Mg
p-GaN
Sub

905 2e-6

350 4e-8

800

Plasma 177 W 0.9 sccm Nitrogen

200 nm (37 min)
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V3389 (p-AlGaN Superlattice on AIN/Sapphire)

Superlattice with 200 periods of 70% AlGaN and 90% AlGaN each 1 nm thick, for a
total thickness of 400 nm. This sample was grown with the Oxford plasma source.

Wafer Preparation
1 cm square AIN on Sapphire by HVPE (Sample HH49)

Free standing PBN plates

clean: sonicate 10 min in acetone / isopropanol / DI water

Nitridation
Cell T(C) BEP (Torr) Thickness / Duration
Sub 825 15 min
Plasma 350 W 2 sccm Nitrogen
AIN
Cell T(C) BEP (Torr) Thickness / Duration
Albot 1105 5.5e-7
AIN | sub 300 330 nm (1 hour 30 min)
Plasma 207 W 2 sccm Nitrogen
Nitridation
Cell T(C) BEP (Torr) Thickness / Duration
Sub 800 30 min
Plasma 207 W 2 sccm Nitrogen
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p-type Superlattice 70%-90%

Cell T(C) BEP(Torr)

Thickness / Duration

Well: 70%

Barrier: 90%

Albot 1065 2.6e-7 70%
Ga 855 7.2e-7
Mg 350

Sub 715

Plasma 207 W 2 sccm Nitrogen

Albot 1065 2.6e-7 70%
Altop 987 6.6e-8 20%
Ga 855 7.2e-7
Mg 350

Sub 715

Plasma 207 W 2 sccm Nitrogen

1 nm (16 sec)

2 nm x200 periods

1 nm (16 sec)

p-GaN
Cell T(C) BEP (Torr) Thickness / Duration
Ga 880 1.2e-6
M 375 .

p-GaN J 32 nm (8 min 44 sec)
Sub 715

Plasma 207 W 2 sccm Nitrogen

Evaporate excess Ga

Cell

T (C) BEP (Torr)

Thickness / Duration

Sub

770

15+ min
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V3390 (p-AlGaN Superlattice 50-70% on n-SiC)

Superlattice with 200 periods of 50% AlGaN and 70% AlGaN each 1 nm thick, for
a total thickness of 400 nm. This sample was grown with the Oxford plasma source.

There was no special nucleation step on this sample, as soon as the plasma was struck
growth commenced.

Wafer Preparation

1 cm square n-SiC 0 miscut
Free standing PBN plates

clean: sonicate 10 min in acetone / isopropanol / DI water

Ga Clean Sub- 7305680 X2 10 C/min
Ga le-6

n-AlGaN
Cell T(C) BEP (Torr) Thickness / Duration
Albot 1045 1.75e-7
Ga 880 1.3e-7

n-AlGaN | sj 1200 50 nm (13 min 38 sec)
Sub 670
Plasma 207 W 2 sccm Nitrogen
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p-type Superlattice 50%-70%

Cell T(C) BEP(Torr)

Thickness / Duration

Well: 50%

Barrier: 70%

Albot 1045 1.75e-7 50%

Ga 875 1.1e-6
Mg 350
Sub 670

Plasma 207 W 2 sccm Nitrogen

Albot 1045 1.75e-7 50%

Altop 985 6.3e-8 20%
Ga 875 1l.1e-6
Mg 350

Sub 670

Plasma 207 W 2 sccm Nitrogen

1 nm (16 sec)

2 nm x200 periods

1 nm (16 sec)

p-GaN
Cell T(C) BEP (Torr) Thickness / Duration
Ga 880 1.2e-6
M 375 .

p-GaN J 32 nm (8 min 44 sec)
Sub 660

Plasma 207 W 2 sccm Nitrogen

Evaporate excess Ga

Cell

T (C) BEP (Torr)

Thickness / Duration

Sub

725

15+ min
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V3398 (p-AlGaN Superlattice 70-90% on n-SiC)

Superlattice with 200 periods of 70% AlGaN and 90% AlGaN each 1 nm thick, for
a total thickness of 400 nm. This sample was grown with the Oxford plasma source.

There was no special nucleation step on this sample, as soon as the plasma was struck
growth commenced.

Wafer Preparation

1 cm square n-SiC 0 miscut
Free standing PBN plates

clean: sonicate 10 min in acetone / isopropanol / DI water

Ga Clean Sub 7255650 X3 10 C/min
Ga le-6

n-AlGaN
Cell T(C) BEP (Torr) Thickness / Duration
Albot 1046 1.75e-7
Ga 880 1.3e-7

n-AlGaN | sj 1200 50 nm (13 min 38 sec)
Sub 670
Plasma 207 W 2 sccm Nitrogen
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p-type Superlattice 70%-90%

Cell T(C) BEP(Torr)

Thickness / Duration

Well: 70%

Barrier: 90%

Albot 1063 2.45e-7 70%

Ga 882 1.3e-6
Mg 350
Sub 685

Plasma 207 W 2 sccm Nitrogen

Albot 1063 2.45e-7 70%

Altop 987 6.3e-8 20%
Ga 882 1.3e-6
Mg 350

Sub 685

Plasma 207 W 2 sccm Nitrogen

1 nm (16 sec)

2 nm x200 periods

1 nm (16 sec)

p-GaN
Cell T(C) BEP (Torr) Thickness / Duration
Ga 880 1.2e-6
M 375 .

p-GaN J 32 nm (8 min 44 sec)
Sub 650

Plasma 207 W 2 sccm Nitrogen

Evaporate excess Ga

Cell

T (C) BEP (Torr)

Thickness / Duration

Sub

725

15+ min
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V3399 (p-AlGaN Superlattice on AIN/Sapphire)

Superlattice with 200 periods of 50% AlGaN and 70% AlGaN each 1 nm thick, for a
total thickness of 400 nm. This sample was grown with the Oxford plasma source.

Wafer Preparation
1 cm square AIN on Sapphire by HVPE (Sample HH49)

Free standing PBN plates

clean: sonicate 10 min in acetone / isopropanol / DI water

Nitridation
Cell T(C) BEP (Torr) Thickness / Duration
Sub 750 29 min
Plasma 350 W 2 sccm Nitrogen
AIN
Cell T(C) BEP (Torr) Thickness / Duration
Albot 1105 5.4e-7
AIN | sub 300 293 nm (1 hour 20 min)
Plasma 207 W 2 sccm Nitrogen
Nitridation
Cell T(C) BEP (Torr) Thickness / Duration
Sub 800 30 min
Plasma 207 W 2 sccm Nitrogen
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p-type Superlattice 50%-70%

Cell T(C) BEP(Torr)

Thickness / Duration

Well: 50%

Barrier: 70%

Albot 1046 1.75e-7 50%

Ga 875 1.1e-6
Mg 350
Sub 690

Plasma 207 W 2 sccm Nitrogen

Albot 1046 1.75e-7 50%

Altop 987 6.3e-8 20%
Ga 875 1l.1e-6
Mg 350

Sub 690

Plasma 207 W 2 sccm Nitrogen

1 nm (16 sec)

2 nm x200 periods

1 nm (16 sec)

p-GaN
Cell T(C) BEP (Torr) Thickness / Duration
Ga 880 1.2e-6
M 375 .

p-GaN J 32 nm (8 min 44 sec)
Sub 670

Plasma 207 W 2 sccm Nitrogen

Evaporate excess Ga

Cell

T (C) BEP (Torr)

Thickness / Duration

Sub

725

15+ min
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V3400 (LED on n-SiC)

UV LED with a single quantum well on n-SiC, with an asymmetric 10nm 70% AlGaN
barrier / 3 nm Alg.4Gag.sN well / 3 nm Aly.;Gag.sN barrier active region. The p-type
side of the device is primarily a UV transparent p-type doped Alg.sGag.sN/Aly.;Gag:sN
short period superlattice, with a thin p-GaN cap for better contact formation. Growth
rate was around 220 nm/hour with the Oxford plasma running at 207 W with 2 sccm

of nitrogen.

Wafer Preparation

1 cm square n-SiC

Free standing PBN plates

Solvents: sonicate 10 min in acetone / isopropanol / DI water

Ga Clean Sub 72555660 x1 10 C/min
Ga le-6

n-Alp.sGag:.4N
Cell T((O BEP (Torr) Thickness / Duration
Albot 1055 2.1e-7 60%
Ga 880 1.2e-6

n-AlgsGag4N | Si 1200 100 nm (27 min 36 sec)
Sub 665

Plasma 207 W 2 sccm Nitrogen




154

Single Quantum Well

Cell T(C) BEP(Torr)

Thickness / Duration

Barrier Aly.;Gag:3N

Albot 1063 2.45e-7 70%
Ga 880 1.2e-6
Sub 665

Plasma 207 W 2 sccm Nitrogen

10 nm (2 min 43 sec)

Well A|0;4Ga():6N

Albot 1035 1.4e-7 40%
Ga 880 1.2e-6
Sub 660

Plasma 207 W 2 sccm Nitrogen

3 nm (49 sec)

Barrier Aly.7GagsN

Albot 1063 2.45e-7 70%
Ga 880 1.2e-6
Sub 665

Plasma 207 W 2 sccm Nitrogen

3 nm (49 sec)

Electron Blocking Layer

Cell T(C) BEP (Torr)

Thickness / Duration

p-EBL A|0;7Gao;3N

Albot 1076 3.15e-7
Ga 880 1.2e-6
Mg 375
Sub 700

Plasma 207 W 2 sccm Nitrogen

10 nm (2 min 43 sec)
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p-type Superlattice

Cell T(C) BEP(Torr)

Thickness / Duration

Ga 880

Well A|0;5Gao;5N Mg 375

Barrier Aly.;Gag:sN

Sub 660-670

Albot 1046 1.75e-7 50%

Plasma 207 W 2 sccm Nitrogen

Ga 880
Mg 375
Sub 660-670

Albot 1046 1.75e-7 50%
Altop 987 6.3e-7 20%

Plasma 207 W 2 sccm Nitrogen

1 nm

x100 = 200 nm

1 nm

p-GaN
Cell T(C) BEP (Torr) Thickness / Duration
Ga 885 1.36e-6
M 375 .

p-GaN J 32 nm (8 min 43 sec)
Sub 645

Plasma 207 W 2 sccm Nitrogen
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V3421 (p-AlGaN Superlattice DBR on n-SiC - 283 nm peak)

A 10 period p-DBR on n-SiC where layers A and B are themselves superlattices. Layer
A is composed of sublayers Al 70% AlGaN and A2 90% AlGaN. Layer B is composed
of sublayers B1 50% AlGaN and B2 70% AlGaN. This sample was regrown on a p-type
substrate as V3430 (p-AlGaN Superlattice DBR on p-SiC). Assume a growth rate of
310 nm/hour with a plasma beam equivalent pressure of active nitrogen of 5.3e-7 Torr.

Wafer Preparation

1 cm square n-SiC
Free standing PBN plates

clean: sonicate 10 min in acetone / isopropanol / DI water

Sub 7009650
Ga Clean X3

10 C/min

Ga

le-6

p-type Superlattice DBR

Cell T((O BEP (Torr) Thickness / Duration

Albot 1070 3.7e-7 70%

Altop 996 9.5e-8 20%

Ga 838 5.4e-7 0.8 nm (0.13 min) x17
SL A: 70%-90%

Mg 330

Sub 680

Plasma 300 W 1.2 sccm Nitrogen

54 nm x10 DBR periods

Albot 1053 2.7e-7 50%
Altop 996 9.5e-8 20%
Ga 838 5.4e-7
Sl B: 50%-70% 0.8 nm (0.13 min) x17
Mg 330
Sub 680

Plasma 300 W 1.2 sccm Nitrogen
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V3430 (p-AlGaN Superlattice DBR on p-SiC)

A 10 period p-type DBR on p-SiC where layers A and B are themselves superlattices.
Layer A is composed of sublayers Al 70% AlGaN and A2 90% AlGaN. Layer B is
composed of sublayers B1 50% AlGaN and B2 70% AlGaN. Assume a growth rate
of 310 nm/hr with a plasma beam equivalent pressure of 5.3e-7 Torr. This structure
is the same as that in V3421 (p-AlGaN Superlattice DBR on n-SiC - 283 nm peak),
but this sample is on a p-SiC substrate.

Wafer Preparation

1 cm square p-SiC
Free standing PBN plates

clean: sonicate 10 min in acetone / isopropanol / DI water

Sub 7009630 )
Ga Clean X3 10 C/min

Ga le-6

p-type Superlattice DBR

Cell T(O) BEP (Torr) Thickness / Duration

Albot 1070 3.7e-7 70%

Altop 1001 9.5e-8 20%

Ga 850 6.7e-7 0.8 nm (0.13 min) x17
SL A: 70%-90%

Mg 330

Sub 650% 657

Plasma 300 W 1.2 Nit
asma scem Nitrogen 54 nm x10 (540 nm)

Albot 1052 2.7e-7 50%
Altop 1001 9.5e-8 20%
Ga 850 6.7e-7 _
S| B: 50%-70% 0.8 nm (0.13 min) x17
Mg 330

Sub 6508 657

Plasma 300 W 1.2 sccm Nitrogen
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p-GaN

Cell T(C) BEP (Torr)

Thickness / Duration

p-GaN

Ga 860 8.4e-7
Mg 350
Sub 655

Plasma 300 W 1.2 sccm Nitrogen

30 nm




V3510 (Sinusoidal Graded DBR on SiC)
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Sinusoidal DBR, graded from 50% to 85% AlGaN. This sample was grown with the
Veeco plasma source.

Wafer Preparation

1 cm square semi-insulating 6H-SiC 0 miscut

Ni back coat and Ga/lIn solder to 2 Si carrier

Sonicate 10 min in trichloroethylene / acetone / isopropanol / DI water

Acid: 10 minutes 3:1 H,SO4:H,0, / 10 minutes HF

Sub 7009630 ]
Ga Clean X3 10 C/min

Ga le-6

Sub 7109640 ]
Ga Clean x1 10 C/min

Ga le-6

Ga Evaporation

Cell T (C) BEP (Torr) Thickness / Duration
. Sub 670 RHEED returns: 12-15 sec
Ga Evaporation
Sub 675 RHEED returns: 5-10 sec
Al Nucleation
Cell T (C) BEP (Torr) Thickness / Duration
Albot 1092 5.6e-7
NI © 3 nm (40 sec)
Sub 750
Nitridation
Cell T(C) BEP (Torr) Thickness / Duration
Sub 750

Plasma 300 W 1.2 sccm Nitrogen

10 min
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Sinusoidal Graded 50%-85% AlGaN DBR

Cell T(O BEP (Torr)

Thickness / Duration

Graded AlGaN

Albot 1051 2.5e-7 50%
1078 4.25e-7 85%
Ga 910 1.5e-6

Sub 670h 695
Plasma 300 W 1.2 sccm Nitrogen

59 nm x15.25 DBR periods

Evaporate excess Ga

Cell T (C) BEP (Torr)

Thickness / Duration

Sub 695

30+ min




V3511 (Triangular Graded DBR on SiC)
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Triangular DBR, graded from 50% to 85% AlGaN. This sample was grown with the
Veeco plasma source.

Wafer Preparation

1 cm square semi-insulating 6H-SiC 0 miscut

Ni back coat and Ga/lIn solder to 2 Si carrier

Sonicate 10 min in trichloroethylene / acetone / isopropanol / DI water

Acid: 10 minutes 3:1 H,SO4:H,0, / 10 minutes HF

Sub 7109640 ]
Ga Clean x5 10 C/min

Ga le-6

Sub 7209650 ]
Ga Clean x1 10 C/min

Ga le-6

Sub 7309660 ]
Ga Clean x1 10 C/min

Ga le-6

Ga Evaporation

Cell

T (C) BEP (Torr)

Thickness / Duration

Ga Evaporation

Sub

685

RHEED returns: 10-15 sec

Al Nucleation

Cell T(C) BEP (Torr) Thickness / Duration
Al Albot 1092 5.6e-7 3 nm (40 sec)
Sub 760
Nitridation
Cell T(C) BEP (Torr) Thickness / Duration
Sub 760

Plasma 300 W 1.2 sccm Nitrogen

10 min
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Triangular Graded 50%-85% AlGaN DBR

Cell T(O BEP (Torr)

Thickness / Duration

Graded AlGaN

Albot 1051 2.5e-7 50%
1078 4.25e-7 85%
Ga 910 1.5e-6

Sub 680h 705
Plasma 300 W 1.2 sccm Nitrogen

59 nm x15.25 DBR periods

Evaporate excess Ga

Cell T (C) BEP (Torr)

Thickness / Duration

Sub 695

30+ min
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V3514 (Traditional DBR on SiC)

Traditional DBR, graded from 50% to 85% AIlGaN. This sample was grown with the
Veeco plasma source.

Wafer Preparation

1 cm square semi-insulating 6H-SiC 0 miscut
Ni back coat and Ga/In solder to 2 Si carrier
Sonicate 10 min in trichloroethylene / acetone / isopropanol / DI water

Acid: 10 minutes 3:1 H,SO4:H,0, / 10 minutes HF

Sub 72095650 .
Ga Clean x4 10 C/min
Ga le-6
Sub 73095660 .
Ga Clean x1 10 C/min
Ga le-6
Ga Evaporation
Cell T (C) BEP (Torr) Thickness / Duration
Ga Evaporation | sub 695 RHEED returns: 10-15 sec
Al Nucleation
Cell T(C) BEP (Torr) Thickness / Duration
Albot 1092 5.6e-7
Al ° ¢ 3 nm (40 sec)
Sub 770
Nitridation
Cell T(C) BEP (Torr) Thickness / Duration
Sub 770 .
N 10 min
Plasma 300 W 1.2 sccm Nitrogen
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Traditional 50%-85% AlGaN DBR

Cell T((O BEP (Torr) Thickness / Duration
Albot 1051 2.5e-7 50%
Ga 910 1.5e-6

50% AlGaN 30 nm
Sub 685
Plasma 300 W 1.2 sccm Nitrogen .

g 59 nm x15.5 DBR periods

Albot 1078 4.25e-7 85%
Ga 910 1.5e-6

85% AlGaN 30 nm
Sub 705
Plasma 300 W 1.2 sccm Nitrogen

Evaporate excess Ga

Cell T (C) BEP (Torr)

Thickness / Duration

Sub 715

30+ min




V3515 (Sawtooth Graded DBR on SiC)
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Sawtooth DBR, graded from 50% to 85% AIlGaN. This sample was grown with the
Veeco plasma source.

Wafer Preparation

1 cm square semi-insulating 6H-SiC 0 miscut

Ni back coat and Ga/lIn solder to 2 Si carrier

Sonicate 10 min in trichloroethylene / acetone / isopropanol / DI water

Acid: 10 minutes 3:1 H,SO4:H,0, / 10 minutes HF

Sub 7009630 ]
Ga Clean x1 10 C/min

Ga le-6

Sub 7209650 ]
Ga Clean x1 10 C/min

Ga le-6

Sub 7409670 ]
Ga Clean x1 10 C/min

Ga le-6

Ga Evaporation

Cell T (C) BEP (Torr) Thickness / Duration
. Sub 690 RHEED returns: 22-27 sec
Ga Evaporation
Sub 700 RHEED returns: 8-12 sec
Al Nucleation
Cell T (C) BEP (Torr) Thickness / Duration
Albot 1092 5.6e-7
NI ¢ 3 nm (40 sec)
Sub 768 max power
Nitridation
Cell T(C) BEP (Torr) Thickness / Duration
Sub 768

Plasma 300 W 1.2 sccm Nitrogen

10 min
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Sawtooth Graded 50%-85% AlGaN DBR

Cell T(O BEP (Torr)

Thickness / Duration

Graded AlGaN

Albot 1051 2.5e-7 50%
1078 4.25e-7 85%
Ga 910 1.5e-6

Sub 69GH 710
Plasma 300 W 1.2 sccm Nitrogen

59 nm x15.45 DBR periods

Evaporate excess Ga

Cell T (C) BEP (Torr)

Thickness / Duration

Sub 720

30+ min
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V3542 (THz Intersubband Detector on (2021) GaN)

THz intersubband detector grown on semipolar (2021) GaN.

Wafer Preparation

5 x 8 mm (2021) GaN substrate

Ga/lIn solder to 2 Si carrier wafer with 3 to 2 Mo adapter

Solvents: sonicate 10 min in acetone / isopropanol / DI water

Ga Clean

Sub 6709600
Ga le-6

X3

10 C/min

n-GaN

Cell T(C) BEP (Torr)

Thickness / Duration

n-GaN

Ga 900 1.6e-6
Si 1200
Sub 640

Plasma 300 W 1.2 sccm Nitrogen

260 nm

Multiple Quantum Wells

Cell T(O) BEP (Torr) Thickness / Duration
Albot 957
. Ga 905
Barrier Aly.0sGag.0aN 13 nm
Sub 630
Plasma 300 W 1.2 sccm Nitrogen
g x30.5
Ga 905
Si 930
Well n-GaN 7.6 nm
Sub 630

Plasma 300 W 1.2 sccm Nitrogen
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N-Alo.04Gag.gsN

Cell T(O BEP (Torr)

Thickness / Duration

Albot 939 1.9e-8

Ga 905 1.8e-6
n-AlGaN | sj 1200

Sub 640

Plasma 300 W 1.2 sccm Nitrogen

200 nm (44 min)

Evaporate excess Ga

Cell T (C) BEP (Torr)

Thickness / Duration

Sub 700

30 min




169

V3571 (Inverted LED on p-SiC)

Inverted LED with 15 MQWs on p-SiC. The active region is composed of 2 nm
Alg.4Gag.sN wells and 2 nm Aly.sGag.4N barriers. This device emits around 300 nm.

Wafer Preparation

1 cm square p-SiC with 500 nm Nickel back-coating
Ga/lIn solder to 2 Si carrier wafer with 3 to 2 Mo adapter

Solvents: sonicate 10 min in acetone / isopropanol / DI water

Ga Clean

Ga

Sub 72095650

X6

le-6

10 C/min

Ga Evaporation

Cell T(C) BEP (Torr) Thickness / Duration
Sub 650 RHEED returns: >120 sec
. Sub 670 RHEED returns: 120 sec
Ga Evaporation
Sub 690 RHEED returns: 40-50 sec
Sub 710 RHEED returns: 10-20 sec

Al Nucleation

Plasma 300 W 1.2 sccm Nitrogen

Cell T (C) BEP (Torr) Thickness / Duration
Al Albot 1094 6.3e-7 3 nm (40 sec)
Sub 750
Nitridation
Cell T(C) BEP (Torr) Thickness / Duration
Sub 750

15 min
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Electron Blocking Layer

Cell T(O BEP (Torr) Thickness / Duration

Albot 1094 6.3e-7

Ga 930 le-6

In 675 1e-6 40 nm (8 min 43 sec)
AIN

Sub 700

Plasma 300 W 1.2 sccm Nitrogen

stop In and Ga 30 sec early

Multiple Quantum Wells

Cell T(O BEP (Torr)

Thickness / Duration

Barrier Aly.6GagaN

Well A|0;4Ga():6N

Albot 1038 2e-7 40%
Altop 975 9e-8 20%
Ga 930 le-6
Sub 680

Plasma 300 W 1.2 sccm Nitrogen

Albot 1038 2e-7 40%
Ga 930 le-6
Sub 680

Plasma 300 W 1.2 sccm Nitrogen

2 nm

x15.5 = 62 nm

2 nm

n-Aly.ssGag.asN

Thickness / Duration

Cell T(C) BEP (Torr)

Albot 1053 2.75e-7

Ga 963 2e-6

In 675 le-6
n-AlGaN

Si 1230

Sub 710

Plasma 300 W 1.2 sccm Nitrogen

550 nm (2 hr 10 min)
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V3616 (MQWs - Al Nucleation)

Just the active region and EBL of an inverted LED on a p-SiC with a p* -SiC epitaxial
layer substrate. The top n-AlGaN layer is not grown, so this MQW active region is
exposed for study. Deposit liquid Al and nitridate it as a nucleation layer. Compare
to V3617 (MQWs - Ga Nucleation), to see the e ect on IQE of the two nucleation
techniques.

Wafer Preparation

1 cm square p-SiC + p*-SiC epitaxial layer
Veeco UNI-Block 3 inch to 1 cm adapter
Solvents: sonicate 10 min in acetone / isopropanol / DI water

Acid: 10 minutes 3:1 HCI:HNO; / 10 minutes HF
Sub 7759650

Ga Clean x5 10 C/min
Ga le-6
Ga Evaporation
Cell T (C) BEP (Torr) Thickness / Duration
Sub 700 RHEED returns: 40-50 sec
Ga Evaporation | sub 705 RHEED returns: 25-35 sec
Sub 710 RHEED returns: 15-20 sec
Al Nucleation
Cell T(C) BEP (Torr) Thickness / Duration
Al Albot 1102 6e-7 3 nm (40 sec)
Sub 790
Nitridation
Cell T(C) BEP (Torr) Thickness / Duration
Sub 790 10 min
Plasma 300 W 1.2 sccm Nitrogen
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Electron Blocking Layer

Cell T((O BEP (Torr) Thickness / Duration
Albot 1080 de-7
Ga 940 le-6

AIN EBL | In 678 le-6 40 nm (12 min)
Sub 770
Plasma 300 W 1.2 sccm Nitrogen

Multiple Quantum Wells

Cell T(OC) BEP (Torr) Thickness / Duration
Albot 1028 1.4e-7 40%
Altop 981 6.4e-8 20%

Barrier AlpsGagsN | Ga 940 le-6 2 nm
Sub 690-695
Plasma 300 W 1.2 sccm Nitrogen

g x15.5 = 62 nm

Albot 1028 1.4e-7 40%
Ga 940 le-6

Well A|0;4Ga0;6N 2 nm
Sub 690-695

Plasma 300 W 1.2 sccm Nitrogen

Excess Ga Evaporation

Cell T (C) BEP (Torr)

Thickness / Duration

Sub 850

15 min
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V3617 (MQWs - Ga Nucleation)

Just the active region and EBL of an inverted LED on a p-SiC with a p* -SiC epitaxial
layer substrate. The top n-AlGaN layer is not grown, so this MQW active region is
exposed for study. Predeposit Ga before starting growth on the substrate. Compare
to V3616 (MQWs - Al Nucleation), to see the e ect on IQE of the two nucleation
techniques.

Wafer Preparation

1 cm square p-SiC + p*-SiC epitaxial layer
Veeco UNI-Block 3 inch to 1 cm adapter
Solvents: sonicate 10 min in acetone / isopropanol / DI water
Acid: 10 minutes 3:1 HCI:HNO; / 10 minutes HF

Sub 77535650

Ga Clean x10 10 C/min
Ga le-6
Ga Evaporation
Cell T (C) BEP (Torr) Thickness / Duration
Ga Evaporation Sub 700 RHEED returns: 45-55 sec
Sub 710 RHEED returns: 20-25 sec
Ga Nucleation
Cell T (C) BEP (Torr) Thickness / Duration
Ga 943 le-6 10 sec
Electron Blocking Layer
Cell T((O BEP (Torr) Thickness / Duration
Albot 1080 de-7
Ga 943 le-6
AIN EBL | In 681 1le-6 40 nm (12 min)
Sub 790
Plasma 300 W 1.2 sccm Nitrogen
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Nitridation

Cell T (C)

BEP (Torr)

Thickness / Duration

Sub 850

Plasma 300 W 1.2 sccm Nitrogen

15 min

Multiple Quantum Wells

Cell T(CO) BEP (Torr)

Thickness / Duration

Barrier Aly.6GagsN

Well A|0;4Gao;6N

Albot 1028 1.4e-7 40%
Altop 981 6.4e-8 20%
Ga 943 le-6

Sub 690-695
Plasma 300 W 1.2 sccm Nitrogen

Albot 1028 1.4e-7 40%
Ga 943 le-6

Sub 690-695

Plasma 300 W 1.2 sccm Nitrogen

2 nm

x15.5 = 62 nm

2 nm

Excess Ga Evaporation

Cell T (C) BEP (Torr)

Thickness / Duration

Sub 800

15 min
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V3618 (EBL - Al Nucleation)

An electron blocking layer grown directly on a p-SiC with a p*-SiC epitaxial layer
substrate. Use an Al liquid nucleation layer. Compare to V3619 (EBL - Ga Nucle-
ation), to see the morphological e ect of the two nucleation techniques.

Wafer Preparation

1 cm square p-SiC + p*-SiC epitaxial layer
Veeco UNI-Block 3 inch to 1 cm adapter
Solvents: sonicate 10 min in acetone / isopropanol / DI water
Acid: 10 minutes 3:1 HCI:HNO; / 10 minutes HF

Sub 775%650 )
Ga Clean x10 10 C/min

Ga le-6

Ga Evaporation

Cell T (C) BEP (Torr) Thickness / Duration
Sub 680 RHEED returns: 30 sec
Ga Evaporation | Sub 690 RHEED returns: 10-15 sec
Sub 700 RHEED returns: <10 sec
Al Nucleation
Cell T (C) BEP (Torr) Thickness / Duration
Al Albot 1102 6e-7 3 nm (40 sec)
Sub 750
Nitridation
Cell T(C) BEP (Torr) Thickness / Duration
Sub 750 15 min
Plasma 300 W 1.2 sccm Nitrogen
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Electron Blocking Layer

Cell T(O BEP (Torr) Thickness / Duration
Albot 1080 de-7
Ga 943 le-6

AIN | In 681 1e-6 40 nm (12 min)
Sub 680
Plasma 300 W 1.2 sccm Nitrogen

Nitridation

Cell T(C) BEP (Torr) Thickness / Duration

Sub 850
Plasma 300 W 1.2 sccm Nitrogen

15 min
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V3619 (EBL - Ga Nucleation)

An electron blocking layer grown directly on a p-SiC with a p*-SiC epitaxial layer
substrate. Predeposit Ga while striking the plasma to protect the substrate from ni-
tridation. Compare to V3618 (EBL - Al Nucleation), to see the morphological e ect
of the two nucleation techniques.

Wafer Preparation

1 cm square p-SiC + p*-SiC epitaxial layer
Veeco UNI-Block 3 inch to 1 cm adapter
Solvents: sonicate 10 min in acetone / isopropanol / DI water
Acid: 10 minutes 3:1 HCI:HNO; / 10 minutes HF

Sub 7759650 )
Ga Clean x9 10 C/min

Ga le-6

Ga Evaporation

Cell T (C) BEP (Torr) Thickness / Duration

] Sub 700 RHEED returns: 40-45 sec
Ga Evaporation

Sub 710 RHEED returns: 15-20 sec

Ga Nucleation
Cell T (C) BEP (Torr)
Ga 943 1e-6 10 sec

Thickness / Duration

Electron Blocking Layer
Cell T(O BEP (Torr)

Thickness / Duration

Albot 1080 4e-7
Ga 943 le-6

AIN | In 681 le-6 40 nm (12 min)
Sub 790

Plasma 300 W 1.2 sccm Nitrogen
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Nitridation

Cell T (C)

BEP (Torr)

Thickness / Duration

Sub

850

Plasma 300 W 1.2 sccm Nitrogen

15 min
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V3627 (LED Active Region - Thin Wells / AIN Barriers)

The MQW active region on a p-SiC with a p*-SiC epitaxial layer substrate. The
MQWs were grown on 40 nm of AIN just as they would be in a full LED. The only
di erence between this active region and a full LED is that here the top n-AlGaN
layer is not grown. Predeposit Ga before starting growth on the substrate. The Veeco
plasma was used with 300 W and 2.5 sccm of nitrogen.

Wafer Preparation

1 cm square p-SiC + p*-SiC epitaxial layer
Veeco UNI-Block 3 inch to 1 cm adapter
Solvents: sonicate 10 min in acetone / isopropanol / DI water

Acid: 10 minutes 3:1 HCI:HNO; / 10 minutes HF
Sub 7509650

Ga Clean X7 10 C/min
Ga le-6
Ga Evaporation
Cell T (C) BEP (Torr) Thickness / Duration
Ga Evaporation Sub 690 RHEED returns: 20-30 sec
Sub 700 RHEED returns: 5-15 sec
Ga Nucleation
Cell T (C) BEP (Torr) Thickness / Duration
Ga 946 le-6 10 sec
AIN Bu er (Like an Electron Blocking Layer)
Cell T(O BEP (Torr) Thickness / Duration
Albot 1100 6.0e-7
Ga 946 le-6
AN | " ot 1e-6 40 nm (8 min 43 sec)
Sub 800
Plasma 300 W 2.5 sccm Nitrogen
stop In and Ga 1 min early
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Nitridation

Cell T (C)

BEP (Torr)

Thickness / Duration

Sub 800

Plasma 300 W 2.5 sccm Nitrogen

10 min

Multiple Quantum Wells

Cell T(O) BEP (Torr)

Thickness / Duration

Barrier AIN

Well A|0;3G80;7N

Albot 1095 5.5e-7 110%
Ga 946 le-6
Sub 675

Plasma 300 W 2.5 sccm Nitrogen

Altop 1015 1.35e-7 30%
Ga 946 le-6
Sub 675

Plasma 300 W 2.5 sccm Nitrogen

10 nm (2.5 min)

x15.5

1.5 nm (.35 min)

Nitridation

Cell T(C)

BEP (Torr)

Thickness / Duration

Sub 800

Plasma 300 W 2.5 sccm Nitrogen

5 min
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V3629 (Inverted Vertical LED on p-SiC)

Inverted LED on p-SiC. The active region is composed of a single 1.5 nm Aly.3Gag-7N
well grown against the AIN electron blocking layer, and a single 10 nm AIN barrier.
The Veeco plasma was used with 300 W and 2.5 sccm of nitrogen. This sample is
the predecessor to Sample V3666 (Inverted vertical DUV LED on p-SiC). This device
emits at 293 nm.

Wafer Preparation

1 cm square p-SiC + p*-SiC epitaxial layer
Veeco UNI-Block 3 inch to 1 cm adapter
Solvents: sonicate 10 min in acetone / isopropanol / DI water

Acid: 10 minutes 3:1 HCI:HNO; / 10 minutes HF
Sub 7509650

Ga Clean x10 10 C/min
Ga le-6
Ga Evaporation
Cell T (C) BEP (Torr) Thickness / Duration
Sub 685 RHEED returns: 45-55 sec
Ga Evaporation | sub 690 RHEED returns: 30-40 sec
Sub 700 RHEED returns: 13-18 sec
Ga Nucleation
Cell T (C) BEP (Torr) Thickness / Duration

Ga 946 1e-6 10 sec
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Electron Blocking Layer

Cell T(O BEP (Torr) Thickness / Duration
Albot 1100 6.0e-7
Ga 946 le-6

AN | " ot 1e-6 40 nm (8 min 43 sec)
Sub 800
Plasma 300 W 2.5 sccm Nitrogen
stop In and Ga 30 sec early

Nitridation

Cell T(C) BEP (Torr)

Thickness / Duration

Sub 800
Plasma 300 W 2.5 sccm Nitrogen

10 min

Single Quantum Well

Cell T(O BEP (Torr) Thickness / Duration
Altop 1015 1.35e-7 30%
Ga 946 le-6 ,
Well Alo;gG&oﬁN 1.5 nm (.35 min)
Sub 675
Plasma 300 W 2.5 sccm Nitrogen
Albot 1095 5.5e-7 110%
_ Ga 946 le-6 _
Barrier AIN 10 nm (2.5 min)
Sub 675
Plasma 300 W 2.5 sccm Nitrogen
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N-Alo.s5Gag.asN

Cell T(O BEP (Torr) Thickness / Duration
Albot 1060 2.75e-7 55%
Ga 946 le-6

N-Alg:55Gag:4sN " o1 te-0 1.4 m (5 hours)
Si 12408 1230
Sub 710

Plasma 300 W 2.5 sccm Nitrogen
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Sawtooth p-type DBR, graded from 70% to 50% AlGaN and doped with Mg.

Wafer Preparation

1 cm square p-SiC + p*-SiC epitaxial layer

Ga/lIn solder to 2 Si carrier wafer with 3 to 2 Mo adapter

Sonicate 10 min in trichloroethylene / acetone / isopropanol / DI water

Acid: 10 minutes 3:1 HCI:HNO; / 10 minutes HF

Sub 6759575 _
Ga Clean x10 10 C/min
Ga le-6
Ga Nucleation
Cell T (C) BEP (Torr) Thickness / Duration
Ga 927 1le-6 10 sec
p-GaN
Cell T(O BEP (Torr) Thickness / Duration
Ga 947 1.5e-6
M 3407 316 .
o-GaN | 40 nm (10 min)
Sub 630
Plasma 300 W 1.2 sccm Nitrogen

Sawtooth Graded 70%-50% p-AlGaN DBR
Cell T(O BEP (Torr) Thickness / Duration
Albot 1075 3.9e-7 70%
1058 2.7e-7 50%
Graded p-AlGaN ca 936 60 nm x18 DBR periods
Mg 316
Sub 6505 630
Plasma 300 W 1.2 sccm Nitrogen
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p-GaN

Cell T(OC) BEP (Torr)

Thickness / Duration

p-GaN

Ga 947 1.5e-6
Mg 3161 340
Sub 630

Plasma 300 W 1.2 sccm Nitrogen

55 nm (12 min)

Evaporate excess Ga

Cell

T (C) BEP (Torr)

Thickness / Duration

Sub

750

30+ min
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V3663 (Inverted Vertical Near-UV LED on p-SiC w/ DBR)

Inverted vertical near-UV LED with 3 GaN MQWs with a saw-tooth graded p-DBR
on p-SiC. The active region is composed of 1.5 nm GaN wells and 10 nm Aly.,GaggN
barriers. This device emits a strong violet light.

Wafer Preparation

1 cm square p-SiC + p*-SiC epitaxial layer
Ga/ln solder to 2 Si carrier wafer with 3 to 2 Mo adapter
Solvents: sonicate 10 min in acetone / isopropanol / DI water

Acid: 10 minutes 3:1 HCI:HNO; / 10 minutes HF

Sub 6759575 )
Ga Clean x14 10 C/min

Ga le-6

Ga Evaporation

Cell T (C) BEP (Torr) Thickness / Duration
Sub 580 RHEED returns: 30-35 sec
Ga Evaporation Sub 590 RHEED returns: 15 sec
Sub 610 RHEED returns: 5-10 sec
Sub 630 RHEED returns: <5 sec
Ga Nucleation
Cell T (C) BEP (Torr) Thickness / Duration
Ga 927 le-6 10 sec
p-GaN
Cell T(O) BEP (Torr) Thickness / Duration
Ga 947 1.5e-6
p-GaN Mg 3408316 40 nm (10 min)
Sub 585
Plasma 300 W 1.2 sccm Nitrogen
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Sawtooth Graded 30%-10% p-AlGaN DBR

Thickness / Duration

Cell T(O BEP (Torr)

Albot 1033 1.7e-7 30%
984 5.5e-8 10%

Ga 936 1.2e-6

Graded p-AlGaN

Mg 316 4e-8

Sub 680

Plasma 300 W 1.2 sccm Nitrogen

69 nm x8 DBR periods

Electron Blocking Layer

Cell T(O BEP (Torr)

Thickness / Duration

Albot 1093 5.5e-7

Mg 316 4e-8
AIN

Sub 610

Plasma 300 W 1.2 sccm Nitrogen

40 nm (10 min)

Remove Sample

Pump Overnight

Multiple Quantum Wells

Cell T(O BEP (Torr)

Thickness / Duration

Albot 1038 2e-7 40%
] Ga 936 1.2e-6
Barrier Aly.2GaggN
Sub 595

Plasma 300 W 1.2 sccm Nitrogen

Ga 930 le-6
Well GaN Sub 595

Plasma 300 W 1.2 sccm Nitrogen

10 nm

X3 = 34.5 nm

1.5 nm
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n-Aly.2GaggN
Cell T((O BEP (Torr) Thickness / Duration
Albot 1015 1.1e-7 20%
Ga 963 2e-6

n-Alp.2GagsN | Si 1230 550 nm (2 hours)
Sub 600
Plasma 300 W 1.2 sccm Nitrogen

Evaporate excess Ga

Cell T (C) BEP (Torr)

Thickness / Duration

Sub 750

15+ min




189

V3666 (Inverted vertical DUV LED on p-SiC)

Inverted vertical DUV LED with three MQWSs composed of 1.5 nm Alg.o5sGag-7sN wells
and 10 nm AIN barriers. This device is similar to Sample V3629 (Inverted Vertical
LED on p-SiC), with some minor adjustments. This sample is mounted with Mo
plates just as Sample V3629 (Inverted Vertical LED on p-SiC) but p-type contacts
were deposited before growth. This may help with heat absorption into the substrate
during growth. This device emits at 290 nm.

Wafer Preparation

1 cm square p-SiC + p*-SiC epitaxial layer
Al 30 nm / Ti 70 nm + thick Ti back coat
3 inch to 1 cm Mo adapter plates

Solvents: sonicate 10 min in acetone / isopropanol / DI water

Sub 7509650 ]
Ga Clean x10 10 C/min

Ga le-6

Ga Evaporation

Cell T (C) BEP (Torr) Thickness / Duration
Sub 700 RHEED returns: >60 sec
Sub 800 RHEED returns: >60 sec
Ga Evaporation | Sub 825 RHEED returns: >60 sec
Sub 830 RHEED returns: 50-60 sec
Sub 840 RHEED returns: 25-35 sec
Sub 850 RHEED returns: 20-25 sec
Ga Nucleation
Cell T (C) BEP (Torr) Thickness / Duration

Ga 927 1e-6 10 sec
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Electron Blocking Layer

Cell T(O BEP (Torr) Thickness / Duration
Albot 1093 5.5e-7
Ga 927 le-6

AIN
Sub 870 40 nm (523 seconds)
Plasma 300 W 1.2 sccm Nitrogen

Multiple Quantum Wells

Cell T((O BEP (Torr) Thickness / Duration
Altop 1013 1.2e-7 25%
Well Alg.,5Gag.7sN ca 930 1.2e-6 1.5 nm (19 sec)
Sub 820
Plasma 300 W 2.5 sccm Nitrogen 3
Albot 1093 5.5e-7 100%
Barrier AIN ca 930 1.2e-6 10 nm (130 sec)
Sub 820
Plasma 300 W 2.5 sccm Nitrogen
n-Alg.sGag-4N
Cell T(O BEP (Torr) Thickness / Duration
Albot 1067 3.3e-7 60%
Ga 936 1.2e-6
n-AlpsGagsN | Si 1230 550 nm (2 hours)
Sub 820
Plasma 300 W 1.2 sccm Nitrogen
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Appendix: Computer Control of
Hardware

In an e ort to streamline the growth and characterization of DUV LEDs it was
necessary to write computer controls for various pieces of equipment. | provide some
of that code here. While this code is written in either Python or C++ (Arduino
compatible), it should really be viewed as pseudocode since | have had to hack it
apart for presentation here. Certainly more code will be needed to apply these drivers
elsewhere. Hopefully this provides a jumping o point.

Not explicitly given here is the code running on the microcontroller that operates
the shutters on the MBE e usion cells. This system can be described fairly simply.
The shutters themselves are driven by pneumatic actuators. These actuators are
controlled with pneumatic valves. These valves run o of the mains electricity. Each
valve is connected to the mains via a mechanical relay switched with 5 V. To control
the valves with the computer, a microcontroller simply activates the appropriate
relays. The shutters, combined with the computer controlled Eurotherm temperature
controllers, allow for the majority of the MBE growth to be performed automatically.
By reading in the pressure from the beam ux monitor, cell uxes can be measured
automatically as well.

I have incorporated most of this functionality into a Qt based graphical user inter-
face. Additionally, I have incorporated some basic functionality into a web interface.
Being able to bring up a graph of chamber pressure or cell uxes remotely has a
lot of advantages. All of the controls available in the Python scripts could be made
available online. However, this would introduce a signi cant security risk.

9.1 Residual Gas Analyzer

The UTI residual gas analyzer uses a 0-10 V analog input to remotely control the
atomic mass being detected. Simultaneously, it uses a 0-10 V analog output to indi-
cate the pressure reading at the current mass. When the MBE system was originally
built, the output from the UTI was graphed on an oscilloscope where the current mass
was displayed on the x-axis and the pressure was displayed on the y-axis. Presum-
ably, this data could be easily printed with a chart plotter. Today there is a strong
desire to have this data in a digital format. A very simple solution to this problem
is to use a microcontroller with analog inputs and outputs. In this case a Teensy
3.1 development board based on an ARM Cortex-M4 processor was used (Freescale
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Figure 9 1: Schematic of the hardware used to interface to the UTI
residual gas analyzer.

MK20DX256VVLH7) as seen in gure 9 1. This board provides 3.3 V analog inputs
and a single 3.3 V analog output. A simple voltage divider was used to drop the
incoming 0-10 volts from the UTI down to the requisite 0-3.3 V to be safely read by
the microcontroller. The 0-10 V analog input of the UTI is mapped to 1-300 atomic
mass units. With a 0-3.3 V analog signal from the microcontroller values of roughly
1-100 can be set. This is su cient as masses greater than 100 are not of particular
interest in this application.

The source code running on the microcontroller is provided below:
/I This program is used to read and write to the UTI residual gas analyzer.
/I 'when commanded to start, it will read in voltages from the RGA and output averaged values to a computer via USB-Serial

float bitResolution = 12;
float maxNum = pow(2,bitResolution)-1; // max value we will read/write from port

float ledPin = 13; // pin for the Teensy 3.1's onboard LED (this is kinda optional)
char analogPin = A14; // pin for the analog output to the RGA

char analogReadPin = AQ; // pin for reading analog inputs from RGA

float maxVolts = 3.3; // this is the chip voltage. its a constant

/I a string to hold incoming serial commands. it starts empty.
String inputString = "

/I whether the serial command string is complete and we should move on to parsing its content.
boolean stringComplete = false;

float startMass = 1; // start at a mass of 1.
float endMass = 50; // end with a mass of 50. this is a reasonable upper end
float massStep = .2; // go through the masses in steps of 0.2.

/I (sec) after setting output value, pause this long. this ensures the RGA has started reading the correct mass.
float writeTime = .2;

float integrationTime = 1; // (sec) time over which to take the samples.
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float samples = 5; // sample this many input values and average them.
float tempMass = startMass; // we will iterate this through the masses

/I we start idle. when this is set true the loop will start reading from the RGA and outputting via serial.
boolean readingSpectrum = false;

void setup()

{
Serial.begin(38400);
analogWriteResolution(bitResolution);
analogReadResolution(bitResolution);
pinMode(ledPin, OUTPUT);
inputString.reserve(200);

}

int massToBit(float mass) {
mass = mass-1; // i think the mass range is 1-300 not 0 to 300? maybe?
float volt = mass/300*10;
float outvVal = volt/3.3 * maxNum;
return (int)outval;

void loop() {

/I Read Serial Input. True serialEvent() interupts are not supported in Teensyduino so we call the function here
serialEvent();

/I handle serial input
if (stringComplete) {
digitalwrite(ledPin, HIGH); // turn on the LED

if (readingSpectrum == false) {
Serial.printin(inputString);

if (inputString.indexOf("?")>=0) {
Serial.printin(“This program controls the UTI Residual Gas Analzyer");
Serial.printin("The UTI detects gasses of various masses inside the vacuum chamber.");
Serial.printin("A pressure is read for given mass and is output as an analog voltage from 0-10 V");
Serial.printin("(it actually seems to go as high as 13 V).");
Serial.printin("Masses are set via a 0-10 V signal corresponding to an atomic mass of 1-300.");
Serial.printin("This chip can only output 0-3.3 V limiting us to an atomic mass of roughly 1-100.");
Serial.printin("This program will step through various masses (outputting a voltage to the UTI)");
Serial.printin(" and read the pressure returned by the UTI (reading a voltage from the UTI).");
Serial.printin("The average of a number of samples will be taken over some period ");
Serial.printin(" of time and returned via the USB serial interface.");
Serial.printin("The format is the mass being read followed by the pressure");
Serial.printin(" (decimal value from 0 to 1) for that mass seperated by a space.");
Serial.printin("Commands must be terminated with a newline character: \\n");
Serial.printin("Valid Commands:");
Serial.printin(“'start reading” this will start outputting data from the UTI via the USB serial port.");
Serial.printin(“'stop reading": stop reading UTI data.");
Serial.printin(“reset mass": this will restart the loop throuh masses at the start mass.");
Serial.printin(get startMass": return the starting mass.");
Serial.printin(“'startMass x": replace x with the new mass you want to start with");
Serial.printin(get endMass": return the ending mass.");
Serial.printin("endMass x": replace x with the new mass you want to end with");
Serial.printin('get massStep": return the step size between masses.");
Serial.printin("massStep x: replace x with a new mass step size.");
Serial.printin("'get writeTime": return the time waited after sending a mass (as an analog voltage) to the UTL.");
Serial.printin(" This gives the UTI time to read the new value and adjust itself to read at the new mass.");
Serial.printin("writeTime x': replace x with the new time to wait after sending the new mass voltage");
Serial.printin("'get integrationTime": return the time over which to sample the incoming voltage (pressure data) from the UTL");
Serial.printin("integrationTime X" replace x with the new time over which the samples will be taken.");
Serial.printin(get samples”: return the number of samples that will be taken of the input voltage.");
Serial.printin("'samples x: replace x with the new number of samples to take.");

else if (inputString == "start reading") {
readingSpectrum = true;

else if (inputString == "stop reading") {
readingSpectrum = false;

else if (inputString == "reset mass"){
tempMass = startMass;
int outVal = massToBit(tempMass);
analogWrite(analogPin, outVal);

else if (inputString == "get startMass"){
Serial.printin(startMass);

}
else if (inputString.startsWith("startMass")) {

inputString.replace("startMass",""); // this removes the command and leaves just the value



char floatbuf[10];
inputString.toCharArray(floatbuf,sizeof(floatbuf));
startMass = atof(floatbuf);

}
else if (inputString == "get endMass"){
Serial.printin(endMass);

}

else if (inputString.startsWith("endMass")) {
inputString.replace("endMass",");
char floatbuf[10];
inputString.toCharArray(floatbuf,sizeof(floatbuf));
endMass = atof(floatbuf);

else if (inputString == "get massStep"){
Serial.printin(massStep);

else if (inputString.startsWith("massStep")) {
inputString.replace("massStep",");
char floatbuf[10];
inputString.toCharArray(floatbuf,sizeof(floatbuf));

massStep = atof(floatbuf);

else if (inputString == "get writeTime"){
Serial.printin(writeTime);

}

else if (inputString.startsWith("writeTime")) {
inputString.replace("writeTime","");
char floatbuf[10];
inputString.toCharArray(floatbuf,sizeof(floatbuf));
writeTime = atof(floatbuf);

else if (inputString == "get integrationTime"){
Serial.printn(integrationTime);

}

else if (inputString.startsWith("integrationTime")) {
inputString.replace("integrationTime","");
char floatbuf[10];
inputString.toCharArray(floatbuf,sizeof(floatbuf));
integrationTime = atof(floatbuf);

}
else if (inputString == "get samples"){
Serial.printin(samples);

}

else if (inputString.startsWith("samples")) {
inputString.replace("samples”,");
char floatbuf[10];
inputString.toCharArray(floatbuf,sizeof(floatbuf));
samples = atof(floatbuf);

else if (inputString.startsWith("goto mass")) {
inputString.replace("goto mass",");
char floatbuf[10];
inputString.toCharArray(floatbuf,sizeof(floatbuf));
tempMass = atof(floatbuf);

/I immediately write this mass to the UTI
int outvVal = massToBit(tempMass);
analogWrite(analogPin, outVal);

else if (inputString == "read once") {
float inval = 0;
readData();

}

/I clear the string:
inputString = ",
stringComplete = false;

int outVal = massToBit(tempMass);
analogWrite(analogPin, outVal);

float inval = 0;
if (readingSpectrum == true) {
readData();
tempMass += massStep;
if (tempMass > endMass) {
tempMass = startMass;

}
digitalwrite(ledPin, LOW); // turn off the LED

digitalwrite(ledPin, LOW); // turn off the LED
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void readData() {
float inval = 0;
digitalWrite(ledPin, HIGH); // turn on the LED
for (int x=0; x<samples; x++) {
inval += analogRead(analogReadPin);
delay(integrationTime/samples*1000); // pause this long after reading a value

inval = inVal / samples;
Serial.print(tempMass);
Serial.print(" ");
Serial.printin(inVal/maxNum,4);

}

void serialEvent() {
while (Serial.available()) {
/I get the new byte:
char inChar = (char)Serial.read();

/I 'if the incoming character is a newline, set the flag
/I so the main loop can do something about it:
if (inChar == "\n") {

stringComplete = true;

/I if the imcoming character is a question mark, set the flag
/I the questionmark will result in printing information about this controller.
else if (inChar == '?") {

stringComplete = true;

inputString += inChar;

else {
/I add it to the inputString:
inputString += inChar;

The Python code running on the computer is quite involved as it is integrated into
a Qt based graphical user interface for running the MBE. However, | would like to
provide a simpli ed Python object that demonstrates a few of the important functions
that interact with the microcontroller:

import serial
import datetime
import pytz
import time

class UTI100C(object):
def __init__(self, tzName='US/Eastern’, *args, **kwargs):
super(UTI100C, self).__init__(*args, **kwargs)

self.raw = serial.Serial()
self.raw.timeout = 3

self.reading = False

self.parameters = {}
self.parameters['startMass] = 1
self.parameters['endMass'] = 50
self.parameters['massStep] = .1
self.parameters['writeTime] = .15
self.parameters['integrationTime] = 1
self.parameters['samples’] = 5

self.tzName = tzName
self.timeZone = pytz.timezone(self.tzName) # this is the timezone used for storing the time information was recorded

self.data = {None: (None, self.now())}

def

=

now(self):
return datetime.datetime.now(tz=self.timeZone)

de

=

clearData(self):
self.data = {None: (None, self.now())}
self.timeZone = pytz.timezone(self.tzName)

# lets also return to our start mass
self.resetMass()

def resetMass(self):
self.write('reset mass')
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echo = self.readline()

def readline(self):

return self.raw.readline().strip('\n').strip(‘\r')

def write(self, value):

def

def

de

def

de

=

=

=

=

def

def

de

=

=

self.raw.write(str(value) + '\n’)

getParameter(self, parameter):
writeString = ‘get ' + parameter
self.write(writeString)
echo = self.readline()
if echo == writeString:
response = float(self.readline())
return response
print('get parameter failed. echo: ' + echo)
return False

setParameter(self, parameterName, value):
needToRestartReading = False
if self.reading:
self.stopReading()
needToRestartReading = True
writeString = parameterName + ' '
self.write(writeString)
echo = self.readline()
self.parameters[parameterName] = value

+ str(value)

if needToRestartReading:
self.startReading()

getParameters(self):

for tempParameterName in self.parameters:
self.parameters[tempParameterName] = self.getParameter(tempParameterName)
time.sleep(1)

setParameters(self):

for tempParameterName in self.parameters:
self.setParameter(tempParameterName, self.parameters[tempParameterName])
time.sleep(1)

startReading(self):

self.setParameters()

self.reading = True

self.write('start reading’) # the controller will now start sending us data
echo = self.readline() # this should ecko back the command we just sent
return self.reading

stopReading(self):
self.reading = False
self.write('stop reading’)

self.flushinput()
return self.reading

collectData(self):
""port needs to already be open""
try:
response = self.readline()
mass, value = response.split()
if mass in self.data:
self.data[mass].append((value, self.now()))
else:
self.data[mass] = [(value, self.now())]
return True # everything worked fine

except serial.SerialException: # serial failed
return False

except ValueError: # the port is probably not open for some reason
return False

deliverSpectrum(self, time=None):
""" Return the spectrum nearest to the given time as a list of tuples [(A1,B1,C1,D1),(etc)]
where As are masses, Bs are pressure values, Cs are the data index,
and Ds are the age of the data with respect to the given time.
The time parameter must be a datetime object representing the time for which the
spectrum will be returned, if time is None then time will be now.
if time == None:
time = self.now()
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spectrum = ]
for tempMass in self.data.keys():
if tempMass == None:
continue
dataPoint = self.deliverValue(tempMass, time)
spectrum.append(dataPoint)
# sort by the first value in the tuples (mass,value,index,age)
spectrum.sort(key=lambda x: float(x[0]))

return spectrum

de

=

deliverValue(self, mass, time=None):
""" Return data for a single mass

if time == None:
time = self.now()
tempAge = None
index = None
value = None
try:
# loop through all the (value,datetime) tuples for this mass
for tempindex, tempDataPoint in enumerate(self.data[mass]):
if tempAge == None:
tempAge = time - tempDataPoint[1]
index = templndex
value = tempDataPoint[0]
# tempDataPoint[1] is the datetime part of the (value,datetime) tuple
elif abs(time - tempDataPoint[1]) < tempAge:
tempAge = time - tempDataPoint[1]
index = templndex
value = tempDataPoint[0]
return (float(mass), float(value), int(index), tempAge)
except IndexError: # you asked for a mass that doesnt exist
return (None, None, None, None)

9.2 Keithley Hall E ect

The Keithley System 110 Hall E ect Measurement System is based around a set of
low noise bu er ampli ers, a current source and an electrometer as seen in gure 9 2.
Automated switching of the measurement orientations was originally controlled by a
Keithley 705 Scanner which opened and closed a matrix of relays in the bu er ampli er
module redirecting the inputs and outputs to the 4 probes. A schematic of the matrix
of relays in the bu er ampli er module is shown in gure 9 3. Triggering one of the
relays on channels 1-4 connects one of the corresponding probes to the current source.
Triggering one of the relays on channels 5-8 connects one of the corresponding probes
to the current drain. Channel 10 grounds all the probes. Channels 11-14 connect one
of the probes to the high side of the electrometer, while channels 15-18 connect one
of the probes to the low side of the electrometer. By selecting the appropriate relays
to operate, the orientation of the driving current and voltage measurements can be
remotely controlled. At some point the scanner failed and automated measurements
were no longer possible. The scanner was replaced with a Teensy 3.1 development
board and some GPIO exapanders (Microchip MCP23017) to provide outputs to the
relays in the ampli er module as seen in gure 9 4.
The source code running on the microcontroller is provided below:

#include "Wire.h"

float ledPin = 13; // pin for the Teensy 3.1's onboard LED (this is kinda optional)
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Figure 9 2: Schematic of the hardware included in the Keithley Sys-
tem 110 Hall E ect Measurement System.
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Figure 9 3: Schematic of the bu er ampli er relay module.
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Figure 94: Teensy 3.1 development board along with the GPIO
expanders. Ribbon cables connect the GPIO expanders to the bu er

ampli er relay module.

/I a string to hold incoming serial commands. it starts empty.
String inputString = "

/I whether the serial command string is complete and we should move on to parsing its content.
boolean stringComplete = false;

/I There are 4 ports on the front of the quad amplifier (4 high impedance or 4 low impedance).
/I These ports can be set to current supply / drain, or voltage measure high / low.

int currentHigh = 0;

int currentLow = 0;

int voltageHigh = 0;

int voltageLow = 0;

boolean highimpedanceMode = true; // whether we are using high impedance or low impedance inputs on the quad amplifier
int currentAddress = 0x21; // 12C address of the chip that handles current
int voltageAddress = 0x20; // 12C address of the chip that handles voltage

/I this pin operates the relay selecting between high and low impedance mode. grounding this puts us in low impedance mode.
int highimpedanceSelector = 22;

void setup()
{
Serial.begin(38400);
Wire.begin(); // wake up 12C bus

initializeChips();

/I set highimpedanceSelector pin to output mode
pinMode(highimpedanceSelector, OUTPUT);
digitalWrite(highimpedanceSelector, HIGH); // set this high, puts us in high impedance mode

inputString.reserve(200);
}

void initializeChips(){
/I set 1/0 pins on GPIO chip currentAddress to outputs
Wire.beginTransmission(currentAddress);
Wire.write(0x00); // IODIRA register
Wire.write(0x00); // set all of port A to outputs
Wire.endTransmission();

Wire.beginTransmission(currentAddress);
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Wire.write(0x12); // GPIO A
Wire.write(255); // set all high
Wire.endTransmission();

Wire.beginTransmission(currentAddress);
Wire.write(0x01); // IODIRB register
Wire.write(0x00); // set all of port B to outputs
Wire.endTransmission();

Wire.beginTransmission(currentAddress);
Wire.write(0x13); // GPIO B
Wire.write(255); // set all high
Wire.endTransmission();

/I set 1/0 pins on GPIO chip voltageAddress to outputs
Wire.beginTransmission(voltageAddress);
Wire.write(0x00); // IODIRA register

Wire.write(0x00); // set all of port A to outputs
Wire.endTransmission();

Wire.beginTransmission(voltageAddress);
Wire.write(0x12); // GPIO A
Wire.write(255); // set all high
Wire.endTransmission();

Wire.beginTransmission(voltageAddress);
Wire.write(0x01); // IODIRB register
Wire.write(0x00); // set all of port B to outputs
Wire.endTransmission();

Wire.beginTransmission(voltageAddress);
Wire.write(0x13); // GPIO B
Wire.write(255); // set all high
Wire.endTransmission();

void setVoltage(){
int voltageHighWeight = 0;
int voltageLowWeight = 0;
int value = 255;

if ((voltageHigh-1 >= 0) and (voltageHigh-1 <= 3)){
voltageHighWeight = pow(2,voltageHigh-1); // voltage high of 1-4 is mapped to the first 4 bits

}
if ((voltageLow-1 >= 0) and (voltageLow-1 <= 3)}{

voltageLowWeight = pow(2,voltageLow+4-1); // voltage low of 1-4 is mapped to the second 4 bits (so we add 4)
}

value = value - voltageHighWeight - voltageLowWeight;

String channel;

Wire.beginTransmission(voltageAddress);

if (highimpedanceMode) {
Wire.write(0x12); // channel A
channel = "A";

}

else{
Wire.write(0x13); // channel B
channel = "B";

Wire.write(value);
Wire.endTransmission();

Serial.printin(String(voltageAddress,HEX) + ":* + String(value) + channel);

void setCurrent()}{
int currentHighWeight = 0;
int currentLowWeight = 0;
int value = 255;
if ((currentHigh-1 >= 0) and (currentHigh-1 <= 3)}{
currentHighWeight = pow(2,currentHigh-1); // current high of 1-4 is mapped to the first 4 bits

if ((currentLow-1 >= 0) and (currentLow-1 <= 3))}{
currentLowWeight = pow(2,currentLow+4-1); // current low of 1-4 is mapped to the second 4 bits (so we add 4)

}

value = value - currentHighWeight - currentLowWeight;

String channel;

Wire.beginTransmission(currentAddress);

if (highimpedanceMode) {
Wire.write(0x12); // channel A
channel = "A";
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}

else{
Wire.write(0x13); // channel B
channel = "B";

Wire.write(value);
Wire.endTransmission();

Serial.printin(String(currentAddress,HEX) + ":" + String(value) + channel);

void loop()

/I Read Serial Input. True serialEvent() interupts are not supported in Teensyduino so we call the function here
serialEvent();

if (stringComplete) {
digitalWrite(ledPin, HIGH); // turn on the LED
Serial.printin(inputString);

if (inputString.indexOf("?")>=0) {
Serial.printin(“This program controls the quad amplifier for the Keithley System 110 Hall Effect Measurement System");
Serial.printin(“There are 4 ports (1,2,3,4) on the quad amplifier, each can be set to Voltage Measure High");

Serial.printin("To set the current source and drain outputs use the command: ‘Ixy");

Serial.printin(" where x and y are the source and drain outputs respectively");
Serial.printin(" for example: V12 sets output 1 to source and 2 to drain“);
Serial.printin("To set the voltage measure outputs use the command: 'Vxy");
Serial.printin(" where x and y aer the voltage high and low outputs respectively");
Serial.printin(" for example: 134 sets output 3 to measure V high and 4 to V low");

}
else if (inputString.startsWith("V") or inputString.startsWith("v")){
inputString.replace("Vv",").replace("v","™);

char intbufl[1] = {inputString.charAt(0)};
char intbuf2[1] = {inputString.charAt(1)};

voltageHigh = atoi(intbuf1);
voltageLow = atoi(intbuf2);

setVoltage();

else if (inputString.startsWith("I") or i
inputString.replace("l",").replace("

putString.startsWith("i")){

char intbufl[1] = {inputString.charAt(0)};
char intbuf2[1] = {inputString.charAt(1)};

currentHigh = atoi(intbufl);
currentLow = atoi(intbuf2);

setCurrent();

}
else if (inputString.startsWith("reset")){
currentHigh = 0;
currentLow = 0;
voltageHigh = 0;
voltageLow = 0;

setVoltage();
setCurrent();

}
else if (inputString.startsWith("highimpedance")){
initializeChips(); // reset both gpio chips so all relays are open
highimpedanceMode = true;
Serial.printin(highlmpedanceMode);
digitalWrite(highimpedanceSelector, HIGH); // set this high ==>> high impedance mode

else if (inputString.startsWith("lowlmpedance™)){
initializeChips(); // reset both gpio chips so all relays are open
highimpedanceMode = false;
Serial.printin(highimpedanceMode);
digitalWrite(highimpedanceSelector, LOW); // set this low ==>> low impdeance mode

/I clear the string:
inputString = ",
stringComplete = false;

void serialEvent() {
while (Serial.available()) {
/I get the new byte:
char inChar = (char)Serial.read();
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/I if the incoming character is a newline, set the flag
/I so the main loop can do something about it:
if (inChar == "\n") {

stringComplete = true;

/I if the imcoming character is a question mark, set the flag
/I the questionmark will result in printing information about this controller.
else if (inChar == '?") {

stringComplete = true;

inputString += inChar;

else {
/I add it to the inputString:
inputString += inChar;

The Python code running on the computer is quite involved as it is integrated into
a Qt based graphical user interface for running the darkroom equipment. However,
I would like to provide a simpli ed Python object that demonstrates a few of the
important functions that interact with the microcontroller:

#!/usr/bin/python
-*- coding: utf-8 -*-

# Keithely System 110 Hall Effect Measurement System
# Keithley Quad Buffer Amplifier

import collections
import datetime
import pytz
import threading
import time
import serial
import json

class S110QuadAmp(object):
def __init__(self, port=None, *args, **kwargs):
super(S110QuadAmp, self).__init__(*args, **kwargs)

self.raw = serial.Serial()

# self.raw.baudrate = 9600
self.raw.timeout = 1
self.raw.port = port

self.name = name
self.tool = 'QuadAmp' # this helps tell things what this tool is
self.toolType = 'Quad Buffer Amplifier'

self.highlmpedance = True
self.voltageHigh = 0
self.voltageLow = 0
self.currentHigh = 0
self.currentLow = 0

def open(self):
self.raw.open()

def close(self):
self.raw.close()

def isOpen(self):
return self.raw.isOpen()

def reset(self):

self.ask('reset’)

print self.raw.readline().strip(\n").strip("\r')
print self.raw.readline().strip("\n").strip(‘\r')
self.currentHigh = 0

self.currentLow = 0

self.voltageHigh = 0

self.voltageLow = 0

def ask(self, commandString):
""" port needs to already be open "™

self.raw.write(commandsString + '\n’)
response = self.raw.readline().strip(\n").strip(\r')
return response

except serial.SerialException:
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print 'Serial Error in ' + self.name
def I(self, currentHigh, currentLow):
if currentHigh >= 0 and currentHigh <= 4 and currentlow >= 0 and currentLow <= 4:
self.currentHigh = currentHigh
self.currentLow = currentLow
echo = self.ask('l' + str(currentHigh) + str(currentLow))
print(echo)
response = self.raw.readline().strip(\n").strip(\r')
print(response)
else:
return

def V(self, voltageHigh, voltageLow):

if voltageHigh >= 0 and voltageHigh <= 4 and voltageLow >= 0 and voltageLow <= 4:
self.voltageHigh = voltageHigh
self.voltageLow = voltageLow
echo = self.ask('V' + str(voltageHigh) + str(voltageLow))
print(echo)
response = self.raw.readline().strip(\n').strip('\r)
print(response)

else:
return

def IV(self, currentHigh, currentLow, voltageHigh, voltageLow):
self.V(voltageHigh, voltageLow)
self.I(currentHigh, currentLow)

def toggleHighimpedance(self):
self.highimpedance = not self.highimpedance
if self.highimpedance:
echo = self.ask(‘highimpedance')
print(echo)
else:
echo = self.ask(lowimpedance')
print(echo)
status = self.raw.readline()
print(quad amp high impedance:
return status

+ str(status))

9.3 Acton Research Monochromators

We have two Acton Research monochromators: a SpectraPro 500 (500 mm) and a
SpectraPro 300i (300 mm). These can be controlled with some fairly simple com-
mands via the RS-232 serial ports. For basic operation they have the same set of
commands so the same drivers can be used interchangeably.

import serial
import collections

# This object subclasses serial.Serial
# In the future better way to do this is to put the serial object inside this object as self.raw
class ARC500(serial.Serial):
def __init__(self, name=None, port=None, verbose=False, * args, **kwargs):

super(ARC500, self).__init__(*args, **kwargs)

self.baudrate = 9600

self.bytesize = serial. EIGHTBITS

self.stopbits = seria. STOPBITS_ONE

self.port = port

# this guy is sometimes slow and/or doesnt respond until the current action is completed
self.timeout = 20

self.verbose = verbose # display debug info

def

=

ask(self, commandsString, confirm=True):

# self.open()

try:
self.write(commandString + '\r')

except ValueError: # port is probably not open
print self.name + ' write error'

except serial.SerialException: # port is probably not open
print self.name + ' write error'

if confirm:
try:
responsel = self.readline().rstrip(\r\n").rstrip()
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except ValueError: # port is probably not open
print self.name + ' read error'

except serial.SerialException:
print self.name + ' read error'

if responsel1[0:len(commandString)] == commandString:
if self.verbose:
print ‘command sent successfully'
else:
if self.verbose:
print ‘command error'

value = responsel.Istrip(commandsString).rstrip(‘ok’).rstrip().Istrip()
# print value

if responsel == commandString + ' ' + value + ' ' + ' ' + "ok’
# self.close()
if self.verbose:
print ‘command executed successfully'
return(value)
elif responsel == commandString + ' ' + ' ' + 'ok"
# self.close()
if self.verbose:
print ‘command executed successfully'
return(True)

try:

response2 = self.readline().Istrip().rstrip(\r\n‘).rstrip()
except ValueError:

response2 = None
except serial.SerialException:

response2 = None

if response2 == ‘'ok’:
if self.verbose:
print ‘command executed successfully'
# self.close()
return(True)
else:
if self.verbose:
print ‘command confirmation timeout or failed
# self.close()
return(False)

else:
response = self.readline().rstrip(\r\n)
# self.close()
return(response)

def goto(self, wavelength):
return(self.ask('{0:.2f}.format(wavelength) + ' <GOTO>', confirm=True))

def nmmin(self, value):
return(self.ask({0:.1f}.format(value) + ' NM/MIN'))

def

=

grating(self, value):
return(self.ask(str(value) + ' GRATING'))

de

=

hello(self):
return self.ask('HELLO')

def input(self):
""" returns control to the manual control box
to return to computer control:
go to the rate menu (F1 multiple times) and press F2 followed by RESET
# self.open()
commandString = 'INPUT\I'
print commandString
self.write(commandString)
# self.close()

def

=

nm(self, wavelength):

commandString = {0:.2f}.format(wavelength) + ' <NM>"'
response = self.ask(commandsString)

return response

de

=

wavelength(self):
return(self.ask("?NM"))
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9.4 Stanford Research Lock-in Ampli er and Boxcar Inte-
grator

#!/usr/bin/python
-*- coding: utf-8 -*-

# Stanford Research

import serial
import math
import datetime
import pytz
import collections
import time

# 830 LOCK-IN AMPLIFIER

class SR830(serial.Serial):
def __init__(self, name=None, port=None, tzName="US/Eastern’, verbose=False, *args, **kwargs):
super(SR830, self).__init__(*args, **kwargs)

self.baudrate = 9600

self.timeout = 1

self.stopbits = seria. STOPBITS_TWO
self.parity = serial. PARITY_EVEN

# self.rtscts = True

# self.dsrdtr = True

self.port = port

self.verbose = verbose
self.tzName = tzName

# this is the timezone used for storring the time information was recorded
self.timeZone = pytz.timezone(self.tzName)
self.clearData()

def initialize(self):
# self.write('OUTX 0')
self.ask('OUTX 0Y)

# self.write(LOCL 1')
self.ask('LOCL 1')

def now(self):
return datetime.datetime.now(tz=self.timeZone)

def clearData(self):
self.timeZone = pytz.timezone(self.tzName)
self.data = [{'Time":None}]

def readData(self, values=[3, 4, 9], valueLabels=['R', 'Phase’, 'Freq’], numberOfValues=1, averagingTime=0):
response = ]
responseDict = {}

minAveragingTime = .01
if averagingTime is None:
averagingTime is minAveragingTime
if averagingTime is O:
averagingTime is minAveragingTime

timePerSample = averagingTime / numberOfValues
scanTime = datetime.datetime.now()

for datalndex in range(numberOfValues):
stillWaiting = True
# we will loop through a number of times until the appropriate amount of time has passed
while stillWaiting:
# check if the time has passed
if (datetime.datetime.now() - scanTime) >= datetime.timedelta(seconds=timePerSample):
tempResponse = []
try:
tempResponse = self.snap(values).split(',)
if self.verbose:
print(tempResponse)
success = True
except ValueError:
print self.name + ' read error'
return False
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success = False
except AttributeError:
print self.name + ' read error'
print("command failed, probably something wrong with serial communications")
return False

# print tempResponse

for tempDataTypelndex, tempValueLabel in enumerate(valueLabels):
if self.verbose:
print(tempResponse[tempDataTypelndex])
tempResponse[tempDataTypelndex] = float(tempResponse[tempDataTypelndex])

response.append(tempResponse) # put the list of data into a big list that will hold all the responses
stillwaiting = False # the correct time elapsed, move on to the next data point

else: # sufficient time has not passed yet, wait a while then try again
time.sleep(.1)

# now average all the responses
for tempDataTypelndex, tempValueLabel in enumerate(valueLabels):
value = 0
for tempDatalndex in range(numberOfValues):
value += response[tempDatalndex][tempDataTypelndex] # sum all the values
value = value / numberOfValues # divide by number of values
responseDict[tempValueLabel] = value
if self.verbose:
print(value)

responseDict[Time'] = self.now()
success = True

if self.data[-1]['Time’l == None:
self.data = [responseDict]
else:
self.data.append(responseDict)
return success

def deliverData(self, targetTime=None, numberOfPoints=1):
""Return a single set of data from a specific time
the data is formatted in a dict
if targetTime == None:
targetTime = self.now()

if numberOfPoints == None:
numberOfPoints = 1

tempAge = None
index = None
value = None

noDatalndex = 0
while self.data[-1]['Time"l == None:
print ‘'no data’
noDatalndex += 1
if noDatalndex == 10:
break
time.sleep(.5)

for tempindex, tempDataDict in enumerate(self.data):

tempTime = tempDataDict['Time']

if tempAge == None:
tempAge = targetTime - tempTime
value = tempDataDict
index = tempindex

elif abs(targetTime - tempTime) < tempAge: # value is closer to target time than previous dataDict
tempAge = targetTime - tempTime
value = tempDataDict
index = tempindex

valList = []

for tempindex in range(int(numberOfPoints)):
valList.append(self.datafindex - numberOfPoints + tempindex + 1])
vallist[-1]['Age'] = targetTime - valList[-1]['Time']

return valList # return the dict

de

=

ask(self, commandString):

""" port needs to already be open "™

. self.write(commandString + \n’)
response = self.readline().strip(\r')
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return response
except serial.SerialException:
print 'Serial Error in ' + self.name

def R(self):
return self.ask('OUTP? 3')

def freq(self):
return self.ask(FREQ?")

def snap(self, values=[3, 4, 9]):
takes a list of length 2-6, integer values
ij,k,l,m,n parameter
X
2 Y
3 R
4 R
5 Aux In 1
6 Aux In 2
7 Aux In 3
8 Aux In 4
9 Reference Frequency
10 CH1 display
11 CH2 display

return self.ask('SNAP? ' + str(values).strip([]').replace(’ ', )

def sense(self, value=None):

i sensitivity i sensitivity

0 2 nVIA 13 50 uV/pA
1 5 nV/fA 14 100 uV/pA
2 10 nV/fA 15 200 uV/pA
3 20 nV/A 16 500 uV/pA
4 50 nVIfA 17 1 mV/nA

5 100 nV/A 18 2 mV/nA

6 200 nV/fA 19 5 mV/hA

7 500 nVIA 20 10 mV/nA
8 1 uVlpA 21 20 mV/nA
9 2 uVlpA 22 50 mV/InA
10 5 uV/pA 23 100 mV/nA
11 10 uV/pA 24 200 mV/InA
12 20 uV/pA 25 500 mV/nA

26 1 VIUA

valueDict = {2 nV"0, '2 fA"0,
'5 nv:l, '5 fAul,
10 nVv":2, '10 fA"2,
'20 nVv:3, '20 fA"3,
'50 nV"'4, '50 fA"4,
100 nV"5, '100 fA"5,
'200 nV'6, '200 fA"6,
'500 nV":7, '500 fA"7,
1 uv"8, '1 pA"8,
‘2 uvt9, 2 pA9,
'5 uv':10, '5 pA"10,
‘10 uv:11, '10 pA:11,
‘20 uv:12, '20 pA:12,
'50 uVv":13, '2 pA"13,
100 uV':14, '2 pA:14,
'200 uV':15, '2 pA:15,
'500 uV'16, '500 pA'16,
'l mV':17, '1 nA"17,
'2 mV'18, '2 nA"18,
'5 mV'19, '5 nA"19,
'10 mVv":20, '10 nA":20,
'20 mVv"21, '20 nA"21,
'50 mV":22, '50 nA"':22,
'100 mVv":23, '100 nA"23,
'200 mV"'24, '200 nA:24,
'500 mV'25, '500 nA":25,
1 V26, '1 uA26, }
valueDict = collections.OrderedDict(sorted(valueDict.items(), key=lambda x: x[1]))
# print valueDict

if value == None:
return self.ask('SENS?')
else:
return self.ask('SENS ' + str(value))

def timeConst(self, value=None):
i Time Constant i Time Constant
0 10 us 10 1s
1 30us 11 3s



100 us
300 us
1 ms

3 ms

10 ms
30 ms
100 ms
300 ms

©O~NOUAWN

valueDict = {10 us"0,

'30 us':1,
'100 us'2,
‘300 us"3,
'l ms'4,
'3 ms'5,
'10 ms'6,
'30 ms'.7,
'100 ms"8,
'300 ms"9,
'1 s"10,
'3 511,
'10 s"12,
'30 s"13,
‘100 s"14,
‘300 s"15,
‘1 ks"16,
'3 ks"17,
'10 ks':18,
‘30 ks':19}

12

13
14
15
16
17
18
19

10 s
30 s
100 s
300 s
1 ks
3 ks
10 ks
30 ks
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valueDict = collections.OrderedDict(sorted(valueDict.items(), key=lambda x: x[1]))

print valueDict

if value == None:
return self.ask('OFLT?")

else:

return self.ask('OFLT ' + str(value))

def idn(self):
return self.ask(

"*IDN?')

# 245 BOXCAR INTEG

RATOR

class SR245(serial.Serial):

def __init__(self, name=None, port=None, tzName='"US/Eastern’, verbose=False,
super(SR245, self).__init__(*args, **kwargs)

self.baudrate = 9600

self.timeout =

self.stopbits = seria. STOPBITS_TWO

1

self.parity = serial. PARITY_NONE

self.bytesize = serial. EIGHTBITS # Define the bytesize

self.port = port # Define the port

self.name = name

self.tool = 'SR245'

self.toolType =
self.verbose =

self.tzName =

verbose

tzName

# this helps tell things what this tool is
‘Computer Inteface Box for SRS Gated Boxcar Averger'

# this is the timezone used for storring the time information was recorded

self.timeZone = pytz.timezone(self.tzName)

self.clearData()

# Sets 1-4 as Voltage Inputs, 5-8 as Voltage Outputs

def initialize(self):
# self.open()
self.write('14\r')
exitFlag = False
counter = 0
while not exitFlag:

response = self.readline().rstrip()
if response == 'OK->' or counter == 10:

print 'SRS 245 Initialized with 1-4 as Inputs, 5-8 as Outputs'

# self.close()
break
else:
counter += 1

def now(self):

return datetime.datetime.now(tz=self.timeZone)

def clearData(self):

*args, **kwargs):



210

self.timeZone = pytz.timezone(self.tzName)
self.data = [{'Time":None}]

# Reads the Analog Voltage from Port n - (1-4 after initialization)
def read_voltage(self, n):

# self.open()

self.write('?" + str(n) + "\r')

echo = self.readline().rstrip()

voltageValue = self.readline().rstrip()

exitFlag = False

counter = 0

while not exitFlag:

response = self.readline().rstrip()

if response == 'OK->' or counter == 10:

if self.verbose:
print 'SRS Voltage Read'

# self.close()

return float(voltageValue)

break

else:

counter += 1

# Sends TTL Pulse from Digital Port n (1-2)
def pulse_voltage(self, n):

# self.open()

self.write(PB' + str(n) + '\r')

exitFlag = False

counter = 0

while not exitFlag:

response = self.readline().rstrip()

if response == 'OK->' or counter == 10:

print 'SRS Voltage Pulsed'

# self.close()

break

else:

counter += 1

def clearAverage(self):
self.pulse_voltage(1)

def readData(self, valueLabels=['R’], numberOfValues=1, averagingTime=None):
response = ]
responseDict = {}

minAveragingTime = .25
if averagingTime is None:
averagingTime is minAveragingTime
if averagingTime is O:
averagingTime is minAveragingTime

timePerSample = averagingTime / numberOfValues
print('time per sample: ' + str(timePerSample))

self.clearAverage() # clear the hardware averaging so we can get a fresh average
scanTime = datetime.datetime.now()

for datalndex in range(numberOfValues):
stillWaiting = True # we will loop through a number of times until the appropriate amount of time has passed
while stillWaiting:
# check if the time has passed
if (datetime.datetime.now() - scanTime) >= datetime.timedelta(seconds=timePerSample):
print(‘elapsed time: ' + str((datetime.datetime.now() - scanTime)))
tempResponse = []
try:
tempResponse.append(abs(self.read_voltage(1)))
if self.verbose:
print(tempResponse)
success = True

except ValueError:
print self.name + ' read error'
return False
success = False
except AttributeError:
print self.name + ' read error'
print("command failed, probably something wrong with serial communications")

return False

# print tempResponse

for tempDataTypelndex, tempValueLabel in enumerate(valueLabels):
if self.verbose:

print(tempResponse[tempDataTypelndex])
tempResponse[tempDataTypelndex] = float(tempResponse[tempDataTypelndex])
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response.append(tempResponse) # put the list of data into a big list that will hold all the responses
stillWaiting = False # the correct time elapsed, move on to the next data point

else: # sufficient time has not passed yet, wait a while then try again
time.sleep(.1)

# now average all the responses
for tempDataTypelndex, tempValueLabel in enumerate(valueLabels):
value = 0
for tempDatalndex in range(numberOfValues):
value += response[tempDatalndex][tempDataTypelndex] # sum all the values
value = value / numberOfValues # divide by number of values
responseDict[tempValueLabel] = value

if self.verbose:
print(value)

responseDict['Time"] = self.now()
success = True

if self.data[-1]['Time" == None:
self.data = [responseDict]
else:
self.data.append(responseDict)
return success

def deliverData(self, targetTime=None, numberOfPoints=1):
""" Return a single set of data from a specific time
the data is formatted in a dict
if targetTime == None:
targetTime = self.now()

if numberOfPoints == None:
numberOfPoints = 1

tempAge = None
index = None
value = None

noDatalndex = 0
while self.data[-1]['Timel] == None:
print 'no data’'
noDatalndex += 1
if noDatalndex == 10:
break
time.sleep(.5)

for tempindex, tempDataDict in enumerate(self.data):

tempTime = tempDataDict['Time']

if tempAge == None:
tempAge = targetTime - tempTime
value = tempDataDict
index = tempindex

elif abs(targetTime - tempTime) < tempAge: # value is closer to target time than previous dataDict
tempAge = targetTime - tempTime

value = tempDataDict
index = templndex

vallist = []

for templindex in range(int(numberOfPoints)):
valList.append(self.datafindex - numberOfPoints + tempindex + 1])
valList[-1]['Age'] = targetTime - valList[-1]['Time']

return valList # return the dict

9.5 Eurotherm

We use Eurotherm 2404 temperature controllers to control our e usion cells in the
MBE. This code allows the computer to read data in from the controller as well as
send commands out to the controller. This driver is the backbone of running the
MBE from the computer.

# Eurotherm 2000 Series Temperature Controller
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# using Eurotherm's proprietary "El-Bisynch" protocol
# Data is transferred using 7 data bits, even parity, 1 stop bit.

import serial
import math
import datetime
import pytz
import collections

class ET2k(object):
def __init__(self, name=None, serialObject=None,

# this is

def

de

de

def

=

=

=

=

maxRampRate=[(0, 1200, 15), (float(-inf), float(inf’), 1)],
tzName='"US/Eastern’, verbose=False, *args, **kwargs):
super(ET2k, self).__init__(*args, **kwargs)

if serialObject is not None:
self.raw = serialObject

else:
self.raw = serial.Serial()
self.raw.baudrate = 9600
self.raw.parity = serial. PARITY_EVEN
self.raw.timeout = 1
self.raw.bytesize = seria. SEVENBITS

self.verbose = verbose

# maxRampRate is a list of tuples defining a temperature range and a max ramp rate
# idealy the computer would check the current and future temperatures
# and limit the ramp rate to fall within this specified safe value

# formatted: [(low temp, high temp, max ramp rate), (low temp, high temp, max ramp rate)]
self. naxRampRate = maxRampRate

the timezone used for storring the time information was recorded
self.tzName = tzName

self.timeZone = pytz.timezone(self.tzName)

self.clearData()

now(self):
return datetime.datetime.now(tz=self.timeZone)

open(self):
if self.verbose:
print('opening serial connection to ' + self.name + ' on port ' + str(self.getPort()))
try
self.raw.open()
except serial.SerialException:
pass

clearData(self):
" set all the data to None, and set all the data_changed to True
self.timeZone = pytz.timezone(self.tzName)

tempTime = self.now() # time object was created
self.data = collections.OrderedDict()
self.data_changed = collections.OrderedDict()

self.data['temperature’] = [(None, tempTime)]
self.data_changed[temperature’] = True

self.data['outputPower’] = [(None, tempTime)]
self.data_changed['outputPower] = True

self.data['setpoint] = [(None, tempTime)]
self.data_changed['setpoint] = True

self.data['workingSetpoint] = [(None, tempTime)]
self.data_changed['workingSetpoint] = True

self.data[rampRate’] = [(None, tempTime)]
self.data_changed[rampRatel = True

setID(self, ID=None):
# ID (Group ID and Instrument ID) given as a base 10 integer
if ID:
self.GID = (math.trunc(ID / 10)) # convert GID from base 10 to hex
self.UID = (ID % 10)
return True
else:
self.GID = None
self.UID = None
return False

def readTemperature(self):

# Process Variable (ie. Temperature, read only)
commandString = 'PV'
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oldData = self.data['temperature’][-1][0]
newData = self.poll(commandString)
timeNow = self.now()
if self.data['temperature][-1][0] is None:
self.data['temperature’] = [ (newData, timeNow) ]
self.data_changed['temperature’] = True
else:
self.data['temperature’].append((newData, timeNow)) # append a tuple of data and time
if oldData != newData:
self.data_changed[temperature’] = True

return self.data['temperature’][-1] # return the last element (ie the one we just added above)

def readOutputPower(self):

# setting this is potentially dangerous. lets leave it read only for now.

# % Output level

commandString = 'OP'

oldData = self.data['outputPower’][-1][0]

newData = self.poll(commandString)

timeNow = self.now()

if self.data['outputPower'][-1][0] is None:
self.data['outputPower] = [ (newData, timeNow) ]
self.data_changed['outputPower’] = True

else:
self.data['outputPower'].append((newData, timeNow))
if oldData != newData:

self.data_changed['outputPower] = True

return self.data['outputPower[-1]

def readWorkingSetpoint(self):

# Working Setpoint (read only)

commandString = 'SP’

oldData = self.data['workingSetpoint][-1][0]

newData = self.poll(commandString)

timeNow = self.now()

if self.data['workingSetpoint’][-1][0] is None:
self.data['workingSetpoint'] = [(newData, timeNow)]
self.data_changed['workingSetpoint] = True

else:
self.data['workingSetpoint].append((newData, timeNow))
if oldData != newData:

self.data_changed['workingSetpoint] = True

return self.data['workingSetpoint’][-1]

def readSetpoint(self):

""" read Setpoint "™

commandString = 'SL'

oldData = self.data['setpoint’][-1][0]

newData = self.poll(commandString)

timeNow = self.now()

if self.data['setpoint’][-1][0] is None:
self.data['setpoint] = [(newData, timeNow)]
self.data_changed['setpoint] = True

else:
self.data['setpoint].append((newData, timeNow))
if oldData != newData:

self.data_changed['setpoint] = True

return self.data['setpoint’][-1]

de

=

writeSetpoint(self, value):

""" write setpoint "
commandString = 'SL'

oldData = self.data['setpoint’][-1][0]
timeNow = self.now()

# we check the max allowed ramprate to ensure we arent about to make a huge mistake
maxRampRate = self.getMaxRampRate(self.data['rampRate’][-1][0], value)
if maxRampRate is None: # if we get None back then we have a problem
return None # we are trying to enter forbidden territory
else: # if we get a real ramp rate back, then we are ok to proceed
self.data['setpoint’].append((value, timeNow))
if oldData != value:
self.data_changed['setpoint] = True
return self.writeData(commandString, self.data['setpoint’][-1][0])

def readwriteSetpoint(self, value=None):
# read or write the Target Setpoint
if value is None:
return self.readSetpoint()
else:
return self.writeSetpoint(value=value)

def readRampRate(self):
" read Setpoint "™



def

de

=

def

de

=
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commandString = 'RR’

oldData = self.data['rampRate'][-1][0]

newData = self.poll(commandString)

timeNow = self.now()

if self.data['rampRate’][-1][0] is None:
self.data[rampRate’l = [(newData, timeNow)]
self.data_changed[rampRatel = True

else:
self.data['rampRate’].append((newData, timeNow))
if oldData != newData:

self.data_changed[rampRatel = True

return self.data['rampRate’][-1]

writtRampRate(self, value):
commandString = 'RR’

oldData = self.data['setpoint’][-1][0]
timeNow = self.now()

maxRampRate = self.getMaxRampRate(rampRate=value)
# if we get None back we should not be trying to enter this temperature span
if maxRampRate is None:
return None # this indicates we have a problem
else: # if we get a real ramprate back then we are ok to proceed
self.data['rampRate’].append((maxRampRate, timeNow))
if oldData != value:
self.data_changed['setpoint] = True
return self.writeData(commandString, self.data['rampRate’][-1][0])

readwriteRampRate(self, value=None):
# Setpoint rate limit (aka ramp rate)
if value is None:
return self.readRampRate()
else:
return self.writeRampRate(value=value)

getMaxRampRate(self, rampRate=None, setpoint=None):
if rampRate is None:
maxRampRate = self.data['rampRate][-1][0]
else:
maxRampRate = rampRate
if setpoint is None:
tempSetpoint = self.data['setpoint’][-1][0]
else:
tempSetpoint = setpoint
tempTemperature = self.data['temperature’][-1][0]

for rateSpan in self. maxRampRate:
# if we are outside the bounds of this rate limited temperature span:
belowLow = (tempSetpoint <= rateSpan[0]) and (tempTemperature <= rateSpan[0])
aboveHigh = (tempSetpoint >= rateSpan[1]) and (tempTemperature >= rateSpan[1])
if belowLow or aboveHigh:
if self.verbose:
print(self.name + ' is outside of span: ' + str(rateSpan[0]) + ' to ' + str(rateSpan[1]))
continue
else: # we are in or cross through this temperature span
if self.verbose:
print(self.name + ' is inside span: ' + str(rateSpan[0]) + ' to ' + str(rateSpan[1]))
print(below low: ' + str(belowLow))
print(above high: ' + str(aboveHigh))
print(‘current temp: ' + str(tempTemperature))
print(‘target setpoint: ' + str(tempSetpoint))

# if the max ramprate is None, we shouldnt be trying to go through this temperature span
if rateSpan[2] is None:
return None # when we call this function we need to check for None as a sign that there is a problem
if rateSpan[2] < maxRampRate: # if limit is below current ramp rate
maxRampRate = rateSpan[2] # apply the rate limit
return maxRampRate

poll(self, commandString):

# Read data from 2000 Series Temperature Controller

# the command string is a two character "mnemonic" given by the table on page 4.2 of the manual:
# "2000 Series MODBUS and EI-BISYNCH Digital Communications Handbook (HA026230 Issue 3)"

# some characters we need defined by their hex number
STX = 'x02' # Start of data in a message

ETX = 'x03' # End of message

EOT = "x04' # End of transmission sequence

ENQ = "x05' # Enquiry for a value

# To read data, a 'poll' message is issued to the instrument. This message takes the following format:
# [EOT](GID)(GID)(UID)(UID)(C1)(C2)[ENQ]

# where GID is the group ID (the first digit of the instrument address)

# where UID is the unit ID (the second digit of the instrument address)

# where C1 is the first character of the parameter being accessed
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# where C2 is the second character of the paramter being accessed
pollmessage = EOT + str(self.GID) + str(self.GID) + str(self.UID) + str(self.UID) + commandString + ENQ

try:

# send message and read response
# self.open()
self.raw.write(pollmessage)

# response = self.readline()
response = "
keepReading = True
while keepReading:
gotit = self.raw.read(1)
response += gotit
if gotit == "
print ‘got nothing'
gotit = self.raw.read(1)
if gotit == "
print 'still nothing'
return False
if gotit == "\x03"
response += self.raw.read(1)
keepReading = False

# self.close()

# the response should be formatted like this:
# [STX](C1)(C2)<DATA>[ETX](BCC)
# BCC is the bitwise XOR checksum used to catch certain transmission errors

# if the EOT character (hex: 04) is recieved, this is an error
if response is EOT:
return False

# calculate the checksum to catch certain transmission errors
checksum = self.BCC(response.strip(STX).split(ETX, 1)[0] + ETX)

# now that we have calculated what the checksum should be, we should verify that they match:
# [ this needs to be done ]

# remove all the characters that arent the value being read
response = response.strip(STX).strip(checksum).strip(commandsString).strip(ETX)

try:

response = float(response) # turn the value recieved as a string into a float
except ValueError:

pass

return response
except serial.SerialException:
print 'serial exception'

def repeatPoll(self):

# once a poll has been successfully carried out, a repeat poll may performed
# returning the same parameter again
STX = "x02' # Start of data in a message
ETX = 'x03' # End of message
NAK = "x15' # Negative Acknowledge
# self.open()
self.write(NAK)
# response = self.readline()
response = "
keepReading = True
while keepReading:

gotit = self.raw.read(1)

response += gotit

if gotit == "\x03":

response += self.raw.read(1)
keepReading = False

# self.close()
checksum = self.BCC(response.strip(STX).split(ETX, 1)[0] + ETX)
# [ need code to verify checksum matches ]
response = response.strip(STX).strip(checksum).strip(ETX)
try:

response = float(response) # turn the value recieved as a string into a float
except ValueError:

pass
return response

def writeData(self, commandString, value):

# some characters we need defined by their hex number
STX = 'x02' # Start of data in a message
ETX = "x03' # End of message
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EOT = "x04' # End of transmission sequence
ENQ = "x05' # Enquiry for a value

ACK = 'x06' # Positive Acknowledge

NAK = "x15' # Negative Acknowledge

# messages to write data are formatted like this:

# [EOT](GID)(GID)(UID)(UID)[STX](c1)(c2)<DATA>[ETX](BCC)

writeMessage = EOT + str(self.GID) + str(self.GID) + str(self.UID) + str(self.UID) + STX + commandString + str(value) + ETX
checksum = self.BCC(commandString + str(value) + ETX)

writeMessage += str(checksum) # append checksum to end of message

try:
self.raw.write(writeMessage)

except serial.SerialException:
print(SERIAL EXCEPTION WRITING')

response = None
try:
response = self.raw.read(1)
except serial.SerialException:
print('SERIAL EXCEPTION READING')
if response == ACK:
# it would be nice to now confirm the value you just set,
# but doing this seems to crash the serial port and/or the eurotherm serial card maybe?
# newValue = self.poll(commandString)
return True
elif response == NAK: # the instrument didnt set the parameter
error = self.poll’EE') # check why it didnt write the parameter
return self.errorCodes(error)
elif (response == ") or (response == None): # this shouldnt happen, there is something wrong
print 'the serial port probably isnt working correctly’
else: # you shouldnt be here, instrument always returns ACK or NAK
print ‘Instrument returned something other than ACK or NAK: '
print response
pass

return False # you shouldnt be here, this is an error, you should have recieved ACK or NAK

def

=

errorCodes(self, code):
if code == ">0000"
return ‘No Error'
elif code == ">0001"
return ‘Invalid Mnemonic'
elif code == '>0002":
return ‘Parameter is read only'
elif code == '>0007":
return ‘Incorrect message'
elif code == '>0008":
return ‘Limit error' # | dont know what this means
else: # this is a problem, you should have gotten one of the 5 above errors
print ‘Instrument returned unknown Error'
return False

def BCC(self, toCheck):
# print 'checking: ' + toCheck
checksum = 0
for value in toCheck:
checksum ~= ord(value)
checksum = chr(checksum)

# print 'checksum is: ' + checksum
return checksum

9.6 lon Gauge Controller

This driver communicates with the Granville-Phillips 303 vacuum process controller.
This ion gauge controller runs both the main growth chamber pressure gauge as well
as the beam ux monitor. Reading the pressure and controlling the shutters with the
computer allows for automated measurement of uxes (beam equivalent pressures).
# Granville-Phillips 303 Vacuum Processs Controller

# collects data from the serial output

import serial
import datetime
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import pytz

# this is a two channel controller.
# when instantiating this object, specify the channel in use
class GP303(serial.Serial):
def __init__(self, channel=0, tzName='"US/Eastern’, *args, **kwargs):
super(GP303,self).__init__(*args, **kwargs)
self.timeout = 1
self.baudrate = 9600

self.tool = 'GP303'
self.toolType = 'Vacuum Gauge'

self.channel = channel

# this is the timezone used for storring the time information was recorded
self.tzName = tzName

self.timeZone = pytz.timezone(self.tzName)

self.clearData()

def

=

now(self):
return datetime.datetime.now(tz=self.timeZone)

def

=

clearData(self):
self.data = [(None,self.now())]

def readGauge(self):
if self.channel == 0:
gaugesString
elif self.channel == 1:
gaugeString = 'IG2"
else:
return None

IG1

requestString = 'DSP ' + gaugeString + \n'
#print 'request string: ' + requestString

try:
self.open()
#print 'Port Opened:

+ self.name

self.write(requestString)

response = self.readline()

#print 'Closing Port: ' + self.name
self.close()

try:
response = float(response.strip())
except ValueError:
response = None

if response == 999:
response = None

if response != None:
if self.data[-1][0] == None:
self.data = [(response,self.now())]
else:
self.data.append((response,self.now()))

return True # success

except serial.SerialException: # serial failed
return False # failed
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