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Abstract

Device-Oriented Low Temperature Metalorganic Chemical Vapor Deposition of III-N
Materials

by

Caroline Elizabeth Reilly

An important semiconductor material system, the III-nitrides have a significant place

in lighting, optoelectronics, and electronics applications. The most common nitrides

are InN, GaN, AlN, and alloys thereof. One primary growth method for the nitrides

is metalorganic chemical vapor deposition (MOCVD), an epitaxial growth technique

commonly used in the semiconductor industry, where standard growth temperatures for

high quality GaN and AlN are above 1000 °C. These high growth temperatures create

problems when integrating GaN and AlN with temperature sensitive materials such as

InN, which sublimes around 550 °C, or semi-processed wafers. This work will focus on the

growth of III-nitride materials via low temperature (LT) MOCVD towards applications

such as infrared InN LEDs and integration of GaN electronics with silicon.

LT growth can be particularly challenging due to decreased mobility of surface adatoms

as the temperature is lowered, leading to poorer morphology. In addition, increased im-

purity incorporation occurs at reduced growth temperatures. To counteract these issues,

pulsed growth schemes such as flow modulation epitaxy (FME) have been employed in

the growth of GaN and AlN. Optimization of LT FME GaN growth will be discussed

with step-flow growth achieved at 550 °C. The ability to grow high quality GaN at low

temperatures can enable a variety of devices which rely on GaN as basis for their epitaxial

structures. The growth of LT FME AlN was conducted and AlN/GaN heterostructures

were grown. Electrical properties such as the existence and properties of two-dimensional

electron gases (2DEGs) were studied, of interest for high-electron mobility transistors

xi



(HEMTs).

Turning then to optoelectronics applications, the use of InN quantum dots (QDs)

for infrared light-emitting devices will be considered. InN and InGaN QDs were grown

and variations were made to their composition, growth temperature, nominal thickness,

and growth plane. Uncapped and capped QDs were studied, with QD structures and

infrared photoluminescence maintained after capping with LT GaN. Full LED structures

with InN QD active regions were made possible by employing LT FME GaN growth.

These results lay the foundation for the use of LT nitride MOCVD for these and other

temperature sensitive applications.
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Chapter 1

Introduction

With the invention of the blue light emitting diode (LED), the III-N material system

began a period of rapid research advances leading to the eventual widespread adoption

of nitride-based LEDs in white lighting technology [10, 11, 12]. As the material quality

improved from the significant research, advantageous properties of the III-nitrides were

showcased and the material began to permeate in other technologies. Concurrently, in

the greater semiconductor playing field there has been increasing interest in integrating

multiple material systems together in order to achieve specialized performance and im-

prove devices [13, 14]. With many desirable properties, the nitrides stand to drastically

increase their useful applications if they can be successfully integrated with other com-

mon semiconductors. In addition, the full compositional range of nitrides optoelectronic

devices has not yet been demonstrated, with a particular gap in the long wavelength,

infrared regime [15, 16]. Both of these areas necessitate low temperature growth schemes

to be adopted in the nitrides. In this Introduction, the properties, applications, and

growth techniques of the nitrides material system will be further detailed in order to

frame the rest of the work herein.

Significant portions of this thesis have been reproduced from the following references:
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[5, 8, 6, 7, 2, 4, 3].

1.1 Nitrides material system

With bandgaps of 0.7, 3.4, and 6.2 eV respectively, InN, GaN, and AlN span emission

ranges from the near infrared (IR) into the ultraviolet (UV). The III-N material system

falls into the larger category of III-V semiconductors, where the “III” and “V” designa-

tions refer to the positions of the elements on the periodic table of which these materials

are comprised. Many III-V semiconductors have seen similar research arcs as the III-

nitrides, where the nitrides are earlier on in their development. While looking to other

III-V semiconductor research provides a potential pathway for material development, im-

portant differences between the nitrides and other III-V semiconductors exist. Although

InN has a relatively small bandgap for the nitrides, its bandgap is in the range of many

other III-V semiconductors. However, GaN is considered a wide bandgap semiconductor

and AlN is an ultrawide bandgap semiconductor. In the history of materials science,

these wider bandgap materials were once considered to be insulators and the expansion

of semiconductor research towards these areas has been less explored until more recent

years. For this and other reasons to be discussed, the nitrides have often been found

to have considerably different properties than the other III-V semiconductors, such that

findings for III-V semiconductors such as InP and GaAs cannot be directly adopted for

the nitrides.

The main three binary nitrides have a wurtzite crystal structure as shown in Figure

1.1 (image created in VESTA) [1]. Although the zinc blende structure is possible in

general, it is not the favored structure of the nitrides and will not be considered in this

work. As the wurtzite structure is a modification of the hexagonal crystal structure,

the four coordinate Miller-Bravais system is typically used to describe nitrides crystals.
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The majority of work in nitrides has been done on the (0001) plane, also known as the

c-plane or metal/Ga-polar, which is the “top” surface of the crystal as shown in Figure

1.1. The (0001̄) plane is the N-terminated face on the opposite side of the unit cell from

the (0001) plane and is also known as the -c-plane or N-polar. Other significant planes

include nonpolar planes, such as the (112̄0) a-plane or the (101̄0) m-plane, where the

angle between the c-plane and the nonpolar planes is 90° [17]. Semipolar planes, such as

(202̄1) and (202̄1̄), have also been used for various applications and are any of the planes

where the angle with the c-plane is not 90° or some multiple thereof [18, 19, 20, 21, 22].

Figure 1.1: Depiction of wurtzite crystal structure with green cations and gray anions;
image created in VESTA [1]. The top surface of the crystal is the metal-polar c-plane.

The c and a lattice constants for each of the binary nitrides are given in Table 1.1.

While these vary between references, the values from the citations in the table are repre-

sentative of generally accepted values. The smallest group-III element considered here,

Al, leads to the smallest unit cell whereas the largest group-III element considered here,

In, leads to the largest unit cell. In addition, the bandgap of the materials decreases as
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the unit cell increases, a trend often seen in semiconductors. By moving from binary ni-

trides to ternary or quaternary alloys, the average unit cell size is related to the group-III

composition and the bandgap of the material can theoretically be tailored to span from

0.7 to 6.2 eV. In practice, challenges exist in fully realizing random alloys of all com-

positions due in part to phase separation and spinoidal/binoidal decomposition effects.

Rather than a random distribution, alloys can separate into areas where one group-III

element has higher and lower compositions in different areas on the nanometer scale,

leading to variations in the bandgap throughout the material. These alloy fluctuations

are often considered undesirable in devices, however an understanding of these processes

can lead to novel material structures.

c (Å) a (Å) c/a

InN [23] 5.706 3.538 1.613

GaN [24] 5.185 3.189 1.626

AlN [25] 4.98 3.11 1.601

Table 1.1: Lattice constants and c/a ratios for binary nitrides.

The c/a ratio for each of these semiconductors, as given in Table 1.1, varies from the

c/a ratio for the perfect wurtzite structure (1.633) [26], which leads to spontaneous po-

larization effects in the nitride crystals. Although polarization effects are more rigorously

calculated from first principles and the modern theory of polarization, the following ex-

planation serves as a simplified view of how polarization arises in the nitrides [27, 28, 29].

In GaN, the ‘squashed’ nature of the unit cell (c/a ratio smaller than average) means

that the tetrahedral centers have imperfect angles. The Ga-N bonds have dipoles as-

sociated with them which would cancel out due to geometry in the case where the c/a

ratios were perfect. As the tetrahedral centers are squashed, the in-plane bond dipoles

remain canceled out and an overall dipole forms in the c-direction such that the Ga-rich
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metal-polar surface of the crystal obtains a negative polarization. Polarization in the

nitrides is relatively strong and, if utilized effectively, can be an important component in

device operation.

In addition to spontaneous polarization, the nitrides also exhibit piezoelectric po-

larization when a nitride with one composition is grown coherently on a nitride with

a different composition [30]. For example, if InGaN is being coherently grown on the

c-plane of a relaxed GaN crystal, the a-constant of the InGaN will be forced to be the

same as that of the GaN. As InGaN typically has a larger a-constant than GaN, the

decrease in the a-constant of the InGaN causes the unit cell of the InGaN to stretch out

in the c-direction. This increase in the c/a ratio causes a similar effect to the spontaneous

polarization effect, but in this case in the opposite direction. The strength of this piezo-

electric polarization is based on the difference in lattice constants between the substrate

(the material being grown on) and the layer being grown. Where for InGaN grown on

c-plane GaN the spontaneous and piezoelectric polarization point in opposite directions,

for AlGaN grown on c-plane GaN the two polarizations add up as they point in the same

direction [31]. Additionally, N-polar growth changes the direction of the polarization.

Simplified visual examples of some different growth conditions and polarizations in these

cases are given in Figure 1.2.

5



Introduction Chapter 1

Figure 1.2: Polarization directions (red arrows) and interface polarization charges
for various crystal orientations and layers strained to GaN. Spontaneous polarization
effects are on the left side of each image and piezoelectric polarization effects are on
the right. (a) Metal-polar In[Ga]N, (b) N-polar In[Ga]N, (c) metal-polar Al[Ga]N,
and (d) N-polar Al[Ga]N.

The previous examples of polarization were given only for the (0001) and (0001̄)

planes, however as alluded to by the naming conventions of nonpolar and semipolar,

different growth planes lead to different polarization effects [19, 32]. As the main focus

of this work will be on metal-polar and N-polar growth, these other planes will only

be mentioned briefly here. Nonpolar planes typically do not show polarization effects,

as the polarization is along the c-direction which would be parallel to the nonpolar
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growth planes. This may be of use for applications in which polarization is undesirable.

Semipolar planes have varying polarization effects that are less than the full polarization

occurring in the c-plane and -c-plane but are nonetheless nonzero. The ability to vary

the polarization through accessing different planes has been heavily studied and has

applications outside the scope of this work.

The polarization examples given above are all in relation to growth on relaxed GaN,

as these are the typical device conditions. GaN forms the backbone of most nitride-

based devices and in particular nearly all of the devices discussed in this work. While

unintentionally-doped (UID) GaN is often used, the doping of GaN either p-type or

n-type is crucial to many devices. As a III-V semiconductor, there is a potential to

substitute either the group III or the group V element when adding dopant atoms into

the crystal. Fortunately, studies of doping in GaN have provided relatively consistent

ways to dope GaN n-type by using Si or p-type by using Mg. As a group IV element,

and atom of Si can replace an atom of Ga in order to provide an additional electron

and create n-GaN. Similarly, Mg is a group II which can substitute for Ga to provide

one fewer electron and produce p-GaN. While n-GaN is relatively easy to form, p-GaN

has historically been more challenging and was one of the final hurdles to cross prior

to the widespread adoption of the nitride material system [33]. When Mg is introduced

into GaN, hydrogen atoms can form a complex with the Mg and effectively block the

p-doping. In order to remove the H from the p-GaN, the GaN:Mg must be annealed at

moderate temperatures (∼600 to 700 °C) in air or other non-hydrogen rich gas conditions.

This process, referred to as activation, typically necessitates that a clean p-GaN surface

is exposed to air and enough time is given for sufficient hydrogen diffusion.

(Al,Ga)N has an important place in nitrides research due to being at the forefront of

electronics and ultraviolet optoelectronics work [34, 35, 36, 37, 38, 39]. Herein, the focus

will be on AlN and AlGaN for electronics applications. Polarization plays a significant
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role in nitrides electronics, where for (Al,Ga)N on GaN the spontaneous and piezoelectric

polarizations point in the same direction and therefore are additive.

InN is perhaps the least well studied of the three binary III-nitrides despite having a

bandgap most similar to other III-V semiconductors. The bandgap of InN is well posi-

tioned to provided communication band (∼1550 nm) IR emission and detection, however

this area is largely covered by InP and GaAs due to advances in those material systems.

InN has a high electron velocity which makes it attractive for both optoelectronic and

electronic devices. However, if InN is to be incorporated within a GaN-based architec-

ture, the large difference in size between the InN unit cell and the GaN unit cell would

need to be considered. The lattice constant difference corresponds to a lattice mismatch

of over 10%, such that relaxation of the InN layer can occur. It has been seen that a

network of misfit dislocations form under InN quantum dots (QDs), which relax the InN

[40, 41]. QDs have shown to be advantageous for the deposition of heterostructures with

large lattice mismatch. In the case of InN on GaN, relaxed QDs naturally self-assemble

due to the high strain in the system.

1.2 MOCVD and LT-MOCVD

As in most materials, there are various forms in which the III-nitrides might exist

where size scales, purity, crystallinity, and other properties are vastly different. This

work will primarily focus on epitaxially grown III-nitrides which exist as thin films (nm

to µm scale) on wafers (cm scale). This form is common for semiconductor research

in the electronic and optoelectronic realms, and a variety of growth techniques exist

which can produce epitaxial-quality material. The two main competing technologies for

the growth of nitride materials are molecular beam epitaxy (MBE) and metalorganic

chemical vapor deposition (MOCVD). Both techniques are used in research and industry
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settings for nitride growth in addition to other material growth. MBE is an ultrahigh

vacuum technique which typically utilizes atoms of the component materials to directly

build up the material one layer at a time, giving precise control over a material at the

atomic level. MBE growth can be done at relatively low temperatures in comparison

to MOCVD but can have lower growth rates. MOCVD uses metalorganic precursor

compounds in which chemical reactions take place between precursors and at the surface

of the material. An atmospheric or low pressure technique, MOCVD does not require

vacuum conditions.

In addition to being able to grow material faster using MOCVD compared to MBE,

MOCVD is also more scalable such that MOCVD systems capable of handling many

wafers at once are commonplace in industry - both of these factors contribute to the usage

of MOCVD as the primary industry growth technique for optoelectronic applications in

the nitrides. MOCVD is also commonly known as metalorganic vapor phase epitaxy

(MOVPE), however for consistency the term MOCVD will be used in this work. The

MOCVD system utilized in this work is an atmospheric pressure system. Many reactor

designs exist and fluid dynamics is an important aspect of MOCVD reactor design,

however neither of these concepts will be discussed at length in this work. Many other

MOCVD reactors utilize lower pressures, on the order of 100 torr. Available carrier gases

for growths in this work are N2 and H2, the choice of which gas is used or the ratio can

affect growth conditions due to their differing gas flow and chemical behaviors.

1.2.1 Precursors

The basis of MOCVD growth is in the chemical reactions occurring on or near the

growth surface between precursor molecules. While many precursor options exist in

theory, in practice there are some precursors that have been well studied for nitride
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material growth, and most MOCVD growth is conducted using only one or two precursor

options for each element desired. For the majority of this work and unless otherwise

stated, the group V precursor will be ammonia which is injected into the reactor in gas

form, from cylinders of NH3. The typical molar flow of NH3 into the reactor during

growth is on the order of 100 mmol/min. While NH3 and several other precursors exist

in the gas phase and can be injected from gas cylinders, the majority of precursors used

are either liquids or solids near room temperature. The use of these metalorganics rely

on the vapor pressure of the precursor above the liquid or solid material to be large

enough to then be injected into the reactor with the use of a carrier gas. Each precursor

is contained within a temperature controlled container, referred to as a bubbler, where

the gas above the liquid or solid can be flown into the reactor. For instance, another N

precursor which will be considered in parts of this work, dimethylhydrazine (DMHy), is

not in the gas form and can precipitate out of the gas phase near room temperature if

the lines carrying the precursor are not heated.

The vapor pressure curve for each metalorganic is unique, however as a general rule the

log of the vapor pressure is linearly related to the temperature of the bubbler. Increasing

the bubbler temperature increases the vapor pressure of the precursor, thereby increasing

the molar flow of the precursor into the reactor. Typical molar flows for group III

precursors are on the order of 10 µmol/min, giving large V-to-III ratios when compared

to the typical molar flow of NH3. Varying the V-to-III ratio is a parameter that can be

tuned for various growth schemes. When other variables are kept constant, the molar

flow of the group III precursor can often be used to vary the growth rate in the MOCVD

reactor. In addition to changing the bubbler temperature, the molar flow is also controlled

by the amount of gas flow from the bubbler into the reactor. The limits on the gas flow

into the reactor are dictated by the size of the mass flow controller (MFC) which is used

for the bubbler in question. Additionally, for very high flows the pickup efficiency of the
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carrier gas through the bubbler may cause higher flows to contain smaller percentages of

the precursor. For this work, many of the growth conditions necessitate very low growth

rates which can be achieved in part by low flows through the MFC and additionally by

lowering the bubbler temperature.

For the growth of Ga-containing nitrides, the two main choices of precursor are

trimethylgallium (TMGa) and triethylgallium (TEGa) [42]. The structures of these and

other to be discussed precursors are given in Figure 1.3. TMGa has a relatively large

vapor pressure and is used for high growth rate, thick layers such as a several micron

thick GaN layer which is grown at high temperature. The methyl groups attached to the

Ga-atom may not easily detach which can cause increased unintentional carbon content

in the films grown with TMGa. In comparison, when carbon is a particular concern in

sensitive device layers, TEGa may be used which does not cause as much carbon content

but has a lower vapor pressure and therefore a lower growth rate [43, 44]. Although

on initial inspection it would seem that TEGa should provide more carbon due to the

higher number of carbons per each Ga-atom, the ethyl groups attached to the Ga-atom

can participate in a particular β-hydride elimination reaction [45]. In this reaction, a

Ga-C bond is promoted to breaking more easily by the concurrent loss of a H-atom on

the carbon not directly attached to the Ga-atom (i.e. a “β-hydrogen”). The hydrogen

leaves with one electron from the C-H bond and the other electron serves to form part of

a double bond between the two carbon atoms, which promotes the Ga-C bond to break

to provide an additional electron to this bond. The ethylene molecule has a high stability

and can then be extracted.
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Figure 1.3: Common MOCVD precursors used in this work: (a) ammonia, NH3; (b)
dimethylhydrazine, DMHy; (c) trimethylindium, TMIn; (d) triethylindium, TEIn; (e)
trimethylgallium, TMGa; (f) triethylgallium, TEGa; (g) trimethylaluminium, TMAl.

For Al containing nitrides, trimethylaluminium (TMAl) is used in this work. For In

containing nitrides, the standard MOCVD growth precursor is trimethylindium (TMIn).

Also used in this work is the less well-studied triethylindium (TEIn), where the vapor

pressures of the two molecules and their carbon contributing effects follow a similar trend

as their Ga-containing counterparts. In addition to the main elemental precursors, doping

of the grown material is also conducted through the use of metalorganic precursors.

Disilane, which exists in the gas form at room temperature, provides the Si-doping to

make n-type material. Bis(cyclopentadienyl)magnesium(II) (Cp2Mg) is a solid at room

temperature and provides the Mg-doping to make p-type material. In the case of Cp2Mg,
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the cyclopentadienyl groups may contribute additional carbon due to the large ratio of

C to Mg per molecule.

1.2.2 Growth temperature

As a rule of thumb, the growth temperature of nitride materials scales with melting

temperature and the bandgap such that InN is grown at low growth temperatures and

AlN is grown at high growth temperatures. Temperatures listed in this work generally

refer to the temperature measured by a thermocouple which is underneath the susceptor.

The susceptor is the platform upon which the tray carrying the growth wafer sits. The

growth temperature at the surface of the wafer is then around 50 to 100 °C lower than

that of the reported thermocouple temperature. Typical growth temperatures for InN are

around 500 °C while high-quality GaN is often grown above 1000 °C. Above about 600 °C,

InN can degrade or sublime, leading to challenges with growing devices containing both

InN and GaN due to the higher temperatures typical for GaN growth. This difference in

temperature stability between InN and GaN is utilized in InGaN growth by controlling the

composition by varying the growth temperature, with lower temperatures corresponding

to more indium. Achieving lower temperature growth conditions for the entirety of

the nitrides can open up new device options. Lower growth temperatures can aid in

preserving the abruptness of interfaces and prevent diffusion, particularly important for

higher indium content InGaN or InN containing devices.

Furthermore, efforts in the semiconductor field have more recently turned towards

integration of multiple semiconductors into the same device or chip in order to fully utilize

the beneficial properties of different materials [36]. While this can be done post-growth

through processing and transfer methods, heterogeneous integration of GaN by growth

onto processed or foreign substrates would enable a wider range of device geometries.
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While techniques such as molecular beam epitaxy (MBE) and plasma enhanced atomic

layer deposition (ALD) allow GaN growth at lower growth temperatures [46, 47, 48, 49,

50, 51, 52, 53], MOCVD has the benefit of being both scalable and mature. The scalability

of MOCVD makes it attractive for production purposes if LT-MOCVD techniques were

established for GaN, (In,Ga)N, and (Al,Ga)N. However, the high growth temperatures

of MOCVD grown nitrides prevent the use of temperature sensitive growth substrates

or device layers. For instance, ZnO provides good lattice matching and therefore may

be an interesting substrate for GaN growth, but ZnO reacts with GaN at temperatures

around 500 °C. The use of processed or partially processed wafers as substrates is also

of interest, however in the case of Si electronics the wafer temperatures need to be kept

under 500 °C to maintain the functionality of the wafers [2].

LT growth can lead to poor morphology and increased impurities in films, as seen in

both MOCVD and MBE [54, 2, 55]. As the growth temperature is lowered, the diffusion

lengths of adsorbed species decrease. This can increase film roughness as the adatoms

cannot move far enough to reach their optimal positions at kinks and steps on the surface.

This is a particular issue for Al- and Ga-containing species, where Al-containing adatoms

have the shortest diffusion lengths and In-containing adatoms have the longest diffusion

lengths. Another concern is the lower cracking efficiency of precursors at LT causing less

active species. This can lead to increased impurity incorporation as well as decreased

growth rates. Typically, MOCVD growth is conducted in a mass transport limited regime

in which the growth rate is limited by the diffusion of metalorganics to the substrate.

However, at high temperatures the growth rate is determine by the desorption of species

and at low temperatures the kinetics of the metalorganic reactions limit the growth rate.

The growth rate versus temperature dependencies for various precursors will be explored

further in this work.

Several methods can be employed to conduct LT MOCVD while mitigating the neg-
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ative effects, including using alternative metalorganic precursors [56, 57, 58, 59], laser-

assisted growth [60], and pulsed growth schemes [61, 62]. Herein, the use of alterna-

tive precursors in addition to pulsed growth schemes will be explored. Pulsed growth

schemes such as migration enhanced epitaxy, atomic layer epitaxy, or flow modulation

epitaxy (FME) allow adatoms more time to move to kinks and steps on the surface,

leading to improved growth at lower temperatures. Pulsed growth schemes have been

shown to decrease carbon and oxygen impurity levels [2, 62, 63, 64, 65, 66]. In the field

of III-N MOCVD, pulsed growth schemes have been shown previously promising for all

three of the conventional nitrides to allow for material growth at reduced temperatures

or to improve crystal quality at higher temperatures [67, 68, 69, 70]. The application of

pulsed growth schemes is not limited to the nitrides or to MOCVD, having been previ-

ously used for the growth of traditional III-V semiconductors such as GaAs, as well as

for MBE [63, 64, 66, 71, 72]. Selective area epitaxy of GaN using pulsed growth schemes

was previously demonstrated at higher temperatures [73, 74, 75]. More recently, FME

has been utilized for GaN deposition at temperatures of 620 to 700 °C to decrease Mg

propagation into consecutively grown layers [76, 77]. Additionally, N-polar GaN growth

has been conducted using FME to improve the morphology of films and to allow for LT

InN/GaN heterostructures [78, 79].

By allowing surface adatoms more time to move around by pulsing precursors, surface

mobility problems arising at low deposition temperatures can be mitigated. In this work,

FME is the terminology used for this method of pulsing the growth precursors. In general,

the N-precursor is left on while the group III precursor is turned on and off repeatedly

for a number of cycles. Figure 1.4 indicates the flow of the group III precursor over time,

where the exact timings and flow rates of each step in a cycle can be altered to adjust

the growth mode.
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Figure 1.4: Schematic of group III precursor flow over time for a repeating cycle
(dotted box) in a flow-modulation epitaxy growth mode.

1.3 Electronic applications

Electronics have found their way into every aspect of human life - from the way

we communicate with each other to transportation to being able to see late at night,

electricity is everywhere. The significant progress in electronic devices has largely been

championed by Si-based electronics. However, the desire for even higher efficiencies and

powers is creating openings for other materials to find niche uses in the electronics field.

GaN-based electronics has been on the rise since the creation of the GaN high-electron

mobility transistor (HEMT). Specifically, GaN has the potential to provide efficient power

conversion and low-power consumption on chip electronics.

(Al,Ga)N/GaN based high electron mobility transistors (HEMT) have emerged as

primary devices for microwave power applications because of their wide bandgap and

large polarization charge, enabling the formation a high-charge two-dimensional electron

gas (2DEG) at the heterojunction [34, 80]. Figure 1.5 shows a simplified schematic of

a GaN HEMT where a 2DEG has been formed to create a channel between the source

and drain of the device. The voltage applied to the gate can modulate the 2DEG in the

channel, turning the device on or off. Although many more complicated device designs

exist for nitrides electronics, this work will focus on a simplified structure in order to

test the quality of the LT grown material. Having high quality GaN and (Al,Ga)N with

low impurities and low roughness is critical in electronic devices to create a channel with

16



Introduction Chapter 1

good charge and high mobility [81]. As the thickness or Al-content of the (Al,Ga)N layer

increases, the charge in the channel will also increase due to the polarization increase.

Poor morphology or defects at the interface can negatively effect the 2DEG charge

and mobility. Defects or impurities can cause the charge in the 2DEG to be lower as the

defect charges will be screened before the 2DEG charge can increase [82]. In the expected

scenario without significant interfacial defects, the mobility will decrease as the charge

increases due to the 2DEG being pulled closer to the interface and therefore being more

heavily affected by the morphology or compositional effects [54, 83]. Rough morphology

at the (Al,Ga)N/GaN interface causes the 2DEG mobility to decrease. Decreased mo-

bility can also be observed when AlGaN is utilized at the interface instead of AlN. The

2DEG sees a potential variation with the alloy fluctuations, similar to the effect caused

by roughness.

Figure 1.5: Schematic of a basic GaN HEMT in which the polarization charge formed
at the Al[Ga]N/GaN interface creates a 2DEG channel.

Due to the success of GaN to date, there is interest to combine GaN-based electronics

on chip with other materials such as Si, to use GaN in the specific applications where

it can beat out Si in performance [14, 84]. This integration process can occur in several

ways, with the two main schools of thought being post-growth integration or direct

growth of GaN on foreign substrates. Post-growth integration involves material transfer
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techniques during wafer processing, either by transferring the as grown material or the

fully processed device onto the integrated wafer. While this can be a successful technique,

device geometries are mostly limited to fully nitride-based devices integrated with the

other material. In the case of direct growth of GaN on foreign substrates, it may be

possible to layer nitrides with other materials or generally have more flexibility in device

design. This is one of the primary motivators for optimizing low temperature growth of

Al-containing nitrides.

Both N-polar and metal-polar (Al,Ga)N electronics have found success, with InAlN

also being a material of interest [85, 86]. InN also has the potential to be used in electronic

devices, with a high electron velocity making it particularly attractive. Additionally, the

polarization direction in an N-polar InN layer on GaN is the same as that of a metal-

polar AlGaN layer on GaN. Some InN FET results have been shown to date, however

this system is significantly behind that of the other nitrides electronics [87].

1.4 Optoelectronic applications

Semiconductor LEDs and laser diodes (LDs) have widespread uses other than those

apparent on a daily basis. While visible optoelectronic devices such as LEDs which

light your house and laser pointers used for giving presentations may come to mind, the

world of invisible light has significant applications. Many different types of light exist,

and the electromagnetic spectrum spans a vast expanse of energies - where only a small

fraction of these energies provide visible light which humans can see. The focus of this

work will be primarily on light from the infrared, visible, and ultraviolet portions of the

spectra due to the III-N material system being able to access these energies. On the low

energy, long wavelength side, IR light is heavily used in communication systems. Fiber

optic cables carrying IR light run all over the world and the majority of communication
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technologies such as internet searches, messaging, and phone calls rely on IR LEDs and

LDs which transmit data rapidly and efficiently over long distances. UV light, higher

energy and shorter wavelength than visible light, can be useful in medical and disinfectant

applications.

LEDs and LDs are both devices which, in a simplified sense, convert electrical energy

to light energy. Electrons go into the device and photons, units of light, come out. The

energy of the photons which are emitted is controlled by the bandgap of the material in

the active region of the device. A given energy has a corresponding light color, which can

be quantified by the wavelength of the light. The active region of the device is typically

a very small percentage of the overall device structure and is also usually the material in

the device with the smallest energy bandgap. A material can typically absorb any light

that has the same or higher energy as its bandgap, so if the other device layers have a

larger bandgap they will not absorb the light produced by the active region. Additionally,

having the smallest bandgap in the active region means that electrons, and correspond-

ingly holes, will be funneled into the active region, similar to water flowing downhill and

filling valleys. Figure 1.6 shows a simplified band structure with a corresponding device

structure. Each material has a specific bandgap, the distance between the conduction

and valence bands, which is controlled by the composition. Electrons tend to find the

lowest energy position in the conduction band to reside. As holes can be thought of as

the absence of electrons in a fully filled band, in this case the valence band, the energy

of holes is actually opposite that for the energy of electrons. This means that electrons

have the lowest energy at the bottom of the scale whereas holes have the highest energy

at the bottom of the scale, such that holes ‘float’ whereas electrons ‘sink’.

19



Introduction Chapter 1

Figure 1.6: GaN LED with an InGaN active region. Device epitaxial structure shown
in (a) and sketch of a band diagram shown in (b) along with representative electron
and hole wavefunctions. Band diagram shows device in forward bias with the p-GaN
on the metal-polar side of the device.

The previous explanation ignored any dopant effects, however this is the key to having

a light-emitting device. In this work, LEDs will be the main optoelectronics device focus

and explanations of lasers will be largely undiscussed, however lasers can overall be

thought of as high-powered LEDs with mirrors at each end to make the light directional

(this is an overly simplified explanation). An LED is first and foremost a p-n junction

where holes flow towards the junction from the p-type material and electrons flow towards

the junction from the n-type material. At the junction between the p-type and n-type,

20



Introduction Chapter 1

both electrons and holes exist and can recombine such that an electron loses energy

in the form of emission of a photon while moving from the conduction band to the

valence band. In nearly all semiconductor LEDs, there is a region between the p-type

and n-type materials which is undoped and contains a material of a smaller bandgap

- this is the active region of the LED. Electrons and holes collect in the active region,

which is a physical region in space, and recombine due to being close to each other.

This recombination where a photon is produced is known as radiative recombination.

Radiative recombination leads to the creation of photons which can contribute to the

light output of the device. Some electrons and holes may not produce a photon when

being combined, this is known as non-radiative recombination and decreases the efficiency

of the LED. Non-radiative recombination can occur for a variety of reasons, including

when electrons and holes interact with defects or impurities in the crystal.

Modern semiconductor LEDs often have quantum wells (QWs) within their active

region, where the QWs are layers that are thin enough such that the energetics are in

part dictated by their size. In addition to the emission energy of the QW being a factor

of composition, thinner QWs produce higher energy emitted light. Where QWs give one

dimensional confinement, QDs give three dimensional confinement. The distribution of

energies in QDs can be very sharp (0D density of states) such that if the size distribution

of the QDs is well controlled, the emission spectra can be very sharp with a low spread

in wavelengths of light. In addition, where QWs can allow for carriers to spread out

laterally across the well, QDs confine the carriers to within the dots such that they can

potentially recombine more favorably. With the lower dimensionality of a QD system

compared to a QW system, the QD systems promise higher gain, lower threshold current,

and less temperature sensitivity in lasers [88, 89]. Keeping carriers within some lateral

dimensions of the QDs also can limit the interaction of carriers with other defects in the

crystal, as long as the defect positions are not correlated with the dot positions. QDs
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have seen particular success in lasers made of other III-V semiconductors, particularly

in cases where there may be a high defect density due to substrate lattice mismatch

[90, 91, 92, 93, 94, 95, 96].

Polarization effects previously discussed can affect the recombination in the active

region. Polarization can lead to charges at interfaces which increase as the materials

become more different in composition due to the increase in piezoelectric polarization.

The charges at the interfaces create an effective difference in potential for electrons and

holes in the active region. This leads to a slanting of the conduction and valence bands

in the active region, such that the electrons and holes end up spatially separated on

different sides of the active region, shown schematically in Figure 1.6b. Due to the

spatial separation of carriers, the radiative recombination rate decreases. The wavelength

of emission also increases due to the slanting causing the lowest point in the conduction

band and the highest point in the valence band to be energetically closer, effectively

reducing the bandgap. This overall effect is known as the quantum-confined Stark effect

(QCSE).

This can become very significant in particular when working with c-plane GaN/InGaN/GaN

structures where the InGaN has high In composition, desirable for reaching yellow and

longer wavelengths. Proposed solutions include using non- and semi-polar planes [20, 32,

17], V-pit engineering [97, 98], and the replacement of QW active regions with quantum

dot (QD) active regions [99, 100, 101]. The use of QD active regions allow for redistribu-

tion of strain in a QD, compared to a QW. In QDs, polarization can be reduced which

in turn reduces the QCSE [101, 100]. Promising results have been reported from InGaN

QDs showing luminescence into the green and red [102, 103, 104, 105].

InN is promising for near IR (NIR) detectors. InN could also provide NIR emitting

devices that operate in higher temperature regimes than current NIR devices. In Figure

1.7, two simplified band diagrams are shown in which the active region contains the
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infrared emitting material and the surrounding material has a higher bandgap in order

to trap the electrons and holes in the active region. In the case where standard III-V

materials are utilized, the potential barrier for electrons to escape the active region is low

and at higher temperatures electrons may be easily thermally excited out of the active

region. When GaN is used as the surrounding material and InN is used as the active

region, the potential barrier for carriers in much higher and at the same temperatures

where electrons would escape in Figure 1.7a, they would remain trapped in the active

region in Figure 1.7b. Effectively containing carriers within the active region at higher

temperatures would therefore allow for emitters to operate at elevated temperatures more

efficiently without the need for expensive and unwieldy cooling components.

Figure 1.7: Simplified band diagrams of (a) GaAs/InAs and (b) GaN/InN systems
with indications of differences in carrier escape from the active region due to conduc-
tion band offsets.
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Gallium nitride

Most optoelectronic and electronic devices in the nitrides are composed mainly of GaN,

where such devices may commonly be known as “GaN-based” devices. While many of

the devices layers are made of materials other than GaN, it is important to have good

quality GaN in order for the foundation of the device to be relatively free of impurities and

dislocations. As GaN makes up a large fraction of any given device, being able to grow

high-quality GaN under a variety of conditions can be necessary in order to incorporate

sensitive materials and layers into devices. This chapter will discuss optimization of

low temperature growth of GaN for both metal-polar and N-polar, with a focus on flow-

modulation as a technique. LT GaN doped n-type with Si will then be discussed, followed

by LT growth of GaN with DMHy as an alternative N precursor.

2.1 LT GaN by flow-modulation

Significant portions of this section have been taken from [2].

Continuous and flow modulation epitaxy MOCVD (FME-MOCVD) of metal-polar

GaN was conducted at temperatures of 610 °C and below. The surface morphology of
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the layers was analyzed using atomic force microscopy (AFM). Growth temperature,

precursor flow rate, and FME cycle time were varied in order to optimize step-flow

growth at a temperature of 550 °C. Growth rates were calibrated and verified by X-

ray diffraction (XRD). Impurity analysis was conducted through secondary ion mass

spectrometry (SIMS).

All LT GaN layers were grown using atmospheric pressure MOCVD with triethyl-

gallium (TEGa) and ammonia on 2-µm-thick high temperature metal-polar GaN-on-

sapphire base layers grown in-situ with trimethylgallium and ammonia. In order to

observe the general trend of the GaN growth rate at these very low temperatures, GaN

growth rate calibrations were conducted on Si substrates at temperatures from 450 °C

to 650 °C prior to other growth experiments. Note that all listed growth temperatures

corresponded to the thermocouple temperature measured underneath the susceptor. The

actual wafer temperature was about 50 °C lower. The layers on Si substrates were de-

posited with a TEGa flow of 10.5 µmol/min and an ammonia flow of 140 mmol/min

for 10 min (Figure 2.1). Thicknesses between 20 nm (450 °C) and 60 nm (650 °C) were

measured via ellipsometry. The growth rate at 500 °C was found to be 80% of the

growth rate at 610 °C, such that in subsequent experiments over this temperature range,

the thickness differences due to growth rate variations with temperature were considered

small enough to be neglected. Table 2.1 lists all LT growth experiments conducted on

GaN-on-sapphire base layers. Standard, continuously grown LT layers were grown for

Series I with a TEGa flow of 0.6 µmol/min and an ammonia flow of 67 mmol/min, for 25

min each. The impact of growth temperature was studied for this series, with samples

grown at 610 °C, 550 °C, and 500 °C.
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Figure 2.1: Growth rate versus growth temperature for GaN growth on silicon with
10.5 µmol/min TEGa. The error bars correspond to the uncertainty due to the radial
variation of the growth rate across the wafer [2].

In the case of the LT FME layers, the TEGa flow was modulated while the ammonia

flowed continuously at 140 mmol/min. The FME growth scheme consisted of a repeating

cycle in which the TEGa was off for A seconds, ramped up to flow X over B seconds,

was flown at flow X for C seconds, and then was ramped down to zero over D seconds

(A/B/C/D s). The nominal amount of TEGa injected into the reactor during the growths

of Series II to V was kept constant. In Series II, FME layers were grown with a flow

scheme of 9/5/5/5 s and a TEGa flow of 1.9 µmol/min for 50 cycles at 610 °C, 575 °C,

and 550 °C. In Series III, the cycle time was increased to 9/15/15/15 s and the TEGa

flow was reduced to 0.6 µmol/min in order to keep the total amount of TEGa provided

in each cycle constant, with FME layers grown for 50 cycles at 550 °C and 500 °C. All

other experiments were conducted at 550 °C in order to optimize step-flow growth at that

temperature. In Series IV, the sample grown at 550 °C in Series II, with a flow scheme of

9/5/5/5 s, was used as a starting point. In the following experiments, the TEGa flow was

reduced to 1.2 µmol/min and 0.6 µmol/min, with 75 cycles and 150 cycles, respectively,
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in order to keep the total amount of supplied TEGa constant. Series V used the lowest

TEGa flow of Series IV, 0.6 µmol/min, and then varied the cycle time. The flow scheme

was 9/5/X/5 s, where X was 5, 10, or 15 s with cycles of 150, 100, or 75, respectively.

The thickness of the LT layer was varied by changing the number of cycles (75, 150, 300)

in Series VI, with a flow scheme of 9/5/5/5 s and a TEGa flow of 0.6 µmol/min. These

different sample series are summarized in Table 2.1.

Series Parameter(s) varied Details

I T(°C) = 610, 550, 500 Continuous, TEGa = 0.6, 25 min

II T(°C) = 610, 575, 550 9/5/5/5 s, TEGa = 1.9, 50 cycles

III T(°C) = 550, 500 9/15/15/15 s, TEGa = 0.6, 50 cycles

IV TEGa = 1.9, 1.2, 0.6; Cycles = 50, 75, 150 550 °C, 9/5/5/5 s

V On-time (s): X = 5, 10, 15; Cycles = 150, 100, 75 550 °C, 9/5/X/5 s, TEGa = 0.6

VI Cycles = 75, 150, 300 550 °C, 9/5/5/5 s, TEGa = 0.6

Table 2.1: List of LT experiments conducted. TEGa flow is given in µmol/min.

All samples were analyzed using AFM (Asylum MFP-3D) to determine the surface

morphology. Reported RMS roughness values are for (5 µm)2 scans. An additional

sample consisted of an InN layer grown at 550 °C prior to deposition of 600 cycles of

LT FME GaN at the same growth temperature, with a flow scheme of 9/5/5/5 s, and

with a TEGa flow of 0.6 µmol/min. An ω-2θ XRD scan around the (0002) GaN peak

was taken using a Panalytical MRD PRO (Cu Kα, 1.5405 Å). Thickness fringes were

simulated using the Expert Epitaxy software by varying the parameters of the top GaN

layer to obtain the best fit. Additional samples were grown for SIMS analysis, where the

LT GaN layers were embedded in high-quality GaN layers grown at high temperature.

LT GaN layers with optimized FME schemes as well as continuously grown layers were
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deposited at 500 °C and 550 °C in this manner and studied via SIMS (Cameca IMS 7f

Auto SIMS).

Figure 2.2 shows the AFM images of a 2-µm-thick high temperature GaN-on-sapphire

base layer and the continuously grown LT GaN layers from Series I. At a growth temper-

ature of 610 °C, step-flow growth and spiral growth around threading dislocations with

screw character was observed (Figures 2.2(g,h)) [106, 107]. The terrace lengths were

smaller than those of the underlying high temperature GaN film due to the significantly

lower deposition temperature. In Figures 2.2(c,d) at the lowest growth temperature of

500 °C, the only steps visible were those of the underlying high temperature GaN film,

with a texture on top of the steps which was associated with a layer-by-layer growth

mode of the LT GaN layer. For the layer grown at 550 °C, a transition between the spi-

ral, step-flow growth and the layer-by-layer growth appeared to occur (Figures 2.2(e,f)).

As the temperature was decreased, the surface adatoms did not have enough energy to

reach a step edge and instead grew layer-by-layer. Decreasing the TEGa flow rate or

pulsing the flow can promote the adatom movement, as was explored in the following

experiments.
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Figure 2.2: AFM images of (a)/(b) high temperature GaN and continuously grown
LT GaN layers from Series I with the left images being (5 µm)2 and the right images
being (1.5 µm)2. LT GaN layers were grown at (c)/(d) 500 °C, (e)/(f) 550 °C, and
(g)/(h) 610 °C. Scale at right is 0 to 5 nm for (c)/(d)/(g)/(h) and is 0 to 8 nm for
(e)/(f) [2].

With a flow scheme of 9/5/5/5 s, LT GaN layers were grown at 610 °C, 575 °C,
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and 550 °C in Series II, with the corresponding AFM images depicted in Figure 2.3.

At a growth temperature of 610 °C in Figure 2.3(a), smooth step-flow growth and no

spiral growth around dislocations was observed. The spiral growth was suppressed by the

reduced supersaturation when compared to the continuously grown layer, as described

by theoretical calculations [108, 109]. When the growth temperature was reduced by 35

°C (Figure 2.3(b)) step-flow growth was again observed, but with spirals present which

were taller than the spirals seen in the case of the continuously grown 610 °C layer. The

surfaces of the film grown at 550 °C, depicted in Figure 2.3(c), showed significant clusters

of material, with similar shape and size to the spirals but without steps visible. When the

TEGa flow was decreased from 1.9 to 0.6 µmol/min and the cycle time increased in Series

III, the slower growth rate resulted in the return of step-flow growth (Figure 2.3(d)). The

observed spirals were comparable to those seen for the LT GaN layer grown in Series II

at a higher growth rate and a higher growth temperature of 575 °C, supporting the idea

that moving to a slower growth rate could improve morphology in a similar fashion as

increasing the growth temperature. Reducing the temperature further to 500 °C, with

the same flow and FME scheme, led to layer-by-layer growth (not depicted), similar to

that seen for the continuously grown sample at 500 °C.
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Figure 2.3: AFM images, (1.5 µm)2, of FME LT GaN layers grown at (a) 610 °C, (b)
575 °C, and (c) 550 °C with a TEGa flow of 1.9 µmol/min, as well as (d) grown at 550
°C with a TEGa flow of 0.6 µmol/min, corresponding to Series II (shown in (a)-(c))
and Series III (shown in (d)). Scale at right is 0 to 4 nm for (a)/(b) and is 0 to 10
nm for (c)/(d) [2].

The FME growth scheme was further optimized at 550 °C in order to find conditions

for step-flow growth without spirals. Although Series III yielded a better morphology,

the flow scheme of Series II was chosen as a starting point instead of the long cycle time

of Series III. Using a flow scheme of 9/5/5/5 s, the TEGa flow rate was reduced from

that of Series II (1.9 µmol/min) to 1.2 µmol/min and 0.6 µmol/min in Series IV. The

number of cycles was increased as the TEGa flow was decreased to maintain the same

film thickness, with AFM images for Series IV displayed in Figure 2.4. Reducing the

TEGa flow to 1.2 µmol/min did not entirely prevent island formation (Figure 2.4(a))

but did reduce the number of islands compared to the sample grown with a TEGa flow

of 1.9 µmol/min (Figure 2.3(c)). In addition, step-flow growth occurred in the areas

surrounding the islands (Figure 2.4(b)). By reducing the TEGa flow even further to 0.6
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µmol/min, the island formation was suppressed, with only a few areas showing a slight

onset of spiral formation (Figure 2.4(c)). The surface of this sample was flat, resembling

step-flow growth without the significant spiral formation seen for the layers grown with

higher TEGa flows at 550 °C (Figure 2.4(d)). These flow conditions were therefore chosen

for further experiments.

Figure 2.4: AFM images, left (5 µm)2 and right (1.5 µm)2, of FME LT GaN layers
grown at 550 °C from Series IV with TEGa flows of (a)/(b) 1.2 µmol/min and (c)/(d)
0.6 µmol/min. Scale at right is 0 to 2 nm for (d), 0 to 5 nm for (c), and 0 to 10 nm
for (a)/(b) [2].

In an attempt to decrease the growth time, the on-time in the FME scheme was

increased, using the 0.6 µmol/min TEGa flow, in Series V. At 10 s on-time, the spiral

features became taller than for 5 s on-time and islands started to form (Figure 2.5(c,d)).

At 15 s on-time, the islands became taller and the spiral nature of the islands could not

be resolved (Figure 2.5(e,f)). The islands observed for the 15 s on-time sample were not

as dense as the spirals for the 10 s on-time sample. This behavior is unclear at this time
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but may be related to differences in the growth modes between islands and spirals. In

all three samples for Series V, step-flow growth was observed.

Figure 2.5: AFM images, left (5 µm)2 and right (1.5 µm)2, of FME LT GaN layers
grown at 550 °C from Series V with growth schemes of (a)/(b) 9/5/5/5s, (c)/(d)
9/5/10/5s, and (e)/(f) 9/5/15/5s. Scale at right is 0 to 4 nm for (a)/(b)/(d), 0 to 8
nm for (f), and 0 to 10 nm for (c)/(e) [2].

To further investigate the evolution of the LT GaN layer, Series VI was conducted

with the optimized growth scheme and with the number of cycles varied (75, 150, 300).

In Figure 2.6(a) the thinnest sample can be seen to exhibit steps uneven in size, which

become more regular for the two thicker samples (Figures 2.6(b,c)). When increasing
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the layer thickness, the step-flow growth was maintained without the return of spiral

or island growth, confirming that the differences in the surface morphology seen in the

previous experiments were indeed related to a change in growth mode rather than slight

variations in film thickness. In order to verify the thickness of the LT FME GaN layers,

in another experiment an InN layer was inserted between the high temperature GaN

base layer and the LT FME GaN layer. Using the optimized 9/5/5/5 s growth scheme,

600 cycles of GaN were grown on top of an InN layer with a nominal thickness of 1

nm. As shown by atom probe tomography, this InN interlayer took the form of relaxed

InN dots with a wetting layer between the dots [7]. The InN dot layers have been used

here, and in other work, as an interlayer to extract GaN layer thicknesses utilizing the

thickness fringes around the (0002) GaN X-ray reflection [6]. Figure 2.7 shows an ω-2θ

scan around the (0002) GaN peak with thickness fringes corresponding to an 8 nm thick

LT GaN layer. The growth rate of 0.13 Å/cycle was significantly less than a monolayer

per cycle. Of note was the InN peak, which showed minimal shift from the (0002) relaxed

InN peak, such that little to no intermixing occurred between the InN and the LT FME

GaN layer. The InN peak visible in the experimental scan corresponded to the presence

of sparse InN dots, which were not considered in the simulation.

Figure 2.6: AFM images, (1.5 µm)2, of FME LT GaN layers from Series VI with cycle
numbers of (a) 75, (b) 150, and (c) 300 cycles corresponding to layer thicknesses of
(a) 1 nm, (b) 2 nm, and (c) 4 nm. Scale at right is 0 to 2 nm [2].
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Figure 2.7: X-ray diffraction ω-2θ scan around the (0002) GaN peak for (blue/top)
600 cycles of FME LT GaN on an InN interlayer. Simulation (red/bottom) of 8 nm
GaN on a GaN buffer with a thin InN interlayer. The InN peak corresponded to the
presence of sparse InN dots, which were not considered in the simulation [2].

The RMS roughness data, taken from (5 µm)2 AFM images of all LT GaN samples,

was summarized in Figure 2.8. Note that the high temperature GaN underlayers (Figures

2.2(a,b)) onto which the thin LT GaN layers were deposited had an RMS roughness of

about 0.6 nm. Each of the temperature series (I, II, III) were plotted in Figure 2.8(a).

For the continuously grown samples in Series I, the sample grown at 610 °C in a step-flow

growth mode was slightly rougher than that of the sample grown at 500 °C in a layer-by-

layer growth mode, indicating the necessity of using visual analysis of the AFM images

as well as roughness values to determine the layer quality. The 550 °C sample showed

a roughness of 0.72 nm, the highest RMS roughness among the three samples due to

the transitional state between step-flow and layer-by-layer growth. Moving to an FME

growth scheme in Series II, clusters formed at 550 °C such that the roughness increased

greatly compared to the continuously grown sample at the same temperature. The 550 °C

sample of Series II was also much rougher compared to the higher temperature samples

in Series II, such as the 575 °C sample where spirals formed. By reducing the growth

rate in Series III, the roughness at 550 °C decreased from 1.8 nm to 1.2 nm but did not

35



Gallium nitride Chapter 2

entirely recover to that of 0.5 nm observed for the layers grown at higher temperatures.

Figure 2.8: AFM RMS roughness calculated for (5 µm)2 images in (a) Series I, II, III,
(b) IV, (c) V, and (d) VI [2].

The RMS roughness versus TEGa flow for the samples of Series IV was plotted

in Figure 2.8(b). Over this TEGa flow range, the roughness decreased approximately

linearly with decreasing TEGa flow down to 0.56 nm at a flow of 0.6 µmol/min. This

sample exhibited a roughness on the order of the best sample grown at 610 °C. In Figure

2.8(c), the roughness versus on-time was plotted for Series V, where roughness increased

approximately linearly with increasing on-time up to 0.97 nm for an on-time of 15 s. Over

the ranges studied, the effect of TEGa flow on roughness was seen to be more significant

than the effect of on-time. Figure 2.8(d) plots the roughness versus layer thickness for

Series VI, where the roughness was largely independent of the layer thickness in the

investigated range. The layer thickness values were extrapolated from the growth rate

obtained through the XRD analysis, discussed earlier, assuming the GaN growth rate

was not affected by the presence of the very thin InN interlayer.

Overall the influence of the different growth parameters on the surface morphology

of the LT GaN layers investigated in this study closely followed previously established

theoretical relationships for the growth of GaN [110, 111] and crystal growth from the
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gas phase [108, 109, 112, 113].

The LT FME growth scheme has been optimized for morphology, however another

consideration for layer quality is the impurity incorporation. As the growth temperature

is decreased, the levels of impurities such as carbon and oxygen tend to increase [54].

The presence of carbon in the layers typically originates from pyrolysis of metalorganic

precursors such as TEGa and the presence of oxygen from trace amounts of H2O and O2

in the precursors and process gases. LT GaN layers were grown both continuously and

using the optimized FME growth scheme at different temperatures. The LT GaN layers

were separated by high quality GaN layers grown at standard high temperatures. The

results of the SIMS analysis are shown in Figure 9. For layers grown at 550 °C, the carbon

concentration went from 2 x 1019 cm−3 in the continuous case to 9 x 1017 cm−3 using

the optimized FME scheme. For the same layers, the oxygen content decreased from 4

x 1017 cm−3 to 8 x 1016 cm−3. The same trend was observed for the layers grown at 500

°C, where oxygen and carbon levels were again lower in the FME layers. As expected,

the impurity levels were higher in the layers grown at 500 °C compared to those grown

at 550 °C.
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Figure 2.9: SIMS data for LT GaN layers indicating the concentration of oxygen and
carbon in continuously grown films and FME films versus growth temperature [2].

In conclusion, LT GaN layers growing in a step-flow growth mode at deposition tem-

peratures as low as 550 °C were demonstrated by MOCVD. An FME flow scheme was

developed by optimizing cycle length and precursor flow rate at a given temperature. For

the optimized growth scheme, the growth rate was 0.13 Å/cycle with a total cycle time

of 21 s corresponding to an average growth rate of 0.006 Å/s, resulting in LT GaN films

with an RMS roughness of 0.56 nm. In addition to improving the morphology, switching

from a continuous to an FME growth scheme allowed for the reduction of carbon and

oxygen impurities in the films. The results of this study show that the GaN film quality

can be maintained at significantly reduced deposition temperatures if the decrease in

temperature is balanced by a decrease in film growth rate. Going forward, these high-

quality LT layers can be used for the fabrication of high indium content devices or on

temperature sensitive substrates, widening the design space for GaN based devices.
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2.2 LT GaN:Si

While the previous section covered the growth of LT undoped (or unintentionally

doped, UID) GaN, for device applications it can be necessary to have doped layers as

well. To have an LED stack, either n-type or p-type material needs to be grown on top

of the active region. For a temperature sensitive active region such as InN or high In

content InGaN, the layer on top of the active region should be grown at LT. Doping GaN

p-type can be particularly challenging when growing at LT due to high impurity levels

which can compensate the Mg. Although the doping of the layers can be difficult, the

addition of Mg itself can be beneficial to the layer growth, as small amounts of Mg acts

as a surfactant during growth and therefore can improve the morphology for LT layers

[114, 115, 116, 117, 118]. On the other hand, Si as a dopant acts as an anti-surfactant,

causing morphology concerns when trying to dope n-type at LT [119, 120, 121, 122].

While additional C in an n-type layer can reduce the charge, O is an n-type dopant and

can contribute to the charge. Overall, n-type doing at LT is expected to be easier than

p-type doping, therefore this section will consider the feasibility of LT GaN:Si for n-type

GaN for metal-polar.

The previous FME growths were conducted by pulsing the TEGa while the NH3

was flown constantly. In order to introduce a dopant, the flow scheme of the dopant

precursor will also have to be determined. For the MOCVD used here, two disilane lines

were available with different concentrations and mass flow controllers, covering a range

of Si doping levels. However, for low growth rates with relatively high Si doping desired

it was difficult to achieve the desired doping when injecting the disilane at the same

time as the TEGa, which was injected with a scheme of 5/5/5/5 s. A scheme was then

used where the disilane was injected for some cycles but not others. The disilane was

pulsed with the TEGa every fifth cycle for two samples, where the higher doping had the
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disilane on for the full 5 s on-time and the lower doping had the disilane on for 2.5 s. For

the lower doping case, an additional sample was grown with the same layer followed by a

HT GaN cap layer such that SIMS could be conducted. Both lower doping samples were

grown with 1200 cycles whereas the higher doping sample was grown with 600 cycles.

Figure 2.10 shows AFM images for the two uncapped LT GaN:Si samples. With the

addition of Si, the layer morphology degrades to a layer-by-layer growth mode at best,

with higher doping causing clustering similar to that seen when the TEGa precursor

flow was high in the previous optimization of the LT GaN. The roughness for the higher

doped layer was 1.84 nm and for the lower doped layer was 1.20 nm. Figure 2.11 shows

impurity and Si content of the LT GaN:Si layer as determined via SIMS. A Si doping of

1.7 x 1019 cm−3 was found, with carbon levels below that of oxygen levels. This result was

promising, as this doping level should be sufficient for many applications and, although

the layer was not showing a step-flow growth mode, the roughness was still low for a

reasonably thick layer.

Figure 2.10: (5 µm)2 AFMs of LT GaN:Si layers with the left sample having disilane
flowing for a full cycle in every five cycles and the right sample having disilane flowing
for half a cycle in every five cycles.
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Figure 2.11: SIMS of capped LT GaN:Si layer.

While SIMS provides information on the concentration of dopants and impurities,

this does not directly correspond to the charge in the layers. Hall measurements can be

used to determine the charge and mobility of the layers, taking into account the effect

of impurities, defects, and dopants which contribute to the electronic properties. To

measure the carrier concentration in a given layer, processing can be conducted with

deposition of Hall contacts. This can be useful to measure mobility which may differ

along different crystal directions. Processing-free Hall samples can also be made by

dicing samples into small (1 cm x 1 cm) pieces and pressing or melting In metal onto the

corners of the sample. If a buried layer is of interest, or the sample may have a 2DEG

which should be measured, then the contact area should be scratched or scribed prior to

In metal contacts being added. However, measuring Hall on samples without processing

to isolate areas of interest will cause all of the sample layers to contribute to the Hall

measurement.

To make Hall measurements without processing, all sample layers other than the
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layer of interest should be resistive enough that no significant charge will be contributed

to the measurements. To start with, the GaN-on-sapphire template should be semi-

insulating as the thick template layer could contribute significant amounts of charge if

not resistive. Typically, three types of doping are used for GaN-on-sapphire templates:

n-type doped, unintentionally doped (UID), or semi-insulating. N-type doping is used

for many optoelectronic applications and involves using Si-doping to make the template

n-type. UID templates are not doped directly, but often carry some charge due to the

incorporation of impurities. In general, N-polar GaN templates uptake high amounts of

oxygen in comparison to metal-polar GaN templates, therefore N-polar UID templates

can be grown and Hall measured in order to determine oxygen impurity content in the

reactor. Semi-insulating templates can be grown by adding as Mg, where without an

activation step the Mg will cause the GaN to be resistive. For N-polar GaN template

growth, high levels of Mg can be added at the beginning of the growth to compensate

any impurities with donor character such as O and therefore make the template semi-

insulating. In the case of Ga-polar semi-insulating templates, a moderate Mg doping can

be used throughout most of the film. UID layers are usually utilized after Mg layers and

prior to layers of interest to reduce the Mg content. Mg is known to float on the growth

surface and incorporate in layers grown above any Mg doped regions.

The LT GaN:Si layers discussed previously were grown on semi-insulating templates

and Hall was measured on the samples. However, the Hall measurements showed signifi-

cantly higher charges than expected from the Si content determined via SIMS. This was

likely due to surface effects such as band bending and surface defects causing extra charge

at the surface. In order to avoid the effects of the surface on these thin films, a series

of LT GaN:Si samples was grown on semi-insulating GaN templates with UID GaN cap

layers and lower Si dopings. The disilane was injected in half a cycle for every five, ten,

or twenty cycles of FME (1200 cycles total). A reference sample was also grown where no
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disilane was injected. Figure 2.12 shows the Si doping, obtained via SIMS, and the Hall

carrier density measurements. The mobility for each sample is also given on the plot.

The carrier concentrations are lower than the Si concentrations by significant margins,

most likely due to SIMS measurement uncertainty pertaining to the characterization of

thin layers.

Figure 2.12: Si-doping and carrier concentrations for four LT FME GaN samples with
varied amounts of silicon doping. Values overlaid on plot represent Hall mobilities for
each sample.

Overall, good charge and reasonable mobilities were found for LT GaN:Si films. Al-

though the films did not show a step-flow growth mode, the roughness of the films was

still low. These n-type films could be useful for a variety of device applications and show

that LT GaN growth should be feasible for multiple types of layers.
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2.3 Alternative nitrogen precursors

Although LT GaN growth using NH3 showed promising results, DMHy is another N-

precursor of interest for LT MOCVD. A comparison was made between NH3 and DMHy

to determine if further improvements could be made utilizing this alternative N-precursor.

Growth rate calibrations on Si were conducted at temperatures between 300 and 500 °C

with DMHy, NH3, or both (2.1 to 3.9 mmol/min DMHy; 45 to 268 mmol/min NH3).

TEGa was flown at 10.5 µmol/min and layers were then measured via ellipsometry to

determine growth rates. Figure 2.13 shows the obtained growth rate versus temperature

and growth rate versus N-precursor relationships.

Figure 2.13: GR calibrations for GaN grown with TEGa (10.5 µmol/min) and either
NH3, DMHy, or both precursors. (a) GR versus temperature for 143 mmol/min NH3,
3.9 mmol/min DMHy, and one data point for 143 mmol/min NH3 + 3.9 mmol/min
DMHy. (b) GR versus N-precursor flow at 500 °C with the DMHy flow given on the
top x-axis [3].

NH3 and DMHy both showed significant growth in the 500 to 550 °C temperature

range. At 500 °C, growth was also conducted iwth a combination of N-precursors and the

GR was close to that seen for the film grown with DMHy alone. At lower temperatures

the GR with both precursors decreased, with the GR with DMHy dropping significantly

44



Gallium nitride Chapter 2

below 500 °C whereas the GR with NH3 declined considerably below 450 °C. The differ-

ence in the temperature at which the growth rate decreased may be associated with the

presence of methyl groups during growth with DMHy. The methyl groups of the DMHy

can exchange with the ethyl groups of the TEGa, leading to formation of Ga-methyl

bonds, such that the benefits of a lower pyrolysis temperature of TEGa compared to

TMGa may have been partially lost [42, 123]. Further investigations are needed to clar-

ify the mechanism. Very little growth was seen with DMHy below 400 °C and with NH3

below 350 °C. In Figure 2.13b, the GR is plotted versus the N-precursor flow for samples

grown at 500 °C with varying NH3 or DMHy flows. The GR with DMHy was largely

constant over the measured range, while the GR with NH3 decreased slightly at the

highest explored NH3 flow of 250 mmol/min. Despite the large difference in N-precursor

flow rates, the GRs being comparable suggested that the lower decomposition efficiency

of NH3 compared to DMHy could be compensated by providing significantly higher NH3

than DMHy molar flows, and that the growth rate was largely determined by the TEGa

flow in the range of the studied N-precursor flows.

Select samples from the GR calibration series were additionally grown directly on

sapphire substrates. For growth with NH3, samples were colorless as expected, however

GaN films grown with DMHy were dark in color (Figure 2.14). This effect was attributed

to the formation of metal droplets due to the lower partial pressure of active nitrogen when

growing with DMHy (lower V/III ratio) in combination with high levels of impurities in

the films. To further investigate the latter, a sample was grown which consisted of LT

GaN layers separated and capped by HT GaN. SIMS was conducted on this sample

to determine the hydrogen, carbon, and oxygen impurity concentrations in the layers

(Figure 2.15). All LT layers were grown continuously at 550 °C and were therefore

expected to have higher impurity levels compared to layer grown in FME mode. To

determine impurity concentrations, the SIMS peaks were integrated and divided by the

45



Gallium nitride Chapter 2

expected layer thicknesses, assuming 12.3 nm for each. It was seen that the layer grown

with NH3 had the lowest carbon level with 3 x 1019 cm−3 carbon. The layer grown with

a combination of N-precursors had a carbon level of 8 x 1019 cm−3. Oxygen levels in the

NH3 layer and the combine N-precursors layer were 7 x 1017 cm−3 and 9 x 1017 cm−3,

respectively. Both oxygen levels of films with some NH3 content were lower than in the

layer grown with only DMHy, which had an oxygen level of 3 x 1018 cm−3. The carbon

level in the layer grown with DMHy, at 2 x 1021 cm−3, was nearly two orders of magnitude

higher than that of the layer grown with NH3. The oxygen level in the layer grown with

DMHy was approximately one order of magnitude higher as well.

This indicated that carbon or oxygen may have been responsible for the dark color

noted in previous samples grown with DMHy. The reduction of carbon going from DMHy

alone to both precursors may be attributed to the better extraction of methyl groups from

the DMHy with the presence of hydrogen provided by the NH3, although additional car-

bon was still introduced by the DMHy in the case of using both precursors as compared

to NH3 alone. The methyl groups provided by the DMHy precursors allowed the forma-

tion of Ga-methyl bonds on the growth surface resulting in an enhanced C incorporation

and impeding the advantages of using TEGa as precursor, which normally allows the

growth of LT films with lower C impurity concentrations compared to TMGa, due to the

easier cleavage of the Ga-ethyl compared to the Ga-methyl bond [42]. The relatively low

oxygen level in the both precursor case shows that the oxygen contamination could be

suppressed by the addition of NH3. This suggested that the high O concentration in the

GaN layer grown with DMHy alone was in part associated again with the significantly

lower N-precursor partial pressure which was limited by the vapor pressure of DMHy.

46



Gallium nitride Chapter 2

Figure 2.14: Photograph of LT GaN on sapphire samples. Left sample was 37 nm
thick and grown with DMHy at 550 °C and right sample was 36 nm thick and grown
with NH3 at 450 °C [3].

Figure 2.15: Hydrogen, carbon, and oxygen content in LT GaN layers determined by
SIMS. The LT layers were grown continuously at 550 °C with varying N-precursors,
from right to left: 135 mmol/min NH3, 135 mmol/min NH3 and 3.9 mmol/min DMHy,
3.9 mmol/min DMHy [3].

When performed on HT GaN base layers, it was shown that LT FME GaN growth

conducted at 550 °C with NH3 could result in a step-flow growth mode with low roughness

47



Gallium nitride Chapter 2

[2]. When FME was employed in the growth of a sample with DMHy and no NH3, AFM

micrographs revealed rough films with features above 400 nm tall (Figure 2.16). These

features may have been formed via metal-droplet assisted nanowire formation due to the

low V/III ratios when growing with DMHy. Due to the successful growth of GaN with

NH3 under similar conditions, NH3 was chosen as the N-precursor of choice for LT GaN

growth moving forward.

Figure 2.16: AFM of attempted growth of LT FME GaN with DMHy on a GaN-on-s-
apphire template. Apparent metal-droplet assisted nanowire formation.
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Chapter 3

Aluminum nitride

The use of AlN and AlGaN in transistors has pushed the nitrides into the world of elec-

tronic materials. Although also having various optoelectronic applications, AlN is largely

of interest as a material for electronic devices in the scope of this work. High electron

mobility transistors (HEMTs) based off of AlGaN/GaN heterostructures have found a

place in specific applications such as low power consumption devices and power electron-

ics. This chapter will present the growth of low temperature AlN and AlGaN layers with

a focus on the electrical and structural analysis of LT (Al,Ga)N/GaN heterostructures

for HEMT structures.

3.1 (Al,Ga)N by flow-modulation

Significant portions of this section have been taken from [4].

In this work, LT-FME-MOCVD has been utilized to grow (Al,Ga)N at temperatures

below 550 °C on HT GaN-on-sapphire base layers. This temperature regime was chosen

to be compatible with most growth substrates of interest. Conventional precursors such

as TMAl and ammonia were utilized on a standard MOCVD system. The morphol-
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ogy, composition, and 2DEG characteristics such as sheet charge, mobility, and sheet

resistance were evaluated for various layer thicknesses.

All LT layers in this study were grown with N2 as the carrier gas and in-situ on semi

insulating high temperature c-plane, (0001) GaN-on-sapphire base layers by atmospheric

pressure FME-MOCVD. The growth temperature of all LT layers was 550 °C, measured

by a thermocouple located beneath the graphite susceptor such that the surface temper-

ature at the wafer was lower than 550 °C. The FME scheme involved pulsing the group

III precursor, TMAl, while ammonia continuously flowed at 140 mmol/min. One FME

cycle consisted of modulating the group III precursor in the following manner, for a total

cycle time of 24 s: a flow of zero for 9 s, ramp up to a flow X over 5 s, flow at X for 5 s,

and ramp down to a flow of zero over 5 s. This cycle scheme was previously optimized

for LT-FME-MOCVD GaN growth, in which case the flow X of TEGa was 0.6 µmol/min

and the growth rate was ∼ 0.13 Å/cycle [2]. One AlGaN sample with Al:Ga of 1:1 was

grown. For all LT AlN layers, the flow X of TMAl was 0.09 µmol/min and the growth

rate of pure AlN was ∼ 0.27 Å/cycle (∼ 0.011 Å/s). For six samples in the thickness

series, LT AlN layers with 94, 188, 282, 375, 469, and 563 cycles were grown directly on

the HT GaN-on-sapphire base layers. The corresponding AlN thicknesses, assuming no

Ga incorporation, were 2.5, 5, 7.5, 10, 12.5, and 15 nm.

Atomic force microscopy (AFM; Aslyum MFP-3D) was conducted to analyze the sur-

face morphology, where all reported RMS values were taken from 5 µm x 5 µm scans.

X-ray diffraction (XRD; Panalytical MRD PRO), was used to collect ω-2θ scans around

the (0004) GaN peak with Epitaxy software used to simulate scans to determine layer

relaxation and composition. X-ray photoelectron spectroscopy (XPS; ThermoFisher Es-

calab Xi+) was performed in order to determine average Al- and Ga-content in the LT

layers. Secondary ion mass spectrometry (SIMS; Cameca IMS 7 f Auto SIMS) was also

conducted to determine Al- and Ga-content as a function of thickness within the LT
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layers. Hall measurements were made at room temperature using the van der Pauw

technique on 1 cm x 1 cm wafer pieces with indium contacts.

Figure 3.1 shows AFM images of LT GaN, LT AlGaN, and LT AlN. Unlike the LT-

FME GaN growth optimized in a previous study, using the same pulsed growth scheme

with the addition of Al changes the growth mode to layer-by-layer from step-flow [2].

Figure 3.1: AFM images of LT FME layers of (a) GaN, (b) AlGaN, and (c) AlN. Scale
at right is (a) 0 to 2.5 nm and (b)/(c) 0 to 4 nm.

The morphology of the thinnest (94 cycles) and thickest (563 cycles) LT AlN layers

were analyzed by AFM, with images shown in Figure 3.2. In both cases, the underlying

steps in the HT GaN are not visible and buried underneath the layer-by-layer AlN growth,
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in contrast to the step flow growth seen in HT MOCVD studies [124]. However, the layers

were continuous with no visible cracking and had sub-nanometer roughness of a similar

order as HT MOCVD AlN layers, 470 pm in the thinnest case and 535 pm in the thickest

case. The low roughness, in addition to the lack of cracking in the layers, was critical in

the growth of the HEMT structures.

Figure 3.2: AFM images of LT FME AlN layers grown for (a)/(b) 94 cycles and
(c)/(d) 563 cycles. Scale at right is (a)/(c) 0 to 4.5 nm and (b)/(d) 0 to 2.5 nm [4].

With the sufficiently smooth surfaces over the range of investigated thicknesses, XRD

could then be used to investigate the relaxation and ω-2θ composition of the AlN layers.

Figure 3.3 shows scans around the (0004) GaN reflection for the four thickest samples

(282 cycles, 375 cycles, 469 cycles, and 563 cycles), in addition to simulated scans for

10 nm of AlN relaxed or strained to GaN. In the thinnest sample measured, the layer

peak appears to be between the GaN peak and the relaxed AlN peak, suggesting that the

LT layer had some unintentional Ga incorporation. In the four LT AlN layers analyzed,
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the layer peak was seen to shift away from the GaN peak and become sharper as the

layer thickness was increased. This peak shift was in the opposite direction as would be

expected if the shift were due to relaxation alone. If the only contribution to the peak

shift were the relaxation of the layer as thickness was increased, the peak would shift

towards the GaN peak with increasing thickness. While relaxation may be affecting the

layer reflection position, there must be another contributing effect in order to cause the

observed trend. If there were to be a gradient in unintentional Ga incorporation with

increasingly thick layers, such that thinner layers contained more Ga than thicker layers,

this trend can be explained.

Figure 3.3: XRD ω-2θ scans about the (004) GaN reflection for four thicknesses of LT
AlN as well as for simulations of 10 nm of AlN strained and relaxed to GaN [4].

The unintentional Ga incorporation in high Al-content layers has been seen in HT

growth previously and would not be without precedent [124, 86, 85]. Although the

low temperatures used in this study should reduce the movement of Ga compared to

higher temperatures, the very slow growth rates of FME may allow for extra time for the

movement of Ga to the growth surface, where it would be incorporated. In order to test

the hypothesis of unintentional Ga incorporation in these layers, XPS was conducted in all
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samples to determine the composition of the layers. The XPS measurements conducted

measure approximately 7 nm in depth at the surface of the sample, weighted to show

more signal from the top of the film. Furthermore, due to the sampling depth of the XPS,

it was expected that the three thickest samples only measure the AlN layer, whereas the

two thinnest samples would show some signal from the underlying HT GaN substrate, as

the sample with 282 cycles was approximately of the same thickness as the XPS sampling

depth. For these reasons, the Ga- and Al-contents can be used as a comparison between

layers but cannot be considered exact measurements of the layer compositions.

Figure 3.4 shows the XPS measurements of the Ga- and Al-content in each of the

samples of the thickness series. As the number of FME cycles increased, the Ga-content

increases from 66% in the thinnest sample to 8% in the thickest sample. This trend was

attributed to lower unintentional Ga incorporation moving away from the HT GaN inter-

face. For the four thickest samples, a linear decrease in the Ga-content (and subsequent

increase in the Al-content) was observed as a function of increasing FME cycles. In the

case of the two thinnest samples, which were expected to show higher Ga-content, a sharp

deviation from the linear trend towards larger Ga-contents occurred. For the thinnest

sample, angled XPS was also conducted in order to reduce the depth which was visible by

the XPS to approximately half of the perpendicular measurements. The expected mea-

surement depth in the angled case would then be 3.5 nm, which was still greater than the

expected thickness of the thinnest sample (∼ 2.5 nm). The angled measurement showed

less Ga-content and more Al-content than the perpendicular measurement, although the

new point did not line up with the linear trend seen for the thickest four samples. This

supports the theory that the HT GaN layer caused a larger than anticipated Ga-content

in the XPS measurements of the thinner layers.
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Figure 3.4: XPS compositional determinations of Al and Ga in LT AlN layers of
varying thicknesses/cycle numbers. One angled XPS measurement was also reported
in the plot, for the thinnest sample [4].

In addition to XPS, SIMS was conducted in order to observe the depth profiles of the

Ga- and Al-content in the LT layers. Figure 3.5 shows the SIMS depth profiles for Ga and

Al in the four thinnest samples. In this plot, the measurements have been scaled such

that the Ga in the HT layer was set equal in each sample and the scans were also shifted

to overlay the LT AlN/HT GaN interfaces. Going from the lowest to the highest number

of cycles, the distance between the interface and the surface of the film increased, as

would be expected. In addition, the peak Al-content in the film increased as the number

of cycles increased, supporting the theory that the Al:Ga ratio increased for thicker films.

The double peak structure is believed to be a SIMS artifact related to ionization effects.
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Figure 3.5: SIMS depth profiles for Al and Ga content in the four thinnest LT layers.
Ga content plateau scaled to be the same in all cases, with scans shifted to overlay
the AlN/GaN interface for each sample [4].

The results of the electrical characterization obtained for the AlN thickness series

consisting of 94, 188, 282, 375, 469, and 563 cycles are depicted in Figure 3.6. The two

thinnest samples were too resistive to be measured. For the remaining samples, the sheet

charge increased from 1.0x1013 cm−2 up to 2.1x1013 cm−2 with increasing thickness. The

mobility increased with increasing thickness up to 400 cm2/V·s (469 cycles) and then

decreased for the 563 cycles sample. The increase in electron mobility with increasing

sheet charge was possibly associated with an increased screening of defects at the in-

terface, similar to the previously observed increase in electron mobility with increasing

carrier concentration in dislocated n-GaN:Si layers [125]. This effect of increasing mo-

bility with sheet charge was also seen for HT MOCVD grown AlN which was similarly

effected by unintentional Ga incorporation and overall showed slightly lower sheet charges

(∼1.0x1013 cm−2) and marginally higher mobilities ( 600 to 800 cm2/V·s) [124]. The de-

crease in electron mobility with increasing sheet charge for the thickest layer followed

the expected trend and was attributed to an increase in interface related scattering, as

the 2DEG shifted closer to the heterojunction [82, 126]. Overall, there was a sharp drop
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in sheet resistance between 282 cycles and 375 cycles, followed by a modest decrease at

higher thicknesses.

Figure 3.6: Hall data, taken at room temperature, showing mobility (µ), sheet charge
(n), and sheet resistance (ρ) versus number of FME cycles [4].

Comparing the electrical data measured for the LT AlN layers in this study to those

reported for MBE-grown AlN/GaN heterostructures [51, 52, 53, 126], the sheet charges

observed for the LT-MOCVD AlN layers were reduced to about 20% to 50% of the MBE

values. The charge loss was associated in part with the unintentional Ga incorporation,

as seen for InAlN films before [86]. The lower temperature and the use of metalorganic

precursors in MOCVD likely also resulted in a higher impurity incorporation in the

AlN films in this study. While FME leads to lower impurity incorporation compared to

standard MOCVD growth, the C and O content in these LT layers were still anticipated
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to be significantly higher than in corresponding HT layers. This can lead to additional

charge compensation of the 2DEG by impurities in the AlN. By MBE, the mobility

decreased as sheet charge increased with increasing thickness, unlike the trend seen here

[51, 83]. The highest room temperature electron mobility values achieved for AlN/GaN

structures via MBE have been >1200 cm2/V·s, with somewhat lower values of ∼1000

cm2/V·s reported for MBE growth at lower temperature (∼600 to 700 °C) [52, 53]. Alloy

scattering effects from the unintentional Ga incorporation into AlN contributed to the

lower electron mobility by LT MOCVD compared to the MBE structures. The observed

increase of the electron mobility with increasing AlN thickness and charge was most likely

associated with the higher sheet charge leading to screening of defects at the interface

[82]. Thereby, the higher defect density could be attributed to the layer-by-layer LT AlN

growth causing more grains and interface scattering. Further investigations are currently

under way to clarify these aspects, including TEM studies which will be presented in a

forthcoming publication.

In conclusion, HEMT structures were grown in which AlN was deposited at 550 °C by

FME-MOCVD on HT GaN. The films exhibited subnanometer RMS surface roughness

and no cracking up to ∼15 nm film thickness. The highest charge observed was 2.1x1013

cm−2 for the thickest layer, with a mobility of 335 cm2/V·s. Despite the unintentional Ga

incorporation in the layers, the appreciable charge and mobility was a promising result

towards the ability to grow nitride HEMT structures on temperature sensitive substrates

and processed wafers. Future work will address the optimization of AlN growth to reduce

Ga content, the growth of a fully LT AlN/GaN heterostructure, and the processing of

HEMTs with these heterostructures.
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3.2 Alternative nitrogen precursors

After finding some success with using NH3 to grown LT AlN, there was interest to

test alternative N-precursors such as DMHy. Despite concerns with DMHy for use in

GaN growth, the growth of AlN with DMHy was expected to benefit from the lower

N-precursor partial pressure due to the higher stability of AlN compared to GaN leading

to lower V/III ratios being necessary for growth [127]. In addition, known pre-reactions

between NH3 and TMAl make finding an alternative N-precursor attractive. The growth

conditions were the same as for the GaN growth with DMHy for the Si calibrations,

with TMAl flows of 9.4 µmol/min. Figure 3.7 shows GR versus temperature and GR

versus N-precursor flow plots for AlN grown continuously on silicon. Unlike in the case

of GaN growth, AlN growth with DMHy shows a higher GR than NH3 at temperatures

of 450 °C and higher (Figure 3.7a), most likely due to the pre-reactions between NH3

and TMAl limiting the AlN GR. The AlN films grown with both N-precursors present

at 500 °C was seen to match the GR of NH3 alone, again most likely due to pre-reactions

effectively reducing the available TMAl. At temperatures below 450 °C the GR with

DMHy decreased and was seen to be lower than that with NH3. In comparison to

previously studied growth with TEGa, the GR with DMHy remained high at somewhat

lower temperatures due to the high pyrolysis of TMAl. Instead of being related to the

group III precursor, the GR decrease with decreasing temperature was attributed to the

decreased cracking efficiency of DMHy which was previously observed to occur in this

temperature range [128]. While DMHy exhibited effectively no AlN growth at 300 °C,

the growth of AlN with NH3 was still appreciable down to these temperatures, although

greatly reduced. This decrease in GR with the use of NH3 was likely a factor of the lower

TMAl pyrolysis below 350 °C [129]. For N-precursor variation studies conducted at 500

°C (Figure 4b), the GR with DMHy was seen to be constant over the measured range,
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while the AlN GR with NH3 decreased slowly as more NH3 was available to cause pre-

reactions with TMAl. As the targeted growth temperatures in this study were between

500 °C and 550 °C, the growth at the lower temperatures was not further studied.

Figure 3.7: (a)Growth rate versus growth temperature for AlN growth on silicon with
either NH3, DMHy, or both. (b) Growth rate versus precursor flow for NH3 and
DMHy [3].

LT FME AlN at 550 °C was then grown using DMHy (0.4 mmol/min) and TMAl

(0.075 µmol/min) on a semiinsulating GaN-on-sapphire template. An FME scheme of

9/5/5/5 s was utilized with 563 cycles grown. Figure 3.8 shows an AFM of this sample

where a layer-by-layer growth mode with some 3D character can be seen. A roughness

of 1.838 nm was seen, significantly higher than that of the NH3 growths under similar

conditions. An XRD ω-2θ scan about the (0004) GaN peak had no significant AlN or

AlGaN peak observed for this sample (Figure 3.12). In addition, Hall measurements on a

1 cm by 1 cm piece found the sample to be resistive with no measurable 2DEG formation.

In order to determine the nature of the LT FME AlN layer, TEM was performed on this

sample (at Intel). It was observed that the AlN layers was somewhat crystalline for a

few nanometers of the film, quickly turning polycrystalline past that point.
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Figure 3.8: AFM of LT FME AlN with DMHy on a GaN-on-sapphire template [3].

An additional AlN sample was grown utilizing both NH3 and DMHy in a LT FME

growth mode. In the case of this sample, an ω-2θ scan about the (0004) GaN peak showed

the existence of an AlN layer peak, however there was no 2DEG formation observed via

Hall measurements. Considering the results for both the LT GaN and LT AlN growth

using DMHy, it was determined that NH3 remains the N-precursor of choice for the

temperature regime considered here.

3.3 LT HEMT structures

3.3.1 Surfactants for LT AlN

As Al-containing surface adatoms have the shortest diffusion length of any of the

standard group III elements used for nitrides growth, the poorer morphology for LT

(Al,Ga)N growth compared to AlN growth was not surprising as found previously. The

use of surfactants were then of interest to see if step-flow growth modes or lowered rough-

ness could be achieved. However, adding any surfactants such as In- or Mg-containing

compounds can cause incorporation even at low levels of injection. At higher tempera-
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tures, In typically cannot incorporate but at LT, the In can easily incorporate into the

film. In the case of other metalorganics, LT growth can lead to lower cracking efficiencies

and more C incorporation as well.

In this subsection, the same FME growth mode was utilized for AlN growth as in

Section 3.1 with either TEIn or Cp2Mg used as a surfactant. To keep surfactant levels

low despite the slow growth rates at LT, low surfactant flows and intermittent injection

was used. Two samples were grown with TEIn surfactant, one with TEIn injected at 25

sccm every 51st cycle and the other with TEIn injected at 10 sccm every cycle. The Mg

surfactant sample was grown with Cp2Mg injected at 10 sccm every 10th cycle. Figure 3.9

shows AFM images of LT AlN with no surfactant and with the three different surfactant

conditions. In the case of either Mg surfactant or the low flow (every 51st cycle) In

surfactant, no significant change was noted in the morphology of the samples. For the

higher In surfactant sample (every cycle), the roughness drastically increased rather than

the desired effect of decreased roughness.
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Figure 3.9: AFM images of LT FME layers of AlN with (a) no surfactant, (b) TEIn
injected every 51st cycle, (c) Cp2Mg injected every 10th cycle, and (d) TEIn injected
every cycle.

The significant increase in roughness with some visible 3D growth suggests a change

in growth which may be related to a composition change. To test this theory, an XRD

ω-2θ scan was run on this sample with results shown in Figure 3.10. The layer peak

being close to the GaN peak and to the lower angle side indicates In incorporation. A

simulation of 10 nm strained InAlN showed that the experimental scan matched with

70% Al. Due to the high levels of In incorporation when growing at LT, using the In

surfactant for AlN growth was not considered a good pathway going forward.
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Figure 3.10: XRD ω-2θ scan around the (0004) GaN reflection for In surfactant LT
AlN growth. Comparison to simulation of 10 nm InAlN, strained with 70% Al.

3.3.2 Growth condition variability

Small changes in growth conditions can greatly impact LT layers, in particular when

electronic applications are of interest. Reactor drift including temperature shifts, gas

purity differences, or build up due to previous growths can significantly impact the mor-

phology and impurity levels in the LT samples. While these conditions can have an

impact on all growth conducted, samples grown at lower temperature tend to uptake

impurities more and be very sensitive to slight temperature changes. Repeatability of

samples can therefore be a concern, with similar growth conditions leading to varied

results. That being said, the best samples obtained can still be of interest for proof of

concept results that indicate the possibilities which can be achieved. In this section,

metal-polar AlN/GaN HEMT structures will be discussed which have been grown under

varied conditions. Additionally, variation between similar samples will be considered.

Samples grown in this section were similar to that of Section 3.1. Three samples

were grown with the same intended thickness with differences in the initial AlN growth.

Sample F1 was grown all FME with 375 cycles AlN; sample F2 was grown with a thin,
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slow, continuously grown AlN layer and followed by 364 cycles AlN; and sample F3 was

grown with a thin, fast, continuously grown AlN layer and followed by 364 cycles AlN.

The growth conditions for sample F1 were nominally the same as that of the 10 nm

sample of Section 3.1 (sample N1). These same conditions were used to grow several

more samples over the course of several months to track the differences from growth to

growth. One of these repeat growths (sample T1) was grown as the first growth of a

day while the same sample but with the temperature +10 °C was grown later that day

(sample T2). All previously discussed AlN layers were grown directly on HT GaN-on-

sapphire templates. A final sample, sample LT1, included a previously optimized LT

GaN layer of 600 cycles under the LT AlN layer of 375 cycles. In that case, any 2DEG

which formed would be expected to form in the LT GaN.

For the samples listed above, Hall measurements were conducted and given in Table

3.1. The best sample measured was F1, one of the standard condition samples. This

sample had an electron mobility of 540 cm2/V·s and a sheet charge of 3.76 x 1013 cm−2,

showing 2DEG characteristics on par with results reported by MBE for AlN/GaN het-

erostructures [51, 52, 53]. Between F2 and F3, F3 where the AlN at the interface was

grown more quickly showed better electrical properties of the 2DEG. This may be due

to growth fluctuations from sample to sample, but it would also be consistent with a

faster grown interface layer giving less time for alloy effects to occur at the interface and

therefore improving mobility of the 2DEG. For the temperature series, the hotter sample

(T2) which was grown later in the day showed higher mobility and similar charge to

sample T1. The small temperature difference between these samples may in fact have

led to these differences, however it is important to note that samples F1, T1, and N1

were all nominally the same grown conditions with similarly large differences in Hall

measurements.
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Sample µ (cm2/V·s) ns (cm−2) ρ (Ω/�)

F1 542 3.76 x 1013 310

F2 281 2.12 x 1013 1050

F3 458 2.49 x 1013 550

N1 458 1.60 x 1013 550

T1 351 3.08 x 1013 1110

T2 489 2.83 x 1013 450

LT1 232 1.59 x 1013 1690

Table 3.1: RT 2DEG Hall measurements for various LT AlN samples with different
growth conditions and grown on different days.

The samples with the same growth conditions discussed above, in addition to another

sample, were plotted in Figure 3.11 to compare mobility and sheet charge in the 2DEGs.

The average of these samples gave mobility of 371 cm2/V·s and sheet charge of 2.70 x

1013 cm−2 with respective standard deviations of 115 cm2/V·s and 0.80 x 1013 cm−2.

These considerable differences can make it challenging to comment on growth compar-

isons, however the best sample did show impressive 2DEG qualities which speak to the

possibility of using LT MOCVD AlN for electronic devices.
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Figure 3.11: Sheet charge versus mobility for Hall measurements on LT AlN samples
having 375 cycles FME.

In the case of sample LT1, both the mobility and the sheet charge were well below

that of the average for the standard samples, indicating that the LT GaN affected the

properties of the 2DEG as expected. The reduction in charge was attributed to com-

pensating defects in the LT GaN, which was known to have appreciable impurities in

comparison to HT GaN [2]. The reduction in mobility was related to an effective inter-

face roughness increase associated with a smaller step length in the LT GaN as compared

to the HT GaN [81]. The elevated impurity levels in the LT GaN layer in sample LT1

may have also contributed to the mobility reduction.

To further characterize the differences in these samples, Figure 3.12 shows XRD scans

of these samples in addition to a DMHy LT AlN sample from the previous section. Sample

F1 showed an almost fully strained AlN layer with little to no Ga incorporation, which

explained the differences seen between F1 and N1. The LT GaN interlayer sample, LT1,

showed a shifted AlN peak that was either due to relaxation, Ga incorporation, or both.

In addition, the peak was non-symmetric, which indicated different phases in the layer.

In the case of the other standard LT AlN samples, XRD scans showed AlN reflections
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which were between that of sample F1 and sample N1, where sample N1 showed the most

shift and the lowest intensity in the layer peak.

Figure 3.12: XRD ω-2θ scan around the (0004) GaN reflection for AlN growths with
DMHy, a LT GaN interlayer (LT1), and a standard LT AlN sample (F1). Comparison
to simulations of 10 nm AlN, either fully relaxed or fully strained [3].

TEM was performed (at Intel) on sample LT1 and it was found that the AlN layer

was much thicker than expected. The thicker than expected films may have been due to

an increased growth rate because of the smaller step width of the LT GaN compared to

HT GaN, however further investigation is necessary. While the first 10 nm were highly

crystalline, the top of the film had varied thicknesses of 14 to 23 nm and was of lower

quality. This may explain the asymmetry of the XRD peak, as there were two distinct

phases with different strain. Throughout the AlN layer, no significant Ga incorporation

was noted via EDX. Additionally, no interface could be seen between the LT GaN and

the HT GaN, which speaks to the high quality of the LT GaN layer.

Ultimately, good results were found for LT AlN/GaN heterostructures. In the case

of LT AlN on HT GaN, the Hall measurements showed results on par with MBE re-

sults. More work is necessary to consistently obtain these high quality films which show

good 2DEG formation. For LT AlN/LT GaN, the mobility and charge dropped but still

remained reasonably high, such that it may be possible to look into fully LT schemes
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moving forward.
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Chapter 4

Indium nitride

In this chapter, low temperature growth of InN and InGaN QDs and thin films grown

metal-polar and N-polar will be detailed. The properties of these high-indium composi-

tion nitrides will be analyzed and work towards the creation of an InN QD LED will be

laid out.

4.1 Metal-polar InGaN quantum dots

Significant portions of this section have been taken from [5].

Most InGaN QD work by MOCVD has focused on relatively low indium composition

InGaN, with indium contents well under 50%. To make use of smaller sized, high density

QDs, higher indium compositions need to be achieved due to the larger blue shift with

increasing quantum confinement. Achieving higher indium content InGaN by MOCVD is

challenging due to the differences in lattice constants and growth temperatures between

InN and GaN. Despite the apparent incompatibility of InN and GaN, MOCVD studies

have shown the growth of InN QDs on GaN with photoluminescence in the infrared

[130, 8, 131]. Approaching high In composition InGaN growth from the low temperature
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growth conditions of InN has the advantage that In desorption, which is observed during

InGaN growth at higher temperatures, is suppressed.

However, when introducing gallium into InN to form InGaN QDs, another issue that

has been reported is the realization of a bimodal distribution of InGaN into regions of

lower and higher indium compositions, as discussed in the references [132, 133, 134, 102].

In those systems, the lower indium composition dots are small in comparison to the higher

indium composition dots. Directly characterizing the compositions of these separated

regions has previously proved challenging, particularly due to redistribution of QDs upon

capping [135]. Recent results have shown the ability to cap InN QDs grown on GaN,

which allows for further characterization of buried structures through techniques such

as atom probe tomography (APT) [8, 6, 7]. This technique can simultaneously provide

geometrical and compositional information of nano-size features such as quantum wells

[136, 137], quantum dots [138, 139], or even defects [140, 141].

Herein, we have explored the growth of InGaN dots by MOCVD at a growth tem-

perature of 565 °C and compositions of 50% indium and higher. Characterization has

been performed via APT as well as atomic force microscopy (AFM), room temperature

photoluminescence (PL), and X-ray diffraction (XRD).

All growth experiments were conducted using an atmospheric MOCVD reactor with

ammonia, triethylgallium (TEGa), trimethylgallium (TMGa), and triethylindium (TEIn)

as precursors. The dots were deposited on GaN-on-sapphire layers grown at high temper-

ature with ammonia and TMGa in-situ prior to InGaN dot deposition. The GaN layer

underneath the dots was n-type doped with Si to grow the dots as if in an active region

for a device structure. The binary InN and GaN growth rates were separately calibrated

by growing thick layers on silicon and measuring the thickness with ellipsometry [79].

The TEIn growth rate calibrations are given in Figure 4.1. There was some difficulty

in fitting the ellipsometry data in order to determine layer thicknesses due to the small
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bandgap of InN. In order to achieve reasonable fits, only wavelengths 800 nm and greater

were used for fitting. In Figure 4.1, growth rates for two different TEIn flow rates are

shown, with the lower flow rate TEIn series scaled by a factor of four to compare to

the 400 sccm TEIn series. Significantly, the higher TEIn flow rate appeared to have

a different growth rate versus temperature curve, with higher growth rates at lower

temperatures. This suggests that at high enough flows of TEIn another mechanism is

affecting the growth. Varying the NH3 flow was not seen to significantly affect the growth

rate with TEIn. It was expected that In droplet formation was causing difficulties in the

ellipsometry measurements. Going forward, the 100 sccm TEIn growth rates were used

for calibrations.

Figure 4.1: InN GR with TEIn for different TEIn and NH3 flows. The growth rates
plotted for 100 sccm TEIn flows were four times the measured growth rates, scaled to
the expected growth rates for 400 sccm TEIn.

InGaN dots were grown at 565 °C, varying growth time and composition. The samples

belonging to the growth time series were deposited with TEIn and TEGa flows corre-

sponding to binary growth rates of 0.15 Å/s for InN and 0.10 Å/s for GaN, resulting in
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an InN to GaN growth rate ratio, r(InN):r(GaN), of 3:2. Deposition times were 25 s,

50 s, 150 s, and 500 s. The corresponding nominal planar InGaN layer thicknesses were

0.5 nm, 1 nm, 3 nm, and 10 nm, respectively. A compositional series was grown with

a constant growth time of 150 s and r(InN):r(GaN) ratios of 3:1, 3:2, and 1:1. In this

series, the TEIn flow was kept constant and corresponded to a nominal InN growth rate

of 0.15 Å/s. The TEGa flow was varied, with the total nominal InGaN growth rate of

the dots being 0.20 Å/s (3:1), 0.25 Å/s (3:2), and 0.30 Å/s (1:1). In addition one sample

was grown with an InGaN growth time of 50 s and a r(InN):r(GaN) ratio of 3:2, which

was capped with 5.8 nm of n-type Si-doped GaN grown with TEGa directly after the

InGaN at the same temperature as the dots. To facilitate the preparation of APT tips, a

140 nm thick polycrystalline GaN cap was deposited via MOCVD on the capped sample

with TEGa and TMGa at 565 °C as a regrowth after initial analysis.

AFM was conducted on all samples using an Asylum MFP-3D with scan sizes of (1.5

µm)2. Room temperature infrared PL measurements were taken using a liquid nitrogen

cooled InGaAs detector and excitation with a 780 nm laser incident on the sample through

a microscope objective (the objective lens was also used to collect to the luminescence).

The detector allowed data collection from 800 to 1550 nm. Room temperature visible

PL was collected using a HeCd laser emitting at 325 nm. XRD ω-2θ scans were taken

for the compositional series around the (0002) GaN peak with a Panalytical MRD PRO.

The indium composition of the grown material was extracted from the XRD scans using

the Panalytical Epitaxy software.

A FEI Helios 600 dual beam FIB instrument was used for the preparation of the needle

shaped samples for the APT analysis [142]. The APT analyses were performed by B.

Bonef with a Cameca 3000X HR Local Electrode Atom Probe (LEAP) operated in laser-

pulse mode (13 ps pulse, 532 nm green laser, 10 µm laser spot size) with a sample based

temperature of 30K. The laser pulse energy and the detection rate for the experiments
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were respectively set to 0.5 nJ and 0.01 atoms per pulse. The 3D reconstruction were

carried out using a geometrical based algorithm implemented in the commercial software

IVASTM [143].

Figure 4.2 shows the evolution of the InGaN dots with increasing growth time at a

constant r(InN):r(GaN) ratio of 3:2. In this series, initially only one dot population can

be seen (figure 4.2(a)) before a few smaller dots appear by a growth time of 50 s (figure

4.2(b)), with a bimodal distribution visible at longer growth times (figure 4.2(c),(d)).

The larger dots about doubled in density between 25 s and 50 s, reaching a density of

around 1.3 x 1010 cm−2 at a growth time of 50 s. No significant change in density was

observed when the deposition time was further increased to 500s. The large dots showed

little change in height between 25 s (8 nm) and 50 s (10 nm) but grew upwards between

50 s and 150 s to a height of about 21 nm, after which the height remained unchanged.

The width of the dots increased from about 40 to 62 nm when the growth time was

increased from 25 to 50 s but exhibited an only modest increase to about 71 and 77 nm

when the growth time was further increased to 150 s and 500 s, respectively. The smaller

dots did not appear on the scale of the AFM image for the sample with a growth time of

25 s but were clearly visible at a growth time of 150 s. Their diameters increased slightly

from about 36 nm to 43 nm between growth times of 150 s and 500 s. Simultaneously,

their height increased from 4 nm to 8 nm. Note that the circular shape of the dots in

the AFM images may be an AFM tip effect, and that the apparent dot sizes may be

considered as upper limits.
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Figure 4.2: InGaN dots in 2D atomic force micrographs; (1.5 µm)2 scans for InGaN
dots grown with a r(InN):r(GaN) ratio of 3:2 and growth times of (a) 25 s, (b) 50 s,
(c) 150 s, and (d) 500 s. Scale bar from 0 to 17 nm for (a),(b) and 0 to 50 nm for (c),
(d) [5].

Figure 4.3 shows the room temperature IR PL spectra taken from the samples be-

longing to the time series, with a detector limited upper wavelength of 1550 nm. The

fringes in the PL spectrum were Fabry-Pérot fringes caused by the interference from

the GaN/sapphire interface. All samples showed infrared emission from the dots. Peak

wavelengths for the two thicker samples were the same at around 1280 nm, suggesting

that there was no additional quantum confinement or compositional change for the 150

s compared to the 500 s sample. As the expected luminescence wavelength for pure bulk

InN was 1770 nm, outside of the range of the detector, the emission at 1280 nm was likely

associated with some gallium incorporation in the dots. The blue shift of about 100 nm

for the 50 s sample was attributed to quantum confinement effects due to the lower height
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of the large dots as observed by AFM. The 25 s sample had low PL intensity, but the

peak appeared to be blue shifted by another 100 nm from the 50 s sample consistent with

an increased quantum confinement. In addition to the blue shift, the intensity decreased

as the growth time decreased for all samples, as would be expected due to the smaller

amount of light emitting material.

Figure 4.3: Infrared photoluminescence at 300 K with 780 nm laser excitation for
InGaN dot samples with growth times from 25 to 500 s [5].

Figure 4.4 displays the AFM images of the samples from the compositional series in

which the amount of Ga precursor injected during dot growth was varied. All samples

showed a bimodal distribution of larger and smaller dots via AFM. Particularly for the

two samples grown with higher TEGa flows, the dots appeared to align along steps of

the underlying GaN. With increasing TEGa flow for the dots, the large dots became

smaller and their density decreased whereas the density of the small dots increased. This

suggested that the larger dots may have had a higher indium content and the smaller

dots a lower indium content.
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Figure 4.4: InGaN dots in 2D atomic force micrographs; (1.5 µm)2 scans for InGaN
dot samples grown with r(InN):r(GaN) ratios of (a) 3:1, (b) 3:2, and (c) 1:1. The
deposition time was 150 s. Scale bar from 0 to 50 nm for (a/b) and 0 to 27 nm for
(c) [5].

Figure 4.5 shows the room temperature IR PL spectra for the compositional series

samples. As more TEGa was added to the gas phase, the PL blue shifted and decreased

in intensity, corresponding to the larger dots having decreased in size and density. The
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peak wavelength for the sample grown with the lowest TEGa flow was above 1550 nm and

thus outside of the range of the detector, indicating the presence of dots with a very low

amount of gallium. The PL peak for the mid-range composition sample centered around

1230 nm and the peak for the sample with the highest TEGa flow was about 1150 nm. As

the growth time series showed a similar degree of blue shift and intensity with decreasing

dot sizes, a significant degree of this shift and intensity drop in this series could have

been associated with increased confinement effects in the high indium composition dots,

which decreased in size and density with increasing TEGa flow as well.

Figure 4.5: Infrared photoluminescence at 300 K with 780 nm laser excitation for
InGaN dot samples grown with different r(InN):r(GaN) ratios [5].

For both the time and composition series, visible PL was also collected using a HeCd

laser. Yellow luminescence from the underlying n-GaN:Si dominated the spectra. As the

samples in both series were uncapped, the lack of luminescence was not unexpected due to

InGaN surface band bending resulting in a lack of carriers. In comparison, the very high

indium composition dots with a significantly smaller bandgap may exhibit an electron

accumulation near the surface similar to that known for InN, enabling the observation
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of luminescence [131]. Additionally, if carriers were not well confined within the InGaN

dots and were able to move, they would have fallen into the potential wells of the dots

with higher indium compositions.

XRD ω-2θ scans measured on the composition series are shown in figure 4.6 to further

analyze the dot composition. The tall sharp peak corresponded to the GaN (0002) peak

in each sample. The existence of a peak around 15.7° near that expected for relaxed InN

as well as the shoulder on the left side of the GaN peak, which increased in intensity

with increasing TEGa precursor flow, further support the existence of a bimodal dot

population. Due to the peaks being broad, it was difficult to assign accurate compositions.

The sample with the lowest gallium content showed a defined XRD peak close to that

of the relaxed InN (0002) peak, indicating very little gallium content, consistent with

the PL being over 1550 nm in peak wavelength for the same sample. The XRD peak

of the In rich dots decreased in intensity and shifted somewhat towards the GaN peak

as gallium precursor injection was increased, consistent with the decreasing size and

density of the larger, In rich dots observed in the AFM images. Simultaneously, the

InGaN shoulder adjacent to the GaN peak increased in intensity, indicating the increased

presence of material with lower indium compositions. As the AFM images taken from

the composition series samples showed an increase in the small dot population with an

increase in TEGa flow, the shoulder peak was attributed to the small dot population.
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Figure 4.6: X-ray diffraction (XRD) ω-2θ scans showing the (0002) peaks for GaN
and InN for the InGaN dot samples grown with different r(InN):r(GaN) ratios. Arrow
indicates relaxed InN (0002) peak position [5].

For the highest gallium precursor flow, the two peaks cannot be resolved, and the

AFM images for the same sample showed the larger dots becoming smaller and sparser.

The infrared PL remained for this sample, suggesting that the lack of resolution of the

XRD peaks was due to the lower intensity of the peak near InN and not necessarily the

dot populations merging. The broadness of the InGaN shoulder peak would be consistent

with significant compositional fluctuations in the small InGaN dots, such that the small

dot population did not have a well-defined composition.

Figure 4.7 shows the APT data of the capped InGaN sample with an InGaN growth

time of 50 s, where the analysis of the uncapped sample showed primarily InN rich dots.

The APT data allowed for the site-specific observation of the In distributions within

and outside the dots, which cannot be obtained using XRD. Additionally, the shape and

size of the dots could be obtained. Figure 4.7(a) shows a 3D side view of a large dot.

The population of large dots in this sample was significant enough to capture a dot in

an APT sample without prior site-specific preparation procedure. Only four tips were
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evaporated here to have one containing a dot. A top view of the dot, evidenced by an

In iso-concentration surface [144], is shown in figure 4.7(b). The dot appeared to have

a truncated hexagonal pyramid shape with a flat top interface and well-defined sharp

side facets. At the bottom interface, the dot appeared to be around 20 nm wide and its

height was about 15 nm. Figure 4.7(c) shows a 2D concentration map of In in the dot,

extracted from the volume indicated in figure 4.7(b). The In projection was projected

along the Y direction in a 26×5×20 nm3 sampling volume. Voxel size and delocalization

parameters to calculate local In compositions were respectively 0.5 nm and 2 nm in all

directions [145]. The truncated hexagonal pyramid shape of the dot was clearly obtained

from figure 4.7(c). Bottom, top and side interfaces appeared to be similar according

to the In distribution and no significant In incorporation was observed in the GaN cap

layer. A high In fraction above 0.8 was observed in all the dot. The highest In fraction

of 1 was measured in the bottom part of the dot with a progressive incorporation of Ga

observed moving closer to the top interface. A 1D concentration profile showing the In

concentration in the dot along the [0001] growth direction is shown in figure 4.7(d). As

already observed in figure 4.7(c), the dot was pure InN close to the bottom interface with

a progressive incorporation of Ga which did not exceed a III site fraction of 0.2.
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Figure 4.7: (a) APT 3D reconstruction of a single dot. (b) Top view of the dot
evidenced by a 50% In iso-concentration surface. (c) 2D side view of the In distribution
in the dot and extracted from the dashed region in (b). (d) 1D concentration profile
of In in the dot along the [0001] growth direction. APT conducted by B. Bonef [5].

In conclusion, InGaN dots were grown by MOCVD. The bimodal population of dots

showed room temperature infrared photoluminescence consistent with the presence of

very high In composition dots, which was confirmed by APT analysis. The larger hexag-

onal dots that were nearly pure InN existed alongside smaller, flatter dots with lower

indium composition. The high In composition dots showed abrupt interfaces with the
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surrounding GaN, providing evidence that there was minimal intermixing when the GaN

cap was grown. The lack of intermixing when capping opens the potential to work with

high indium content designs in future InGaN QD systems.

4.2 Metal-polar InN

Significant portions of this section have been taken from [6, 7].

4.2.1 InN QDs

While QD studies have expanded the capabilities of the nitride system for visible

light applications, room exists for the nitrides to extend into the infrared with higher

indium composition designs [146]. Moreover, InN QDs are interesting as a starting point

to achieve high indium content InGaN QDs for application in visible or infrared emitters.

The large band offset between InN, with a bandgap of 0.7 eV, and GaN, with a bandgap

of 3.4 eV [147], can lead to significant confinement with minimal carrier spillover in

high carrier injection devices such as lasers. For use as a visible emitter, calculations of

the effective bandgap of InN QDs indicate that properly designed InN QDs can show

emission into the green [100]. Previous InN QD studies have shown tunability of dot size

and infrared photoluminescence using metalorganic chemical vapor deposition (MOCVD)

as the growth technique [130, 79, 148, 149]. For optoelectronic device applications, small

and dense QDs are desired for use in active regions. Small dots provide appropriate

quantum confinement, while high densities allow for a larger fill factor and emitting area.

Previously, capping InN QDs with GaN resulted in loss of InN related luminescence,

illustrating the difficulties in capping metal-polar InN QD grown in the c-direction [130,

131]. In this section, InN quantum dots were grown by MOCVD on metal-polar, c-plane

GaN-on-sapphire base layers, with and without low temperature GaN caps. The surface
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morphologies and room temperature infrared luminescence of the InN QDs were observed

for a variety of growth conditions including after capping with GaN.

All samples in this study were deposited on sapphire substrates using a two-flow

metal-organic chemical vapor deposition (MOCVD) reactor at atmospheric pressure.

Prior to InN QDs growth, 2.5 µm thick layers of c-plane (0001) GaN with Si-doping

in the top portion of the GaN layer were deposited using ammonia and trimethylgallium

(TMGa) at high temperature and in H2 carry gas. InN was deposited at temperatures

between 500 °C and 600 °C directly after GaN layer growth. All layers other than the

underlying GaN were grown in nitrogen as the carrier gas with triethylgallium (TEGa)

and triethylindium (TEIn) as group III precursors and NH3 as the group V precursor.

Growth rates for group III precursors were initially calibrated using thick layers grown

on Si substrates and measured using ellipsometry (Woolam Spectroscopic Ellipsometer,

M-2000DI).19 Growth temperatures were varied from 450 to 650 °C and the NH3 flow

was kept constant at 6 slm.

In the temperature series, series A, InN QDs were grown at temperatures from 500

to 600 °C with the growth time kept constant at 150 s. In this temperature range the

growth rate was about 0.25 Å/s. The growth rate of thick layers was found to decrease

significantly when raised to 650 °C. For series B, InN QDs were grown with varied growth

times from 25 to 500 s corresponding to nominal planar layer thicknesses of 0.6 to 13 nm,

at a constant growth temperature of 565 °C. In series C, InN dots were grown at 565 °C

for 50 s and capped with 12 to 23 nm thick GaN grown at the same temperature. The

GaN cap layers were grown using TEGa as a precursor at a growth rate of 0.1 Å/s.

Atomic force microscopy (AFM) analysis was conducted using an Asylum MFP-3D

on all samples. Dot densities, widths, and heights were determined using the AFM

software from (1.5 µm)2 or (5 µm)2 AFM scans depending on how many dots could be

viewed in the smaller scan. Average widths and heights were determined by measuring,
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on average, 19 dots per sample, with no sample having less than 9 dots measured. While

width values determined by AFM may not be absolutely accurate due to tip effects, they

place an upper limit on the dot widths and can be useful for relative comparisons. X-ray

diffraction (XRD) measurements were taken for series C with a Panalytical MRD PRO.

Simulations of the XRD scans to determine the thickness of the GaN cap layers were also

performed.

Infrared photoluminescence (PL) spectra on series A, B, and C were collected at room

temperature by excitation with a 780 nm laser source and detection with a liquid nitrogen

cooled InGaAs detector with a consistent sensitivity over the 800 to 1550 nm range. The

detector sensitivity was significantly lower at wavelengths above 1550 nm and thus PL

spectra were recorded up to 1550 nm, with the expected bulk InN emission (0.7 eV/1770

nm) out of the range of the detector. Two spectra were recorded and stitched together

at 1300 nm for each sample.

Initial growths were conducted with InN grown as indicated above but with H2 as

the carrier gas for the cooldown step. A representative AFM and XRD for one of those

samples is shown in Figure 4.8. Due to the use of H2, In droplet formation occurred due

to etching of the InN during the cooldown of the reactor. This points to the necessity

of avoiding H2 during the growth or immediately after the growth of high In content

material. An In (101) peak was observed in the ω-2θ scan which can be utilized to

determine when In droplet formation occurs to a significant degree. Notably, the AFM

showed highly symmetric and circular features which did not overlap.
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Figure 4.8: XRD ω-2θ scan about the (0002) GaN peak and AFM (inset) for an
attempted InN growth on GaN with H2 injected in the cooldown step. In droplet
formation occurred due to the use of H2.

The atomic force micrographs in Figure 4.9 show the morphology of several InN quan-

tum dot (QD) samples grown at different temperatures from series A. The images indicate

that the QD density decreased and the dots became taller as the growth temperature

was increased. The QD density was calculated and plotted versus grown temperature for

series A in Figure 4.10a. The highest densities were found to be 3 to 4 x 1010 cm−2 at

the lowest explored growth temperatures of 500 °C and 515 °C and the lowest density

was around 4 x 108 cm−2 at the highest temperatures of 585 °C and 600 °C. A dramatic

increase in dot density was observed when the growth temperature was lowered from 585

°C to 565 °C. This 20 °C variation in growth temperature lead to a dot density increase

by one order of magnitude from 6 x 108 cm−2 (585 °C) to 6 x 109 cm−2 (565 °C). At

temperatures below 565 °C, the dot density further increased to about 3 x 1010 cm−2 at
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500 °C.

Figure 4.9: InN quantum dots in 3D atomic force micrographs; (1.5 µm)2 scans for
representative points from series A: (a) 515 °C, (b) 550 °C, (c) 565 °C, and (d) 600
°C. Vertical scale for all images the same, each sample has z-range indicated in image
[6].
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Figure 4.10: InN quantum dot statistics for series A, showing QD (a) density and (b)
size versus growth temperature, with temperatures ranging from 500-600 °C [6].

For series A, the average QD height and width versus growth temperature dependen-

cies are plotted in Figure 4.10b. The smallest dots were about 10 nm tall and 70 nm

wide (growth temperature 515 °C) and the largest dots were about 60 nm tall and 250

nm wide (growth temperature 600 °C). On average for series A, the relative standard

deviation was 10% for the dot height and 11% for the dot width. The width to height

ratio of the dots was between 4 and 7 for all QDs belonging to series A, with a slight

trend towards decreasing width to height ratio as the growth temperature was increased.
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Both dot height and dot width stayed largely constant for growth temperatures below

565 °C, but significantly increased at higher temperatures. This supports the idea of a

transitional region between 565 °C and 585 °C in which density, width, and height of the

dots changed drastically.

As the intent was to achieve relatively small and dense InN QDs, a growth temper-

ature of 565 °C was chosen in further experiments. The choice in temperature was also

motivated by concerns related to a decreasing ability to grow GaN capping layers at even

lower temperatures.
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Figure 4.11: InN quantum dot statistics for series B, showing QD (a) density and (b)
size versus growth time, with growth times ranging from 25-500 s [6].

The dependence of the QD density on the InN deposition time for QDs grown at 565

°C (series B) is displayed in Figure 4.11a. For the same series, the dependence of the

average dot height and width on the growth time is shown in Figure 4.11b. The smallest

dots grown for 25 s, corresponding to a nominal planar thickness of 0.6 nm, were 7 nm tall

and 55 nm wide with a dot density of about 1 x 1010 cm−2. The InN QD density decreased

to about 7 x 109 cm−2 when the growth time was increased to 100 s, corresponding to a

nominal thicknesses of 2.5 nm, maintaining this density as the deposition time was further
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increased. Simultaneously the QD width increased from about 55 nm at a growth time

of 25 s to around 120 nm at a growth time of 100 s, leveling out at this width for

longer growth times. This was consistent with a dot coarsening process in which a higher

density of smaller dots transitioned into a smaller number of larger dots. In addition,

as the growth time was increased, the dots continuously grew taller. For series B, the

relative standard deviation was 15% for the dot height and 13% for the dot width on

average. The width to height ratio at a deposition time of 25s was 8 and decreased to

below 3 with increasing growth time. This process was possibly associated with the large

lattice mismatch between GaN and InN energetically favoring vertical over lateral InN

growth.

The infrared room temperature photoluminescence (PL) spectra for series B, where

the InN QD deposition time was varied, are plotted in Figure 4.12. As noted previously,

due to detector limitations the spectra were collected up to 1550 nm. Fabry-Pérot fringes

consistent with the GaN underlayer thickness were noted in the scans. The PL intensity

increased with increasing deposition time and QD size, most likely in part due to the

increased volume of excited material. A noticeable confinement was observed in samples

with QD heights of less than 20 nm. The QDs deposited for 150 s with nominal thickness

of 3.8 nm were on average shorter than those grown for 100 s with nominal thickness

of 2.5 nm, which was consistent with the PL for the latter sample exhibiting a more

pronounced blue shift. Due to the dot height being the smallest dimension, confinement

was mainly attributed to height. The sample with the shortest growth time of 25s with

a QD height of about 7 nm exhibited luminescence centered around about 1100 nm, a

blue shift of over 600 nm compared to the expected bulk InN emission of near 1770 nm.
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Figure 4.12: Photoluminescence (PL) spectrum for InN quantum dots, series B, with
growth times ranging from 25-500s. Detector cutoff past 1550 nm [6].

An InN QD growth time of 50 s was selected for the capping series in series C to

analyze the smallest dots possible while maintaining sufficient PL intensity. The AFM

images in Figure 4.13 show the morphology of the uncapped QDs as well as those of the

QDs which were capped with 12, 18, and 23 nm of GaN. In all cases, the dots were still

evident in the AFM images with comparable sizes and heights, such that the GaN cap

was likely conformally covering the sample. If the GaN cap were only present between

the dots, the AFM images would be expected to show a decrease in the dot height. Small

features between the dots indicated the presence of the GaN cap layer, which was grown

at the same temperature as the InN dots. Note that transmission electron microscopy

(TEM) investigations confirmed the conformal growth of the GaN cap layer around the

InN QDs, and that the InN dots were not riding the surface as the GaN cap was grown.

The details of the TEM investigation were presented separately [7].
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Figure 4.13: InN quantum dots in 3D atomic force micrographs; (300 nm)2 scans for
series C with GaN cap thicknesses of (a) 0 nm, (b) 12 nm, (c) 18 nm, and (d) 23 nm.
Vertical scale for all images the same, each sample has z-range indicated in image [6].

X-ray diffraction (XRD) ω-2θ scans taken around the (0002) GaN diffraction peak

are shown in Figure 4.14 for series C, with the GaN (0002) and relaxed InN (0002) peaks

visible in all samples. In the case of the capped samples, the thickness fringes about the

GaN peak were visible, allowing the extraction of the GaN cap layer thicknesses for the

samples as well as the GaN cap layer growth rate of 0.115 Å/s. With increasing GaN

cap layer growth time and thickness, the InN peak shifted between 0.1° and 0.2° towards

the GaN peak, suggesting that some slight intermixing between InN and GaN may have

occurred at prolonged cap layer growth times.
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Figure 4.14: X-ray diffraction (XRD) ω-2θ scans around the (0002) reflection with
InN relaxed peaks and GaN peaks for series C with GaN cap thicknesses of (a) 0 nm,
(b) 12 nm, (c) 18 nm, and (d) 23 nm [6].

One sample with a 50 s InN growth time was then capped with a thick (140 nm) layer

of LT GaN and APT was performed by B. Bonef [7]. Figure 4.15a shows an APT volume

obtained from a tip extracted from this sample. In the reconstruction, 2 complete and

2 partial dots were observed. A top view of the dots, evidenced by In iso-concentration

surfaces, is shown in Figure 4.15b. The two complete dots appeared to have different

shapes and sizes. As already observed for InGaN QDs, the larger dot appeared to have a

truncated hexagonal pyramid shape with a flat top interface and well-defined sharp side

facets [5]. The shape of the smaller dot was not as well defined. Figure 4.15c shows a 2D

concentration map of In in the dot, extracted from the volume indicated in Figure 4.15b.

The 2D concentration map suggested a truncated hexagonal pyramid shape of the dot

(Figure 4.15c). This figure also reveals that the center of the dot was pure InN. The 1D

concentration profile of the In concentration in the dot along the [0001] growth direction

(Figure 4.15d) confirmed that the dot consisted of pure InN in its center and that the

bottom interface was sharper than the top interface. Similar concentration profiles were
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extracted for the smaller dot. While the larger dot appeared to be pure InN, the In

III site fraction measured in the smaller dot was closer to 0.9. Its bottom interface was

also sharper than its top interface. The intermixing at the InN/GaN top interface likely

occurred during the deposition of the GaN cap layers. Possibly, the top interface was

more affected than the bottom interface due to the lower crystal quality of the GaN cap

layers grown at 550 °C compared to the high temperature GaN base layer.

Figure 4.15: (a) APT 3D reconstruction extracted from the sample grown for 50 s.
Dots can be observed. (b) Top view of the dots evidenced by a 50% In iso-concentra-
tion surface. (c) 2D side view of the In distribution in the larger dot extracted from
the dashed region in (b). (d) 1D concentration profile of In in the dot extracted from
the dashed region in (c) [7].

Figure 4.16 shows the room temperature PL spectra recorded for series C. Fabry-

Pérot fringes were seen in these samples as in Figure 4.12 previously, with variations

in fringe positions due to variations in the thickness of the underlying GaN layers. A

minimal change in peak PL wavelength was noted, with a small blue shift of up to 100
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nm in the capped samples relative to the uncapped sample potentially due to InN/GaN

intermixing as suggested by the XRD results. In all cases, the capped samples exhibited

a higher PL intensity than that of the uncapped sample. Though the differences were

not outside of the margin of error, this result shows that it was possible to deposit a GaN

cap on the InN dots without causing the PL intensity to decrease significantly. This

effect was attributed to the sufficiently slow GaN cap growth conducted at a very low

temperature mitigating InN decomposition.

Figure 4.16: Photoluminescence (PL) spectrum for InN quantum dots, series C, with
GaN cap thicknesses of 0 nm, 12 nm, 18 nm, and 23 nm. Detector cutoff past 1550
nm [6].

InN quantum dots were grown with densities varying between 4 x 108 and 4 x 1010

cm−2. The smallest dots in this study exhibited average heights of 7 nm and average

widths of 55 nm. The room temperature PL emitted from the InN QDs varied with dot

size, such that dots under 20 nm in height showed a blue shifted emission with wave-

length down to 1100 nm. The PL intensity slightly increased and the wavelength slightly

decreased when the QDs were capped with GaN, which may allow for the InN dots to be

incorporated with other layers in a device structure. However, due to conformal coverage
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of the GaN cap, challenges still exist in planarizing the InN dots prior to deposition of

further device layers.

4.2.2 InN wetting layers

While the QDs themselves dictate many of the interesting properties of devices con-

taining InN, looking at wetting layers of InN can provide additional information. In

particular, analyzing layers thinner than that which provides significant QD formation

and then subsequently tracking the progression of these layers in the areas between the

QDs can give insight into the growth mode (i.e. Stranski-Krastanov, Volmer-Weber) and

transport properties of carriers. Furthermore, short period superlattices of InN/GaN are

of interest for digital alloy structures [150, 151, 152]. Studies of InN grown on GaN have

indicated that forming complete layers of InN can be challenging due to the high lattice

mismatch in the system. Via MBE it has been established that monolayers of InN do not

form and instead ordered InGaN layers with fixed compositions are seem for thin, nom-

inally InN growth [153, 154, 155, 156]. Here, thin layers of InN have been deposited on

GaN-on-sapphire substrates by MOCVD and subsequent analysis have been conducted

via AFM and APT (by B. Bonef) [7].

Samples in this study were grown with similar conditions to the study of the previous

subsection [6], with InN growth rates of 0.25 Å/s using TEIn and growth times of 5,

7.8, 12.5, and 50 s corresponding to monolayer (ML; half unit cell, 0.285 nm) coverages

of 0.4, 0.7, 1.1, and 4.4 ML respectively. Each sample was capped with GaN grown at

the same temperature as the InN, continuously grown with a growth rate of 0.12 Å/s for

thicknesses between 6 and 17 nm. An additional short period superlattice was grown in

which 2 nm of LT GaN was grown, followed by 6.25 s of InN growth, repeating five times

and then with a final 2 nm cap of LT GaN. AFM was conducted at this stage in addition
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to TEM on select samples. Regrowth was then conducted upon the samples to allow for

measurement via APT. 140 nm of GaN was grown at the same temperature as the InN

growth temperature. APT was conducted as discussed in [157]. Full APT analysis with

explanations of quantification can be found in [7].

Figure 4.17 shows AFM scans of the four samples with varying InN growth times. For

the sample with 5 s growth, no dots were found. When the growth time was increased to

7.8 s, a dot density of 2 x 108 cm−2 was found from the AFM scan, with densities of 9.7

x 109 cm−2 and 1.7 x 1010 cm−2 found at 12.5 s and 50 s, respectively. The onset of dot

formation occurred at a growth time corresponding to a nominal monolayer coverage of

InN between 0.4 ML and 0.7 ML.

Figure 4.17: AFM scans showing (1.5 µm)2 areas of samples with InN growth times
of (a) 5 s, (b) 7.8 s, (c) 12.5 s, and (d) 50 s after deposition of the initial GaN cap
layer. The scales in the AFM images have min-to-max ranges of (a) 3.8 nm, (b) 13.4
nm, (c) 10.9 nm, and (d) 16.4 nm [7].

Figure 4.18a shows the APT reconstruction extracted from the sample with InN

growth time of 7.8 s in the region away from the sparse InN QDs, corresponding to the

area of an incomplete wetting layer. Figure 4.18b depicts a 1D concentration profile of
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In measured parallel to the growth direction. A peak In fraction of 0.06 was measured in

the layer and the distribution of In in the growth direction showed a symmetrical shape,

with a full width at half maximum (FWHM) of 0.9 nm. Figure 4.18c shows the lateral

In distribution observed from the top. The results showed no continuous, uniform In

coverage. Instead, In containing patches were observed together with regions where no

In atoms were detected. Similar results were observed for the three other samples and

results for the sample grown during 50s are provided in the supplementary materials in

[7].

Figure 4.18: (a) 3D APT reconstruction taken in the area between InN dots corre-
sponding to the area of an incomplete InN wetting layer for the sample with 7.8 s
InN growth time. (b) 1D In concentration profile along the growth direction, the
dotted lines in the figure correspond to the error bars of the measurements. (c) 2D In
distribution in the same area. By B. Bonef [7].

The peak In fraction measured in all the evaporated tips for the four samples was

determined from 1D concentration profiles like that of Figure 4.18b. Despite an increase
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in InN growth time, the peak In fraction did not increase signficantly in the areas between

the dots. Each 1D concentration profile showed a symmetrical shape with In spreading

larger than the expected nominal thickness of the layers. Two corrections were then

applied to the data, assuming either (1) that the theoretical layer thickness was the same

as the nominal growth thickness and therefore proportional to growth time or that (2)

the InN layer thickness was a constant for all samples at one monolayer [7].

For correction (1), when assuming that InN layer thickness increased with time the

corrected In fraction in the layer was seen to decrease as the growth time of InN increased.

This was consistent with a portion of the InN forming dots and therefore not incorpo-

rating into the layer at longer growth times. On the other hand, when correction (2)

was made to assume a constant thickness of the wetting layer, the fraction of monolayer

coverage increased at shorter growth times and eventually saturated at longer growth

times to a value of less than 60% In content. In the case of the shortest growth time

using correction (2), it was seen that less InN was present in the layer than nominally

deposited despite the lack of dot formation at this growth time. This may have been due

to a reduction in growth rate during the initial stages of nucleation.

TEM provides information about the structural properties of the material including

the presence of dislocations. The TEM and EDX results in Figure 4.19 depict 2D side

views, complementary to that found in Figure 4.15c, of the 50 s InN deposition time

sample. Although this TEM contains an InN dot, there is additional information about

the wetting layer and growth mode which is pertinent to this subsection. At the bottom

interface of the right hand dot, regularly spaced dark spots are visible consistent with the

presence of misfit dislocations at the InN/GaN interface which formed to accommodate

relaxation of the InN dot, as noted previously by others [41]. The cross sectional image

displayed in Figure 4.19b confirmed the hexagonal truncated pyramid shape of the dots.

The angle between the dot sidewalls and the basal plane was close to 60°, consistent with
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101̄1 sidewalls. In the same area as Figure 4.19b, EDX elemental mapping was conducted

to find the Ga and In contents in Figure 4.19c and Figure 4.19d, respectively. As it was

unknown where the dot cross sections were taken, the left dot showing significant Ga

incorporation may not necessarily be attributed to high Ga in the dot. In the case of the

right dot, there appeared to be very little Ga in the dot, supporting the previous APT

conclusion of some dots being composed of pure InN.

Figure 4.19: TEM images of sample with InN deposition time of 50 s showing (a) a
multiple beam electron diffraction contrast image around the [112̄0] zone axis, (b) an
HAADF image and EDX elemental mapping of (c) Ga and (d) In content. Scale bar
applies to all images. By F. Wu [7].

In the case of the attempted digital alloy sample, no significant superlattice was

visible by APT measurements and each InN layer was apparently diffuse past the point

of significant interfacial sharpness. The reconstruction and 1D concentration profiles
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shown in Figure 4.20 did not show any significant modulation in the In content that

would correspond to the periods of the superlattice. This was consistent with the FWHM

values found for the single InN layer samples being larger than the nominal thicknesses

associated with the layers. No further digital alloy attempts were conducted due to the

incomplete layer coverage seen for thin InN layers as well as the lack of superlattice

nature in Figure 4.20.

Figure 4.20: APT of digital alloy growth with five periods of 6.25 s InN/2 nm GaN.
By B. Bonef.

In conclusion, APT was utilized to quantitatively investigate the properties of a po-

tential InN wetting layer and InN dots formed via MOCVD growth on metal-polar GaN.

No evidence for the existence of a typical wetting layer was found. Instead, In contain-

ing patches together with In free regions were observed in the areas between dots. The

average amount of In in the “wetting layers” was calculated by corrections of the APT

data. When projecting all of the In detected into a hypothetical single monolayer thick
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region, the fraction of monolayer coverage saturated with increasing growth time, with

a highest fraction of coverage of 0.6. In addition, AFM showed the onset of dots prior

to one monolayer equivalent of InN deposition and TEM indicated the relaxation of the

dots, suggesting that the dots were early stage Volmer-Weber islands [7].

4.3 N-polar InN quantum dots

4.3.1 Photoluminescence from QDs and thin films

Significant portions of this subsection have been taken from [8].

InN QDs have been studied primarily on metal-polar (0001) GaN by both MBE and

MOCVD [146, 130, 149, 148, 158, 159, 160]; only a few studies exist on the growth of

N-polar (0001̄) InN QDs [79, 161]. N-polar growth has opened the design space for a

variety of electronic and optoelectronic applications which take advantage of the reverse

internal electric fields in N-polar compared to metal-polar nitride heterostructures [162,

163, 164, 165].

In this subsection, photoluminescence (PL) in the range of optical fiber communi-

cation bands was measured from N-polar InN QDs and thin films grown by C. Lund

via MOCVD [79]. InN on GaN samples of varied InN nominal thicknesses and growth

temperatures were compared. Samples with GaN caps on top of InN were also measured

to evaluate the potential to use the InN as buried active layers in devices.

The room temperature PL spectra were collected through a microscope objective with

a liquid nitrogen cooled InGaAs detector and samples were excited with a 780 nm laser

focused through the objective on to the samples. Two spectra were collected and stitched

together at 1300 nm to cover the entire wavelength range. The detector sensitivity

was nearly constant over the wavelength range, from 800 nm to 1550 nm. Fabry-Pérot
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thickness fringes from the GaN/sapphire interface were consistent with the thickness of

the GaN ( 2.5 µm) found by reflectance measurements [166]. Some variation in the GaN

thickness was noted between samples, causing the fringes to be misaligned. Note that the

bandgap of InN (0.7 eV/1770 nm) corresponds to an expected bulk emission wavelength

greater than the detector limit. This limitation resulted in incomplete capture of the PL

of at least one of the samples, as will be further discussed below.

The InN N-polar QDs and thin layers were grown by MOCVD on GaN-on-sapphire

base layers, using sapphire substrates with a misorientation of 4° towards the sapphire

a-direction as previously reported [79]. The nominal layer thicknesses were extracted

via the deposition of 10-40 nm thick InN layers, assuming a linear dependence between

thickness and growth time. Nominal InN thicknesses of 1, 2, 3, 5, 10, and 20 nm were

studied at a growth temperature of 640 °C. 20 nm thick InN layers were also studied

at growth temperatures of 580 °C and 610 °C. In addition, a sample with a thin GaN

cap layer and a multi-layer sample were investigated, with InN and GaN caps deposited

at 640 °C. The GaN cap layers were grown using a flow modulation epitaxy scheme,

consisting of pulsing the gallium precursor (10 s on/10 s off) to achieve GaN growth at

1 ML/cycle [79]. One sample was composed of a nominally 5 nm thick InN layer with

a 4 nm GaN cap, the second one was a multi quantum well like (MQW) structure with

three periods of 1 nm InN/3 nm GaN.

The atomic force micrographs in Figure 4.21 show the uncapped samples with InN

dots aligned along steps on N-polar GaN. The surface steps on the N-polar GaN base

layers resulted from the crystal misorientation, which was previously identified to enable

the deposition of smooth N-polar GaN films by MOCVD [165]. Dots are clearly distin-

guishable when the nominal InN layer thickness was under 5 nm and began to coalesce

at 5 to 10 nm.
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Figure 4.21: Three-dimensional (a-c) and planar (d-i) atomic force micrographs, 1x1
µm2, of InN layers on GaN grown at 640 °C with nominal thicknesses of (a/d) 1 nm,
(b/e) 2 nm, (c/f) 3 nm, (g) 5 nm, (h) 10 nm, and (i) 20 nm. Scale is from -5 to 5 nm
for (d-f) and from -10 to 10 nm for (g-i) [8].

Figure 4.22 depicts the PL spectra for the 20 nm-thick InN layers deposited at growth

temperatures of 640, 610, and 580 °C. As the growth temperature was decreased, the

PL intensity decreased and the emission wavelength blue shifted, consistent with the

Burstein-Moss effect [167, 168, 169]. The sheet carrier densities measured for the 3

samples increased from 3.8 x 1013 cm−2 to 8.7 x 1013 cm−2 with decreasing deposition

temperature [79]. At lower growth temperatures, more oxygen incorporation caused unin-
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tentional n-type doping, leading to more free electrons and a higher carrier concentration.

Given this effect, the main peak for the sample grown at 640 °C with the lowest free car-

rier concentration of 3.8 x 1013 cm−2 was out of range of the detector, with Fabry-Pérot

thickness fringes giving the appearance of a peak at shorter wavelength than that of the

610 °C sample. The shape of the PL for that sample suggests that a sufficiently wide

peak would extend past 1550 nm such that the peak maximum is not captured by the

measurement. The observed trend compares well with the results previously reported for

metal-polar InN layers grown at different temperatures [169].

Figure 4.22: Photoluminescence (PL) for 20 nm thick InN layers grown at various
temperatures. Only a shoulder of the PL peak of the sample grown at 640 °C is
visible due to the detector limits [8].

Figure 4.23 shows the PL for samples with different nominal InN thicknesses grown

at 640 °C. With decreasing thickness, the PL intensity decreased and blue shifted as

expected due to increasing confinement for smaller dots. The PL spectrum for the 20

nm thick samples is again only partly visible due to the detector cut off at 1550 nm. The

peak PL wavelength and the PL intensity as a function of nominal InN layer thickness

are depicted in Figure 4.24. Between 1 nm and 10 nm nominal thickness, there is a peak
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wavelength shift of 300 nm. The blue shift of the QDs corresponding to a nominal layer

thickness of 1 nm from the expected bulk InN emission was greater than 700 nm. The

PL intensity steadily increased with increasing nominal InN layer thickness, as expected

from the increased volume of InN material present. While the measurement set up did

not allow the full characterization of the 20 nm thick InN sample, it was noted that for

the 10 nm and 20 nm thick samples, the PL increase was stronger than expected from

solely increased volume of InN material present, most likely due to the reduced impact of

nonradiative recombination related to defects at the GaN/InN interface and/or surface

states.

Figure 4.23: Photoluminescence (PL) of samples with nominal InN layer thicknesses
from 1 to 20 nm grown at 640 °C [8].

107



Indium nitride Chapter 4

Figure 4.24: Peak PL intensity change and wavelength shift with InN nominal thick-
ness, grown at 640 °C [8].

Note that the 10 and 20 nm thick InN samples grown at 640 °C exhibited electron

mobilities of 243 and 706 cm2/Vs, illustrating the high quality of the 20 nm thick sample

in particular [79]. Interestingly these thin film InN samples exhibited room temperature

luminescence and very good electrical characteristics, despite the 1 nm QDs – corre-

sponding to the thinnest explored nominal thickness – already being fully relaxed [79].

The low thickness limit to relaxation is similar to observations made for metal-polar QDs

[161, 170]. There, the metal-polar QDs were found to relax via formation of a misfit

dislocation network at the GaN/InN interface. The relaxation of non-polar InN QDs

has also been reported [171]. Further studies are needed to determine the details of the

relaxation process for N-polar InN QDs.

A comparison was made between the N-polar InN QDs from this section and the

metal-polar InN QDs from 4.2 [8, 6]. Figure 4.25 shows a side by side comparison of the

N-polar and metal-polar thickness series for InN. The intensity of the N-polar samples

was lower than that of the metal-polar ones. Previous studies have seen significantly

lower emission intensity out of N-polar InGaN compared to metal-polar InGaN [172].
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Compared to InGaN, these InN QDs show a smaller difference between N-polar and

metal-polar emission intensity. This may point to a defect causing the decreased emission

intensity which lies in the bandgap for InGaN but in the conduction band for InN.

Ultimately, this does not clarify the differences between N-polar and metal-polar emission

but it does provide more insight into future work in that area. Furthermore, the relatively

small difference in emission suggests that N-polar InN LEDs can be attempted.

Figure 4.25: PL of InN samples with nominal layer thicknesses from 1 to 20 nm either
(a) on N-polar or (b) on metal-polar, with different growth conditions separately
optimized. The two intensity scales were normalized via a reference sample and thus
reflect corresponding intensities [8].

Figure 4.26 compares the PL from uncapped, capped, and multiple quantum well

like (MQW) InN/GaN samples. In comparing the capped 5 nm sample to the uncapped

sample, no significant peak shift was seen, with thickness fringes being different due to

the base-GaN thickness variations. The MQW sample also showed a similar peak PL

wavelength to that of the corresponding single layer sample. The lack of shift indicated

that the properties of the InN QDs were maintained upon capping with GaN. This is

consistent with the TEM images obtained for the same samples previously [79]. The PL

intensity of the 5 nm InN capped sample was also the same as the uncapped sample.
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Similarly, the PL intensity increase for the three-layer QD structure was about two to

three times higher compared to the single layer sample, again approximately scaling in

intensity with the amount of InN deposited. Using this multi-layer approach allows for

more intense luminescence while maintaining the luminescence wavelength of smaller

dots. The results obtained for capped InN QDs differ from previous reports for metal-

polar InN QDs, where capping the InN QDs with GaN led to a decrease in the PL

intensity compared to uncapped samples [131]. This may be associated in part with the

thin nature of the GaN cap/barrier layers investigated in this study.

Figure 4.26: Photoluminescence (PL) for capped, uncapped, and MQW InN on
GaN-on-sapphire grown at 640 °C [8].

In summary, the room temperature photoluminescence from N-polar InN quantum

dots and thin layers grown by MOCVD was observed between 1.00 µm to 1.55 µm when

increasing the nominal InN layer thickness. The luminescence of thicker layers was,

unfortunately, only partially captured due to the cut off of the detector at 1.55 µm. In

addition, the emission wavelength of N-polar InN layers was shown to increase from 1.35

µm to greater than 1.55 µm with increasing InN growth temperature and decreasing free
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electron concentration. The ability to cap the InN quantum dots with thin GaN layers

without change in PL intensity or wavelength was demonstrated, a promising result

towards incorporating multiple InN quantum dot layers into device structures.

4.3.2 TMIn versus TEIn for N-polar

TEIn has been utilized for metal-polar InN growth and TMIn has been utilized for N-

polar growth. TEIn growth rate versus temperature was reported in Figure 4.1 and TMIn

growth rate versus temperature is shown in Figure 4.27 for a small range of temperatures

which are near the peak in growth rate. In the case of TMIn, the growth rate versus

temperature curve has a strong peak that can be used as a determination of the relative

temperature of the reactor. The temperature range of TEIn and TMIn are considerably

different, with TEIn having a growth rate peak about 100 °C less than that of the growth

rate peak for TMIn. However, some growth can be achieved using TEIn even up to 640

°C, therefore a comparison was made between TEIn and TMIn QDs grown on N-polar

GaN. The goal of this study was to compare the precursors directly to determine which

was most optimal for InN optoelectronic applications on N-polar.

Figure 4.27: TMIn growth rate versus temperature data from Si calibrations.
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In addition to comparing TMIn to TEIn, a sample was grown in which TMIn QDs

were grown on a p-GaN layer with a 10 nm UID interlayer under the QDs. The three

samples were each grown with QD thicknesses of 2 nm and similar growth rates. Due to

the uncertainty in the growth rate of TEIn at 640 °C, it was expected that there would

be some difference in the QD nominal thickness. AFM images of these three samples are

shown in Figure 4.28. The shape and size of both QDs grown with TMIn were similar,

whereas the QDs grown with TEIn had larger, sparser dots with small features on and

between the dots. This may be indicative of a lower growth rate than expected in the

TEIn case.

Figure 4.28: (1.5 µm)2 AFM images of N-polar QDs: (a) grown with TEIn, (b) grown
with TMIn, and (c) grown with TMIn on p-GaN with a UID interlayer.

With larger dots in the TEIn case, there would be a smaller degree of quantum

confinement and one would expect to see a longer wavelength PL due to less blue shift.

As shown in Figure 4.29, this is the case. Although the PL intensity of the TMIn and

TEIn dots was similar, the TEIn PL was about 100 to 200 nm longer. In the case of

the TMIn dots on p-GaN, the PL wavelength shifted very little from the standard case.

However, due to the high concentration of Mg near the QDs, the intensity of the QDs

on p-GaN was decreased. This would be particularly important if a InN LED structure

were to be of interest where the p-GaN were grown prior to the active region.
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Figure 4.29: Room temperature IR PL of N-polar QDs: (a) grown with TEIn, (b)
grown with TMIn, and (c) grown with TMIn on p-GaN with a UID interlayer.

4.3.3 N-polar InN LED structure

The work on InN QDs presented here has been conducted with the goal of creating

an infrared-emitting device with the nitrides material system. The first consideration

would be between N-polar and metal-polar QDs. The comparison between PL in these

two systems was made previously, showing that N-polar PL was marginally lower than

metal-polar PL. However, the differences between these two planes were not so large to

exclude either to be used in devices. The tall, dot-like shape of the metal-polar InN

QDs compared to the flat, dash-like shape of the N-polar QDs was also an important

consideration. With the N-polar QDs being flatter and more easily planarized with a

cap layer, these were chosen for an LED structure. TMIn was utilized as the precursor

of choice as the growth was previously optimized with TMIn.

In constructing an N-polar LED with a low temperature active region, considerations
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need to be made towards growth of material at low temperature on top of the active

region. As such, growth of p-GaN is made especially challenging at low temperature

due to compensating impurities whereas growth of n-GaN can be conducted at lower

temperatures as shown previously. The following structure, Figure 4.30, was then used in

order to grow either blue InGaN LEDs or infrared InN QD LEDs. The p-GaN was grown

underneath the active region, after the growth of a tunnel junction to the underlying

n-GaN template. In the Ga-polar case, there is significant concern that Mg can diffuse

from the p-GaN to the active region and lower LED efficiencies if grown prior to the

active region. In the N-polar case, there is less of this Mg memory effect and therefore

we can grow the p-GaN at a high temperature prior to the growth of the active region.

Figure 4.30: Proposed N-polar LED structure where the active region could be InGaN
based blue QWs or InN QDs.

Growth experiments to optimize the active region were conducted. The growth tem-

perature of a layer of 1 nm InN QDs was varied between 610 and 640 °C with AFM
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images in Figure 4.31. At lower temperatures, the dots were denser and smaller whereas

they became sparser and larger at higher temperatures. This may have been due to

growth rate variations at the different temperatures as well as higher surface adatom

mobility at higher temperatures. IR PL was also measured on these samples, Figure

4.32, with no obvious trend observed. Going forward, we calibrated the growth rates at

each temperature and maintained the highest growth rate for growth of InN with TMIn.

This was typically between 625 and 640 °C.

Figure 4.31: AFM images of N-polar InN QDs grown at three different temperatures
as indicated.
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Figure 4.32: Room temperature IR PL on series of N-polar 1 nm InN QDs grown at
various temperatures.

Building up from one layer of InN QDs to multiple stacked dot layers, we then grew

either one, two, or three periods of N-polar 1 nm InN QDs capped. IR PL, Figure 4.33,

indicated that each dot layer led to a slight red shift of the PL in addition to a maintained,

or small increase in, PL intensity. Simple simulations of the active region were conducted

with varied numbers of QD layers, using the one-dimensional drift-diffusion charge control

simulation developed by Prof. Yuh-Renn Wu [173, 174, 175]. While this simulation did

not take into account the three dimensional nature of the QDs, it was used herein as a

first approximation. Further investigations might use the three dimensional version of

the simulation software to fully explore how the shape of the QDs affected the properties

of the devices. In the case of these 1D simulations, the tallest part of the 1 nm InN

QDs was seen to be approximately 5 nm, therefore this value was used as the standard

in the simulations. 3 nm GaN barriers were also assumed here. Figure 4.34 shows the

band diagrams corresponding to one to five QD layers. From these and the simulated IV

curves in Figure 4.35, it is clear that adding additional QD layers can raise the voltage
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in the devices.

Figure 4.33: Room temperature IR PL on series of N-polar 1 nm InN QDs grown
capped with one, two, or three dot layers.

Figure 4.34: Simulated band diagrams for active region of N-polar p-down InN QD
LEDs with 1, 2, 3, 4, and 5 layers of 5 nm tall QDs with 3 nm GaN barriers.
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Figure 4.35: Simulated IV curves for active region of N-polar p-down InN QD LEDs
with 1, 2, 3, 4, and 5 layers of 5 nm tall QDs with 3 nm GaN barriers.

Other factors of interest in the active region of these InN QD LEDs are the thickness

and growth rate of the barriers. Growths were conducted in which the samples were

removed from the MOCVD following three periods of InN QDs and GaN barriers. As

roughness was seen following the third barrier growth (Figure 4.36), subsequent growths

tested increasing or decreasing the barrier growth rate or decreasing the overall barrier

thickness. The AFMs for these samples indicated that increasing the growth rate led to

larger features whereas decreasing the growth rate led to smaller features. Decreasing

barrier thicknesses led to smaller and sparser features. IR PL was collected from these

samples, Figure 4.37 but showed no clear trend other than the thinner barriers showing

the greatest intensity. We concluded the barriers were likely the cause of the features

visible in the AFM images, not the InN itself. Additionally, while the higher growth rate

barriers would have taken less time to grow and therefore might prevent degradation of

the InN, the effect of worsened morphology was more significant. In the case of the half

thickness barriers, the PL increase may have been due to the incomplete coverage of the

InN causing effectively larger dots.
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Figure 4.36: AFM images for growths of InN QD LEDs interrupted after three layers
of QDs and barriers for standard barrier conditions, increased growth rate conditions,
decreased growth rate conditions, and decreased barrier thickness. Each sample shown
at two magnifications.

Figure 4.37: Room temperature IR PL for growths of InN QD LEDs interrupted after
three layers of QDs and barriers for standard barrier conditions, increased growth rate
conditions, decreased growth rate conditions, and decreased barrier thickness.

Simulations were conducted to further study the effect on barrier thickness. Simulated

band diagrams for LED structures with three layers of 5 nm tall InN were conducted,
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varying the barrier thicknesses from 3 nm to 6 nm to 9 nm, Figure 4.38. Simulated IV

curves, given in Figure 4.39, indicate that increasing barrier thicknesses would lead to

significant increases in voltage for the LEDs. In this way, keeping the barriers as thin

as possible while still providing a sufficient coverage of the underlying QD layer might

improve LED performance. In terms of barrier growth rates, while slower growth rates

showed some marginal improvement in morphology, they caused significant increases in

the time to grow the barriers and therefore it was determined that the standard growth

rate was optimal.

Figure 4.38: Simulated band diagrams for active region of N-polar p-down InN QD
LEDs with 3 layers of 5 nm tall QDs with 3 nm, 6 nm, and 9 nm barriers.

120



Indium nitride Chapter 4

Figure 4.39: Simulated IV curves for active region of N-polar p-down InN QD LEDs
with 3 layers of 5 nm tall QDs with 3 nm, 6 nm, and 9 nm barriers.

As a final test to determine what active region conditions were best suited for the

LEDs, simulations were conducted varying the InN thickness. This information could be

looked at as a way to study how the varying thickness inside the QD might alter local

electronic properties or it might show what varying the nominal thickness of the QDs

would do to the device characteristics. Simulated band diagrams for these structures

with 1 nm, 3 nm, 5 nm, and 7 nm QDs are given in Figure 4.40 and simulated IV curves

in Figure 4.41. Increasing QD thickness marginally increases voltage, with the simulation

beginning to break down for thicker InN layers at higher voltages.
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Figure 4.40: Simulated band diagrams for active region of N-polar p-down InN QD
LEDs with 3 layers of 1 nm, 3 nm, 5 nm, or 7 nm tall QDs with 3 nm barriers.

Figure 4.41: Simulated IV curves for active region of N-polar p-down InN QD LEDs
with 3 layers of 1nm, 3 nm, 5 nm, or 7 nm tall QDs with 3 nm barriers.

Several full LED structures were grown, with blue InGaN QWs, InN QDs, and both.

The blue InGaN QW structures could be used as test structures to determine the ro-

bustness of the various growth layers and the LED process. The samples with both blue

and InN active regions were attempted to see whether the blue QWs would function as

injection QWs and improve the emission from the InN QDs. IR PL was collected on
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these full structures, given in Figure 4.42. The only structure to show IR PL was the

sample with three layers of InN QDs. This was a promising result as it indicated that

the InN QDs were maintained after growth of the GaN barriers and n-GaN layer. Future

work includes processing and testing of these and other device structures, with further

growth optimization as indicated via those results.

Figure 4.42: Room temperature IR PL on full LED structures with four blue InGaN
QWs, an InN layer followed by two InGaN layers, three InN QD layers, or an InN layer
sandwiched between two blue InGaN layers. Spectral artifacts were visible between
800 and 900 nm and additionally between 1000 and 1100 nm.

4.4 (In,Ga)N for electronic applications

While previous discussion on InN has focused on QDs and optoelectronic applications,

InN can also be used in electronic devices such as field-effect transistors (FETs). For those

applications, having coalesced layers is more beneficial. For N-polar, the dashes coalesce

into layers below 10 nm in thickness, allowing for conduction in the layers. In the metal-

polar case, layers grown under the conditions used did not coalesce up to nominally 20

nm thick InN. Other growth conditions can be explored for both InN and InGaN in order
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to achieve layers when growing at LT. In this section, efforts to grow planar (In,Ga)N

will be made with differences between low and high In content growths discussed.

For N-polar InN, the coalescence of layers allowed growth of planar layers of InN with

smooth surfaces that were of interest for FETs. Growth of InN was conducted on top of

semi-insulating layers of GaN. Reducing the growth temperatures from that of the dot

growth to under 600 °C promoted planarization of the layer. By 10 nm, the layer was

coalesced and could be utilized for processing. Samples were also grown with in-situ low

temperature AlN layers, intended to be polycrystalline and used as a barrier to protect

against oxidation of the InN surface. The growth conditions available for the N-polar case

were much wider and therefore better suited to electronic device applications. Reports on

processing and testing will be presented by a collaborator in a forthcoming publication.

The metal-polar InN and InGaN growth presents a significant challenge, as we had not

previously established planar layers of InN and because of the known decomposition and

segregation of higher In content InGaN. However, we can use some of the same concepts

as for the N-polar case to attempt to grow films. For lower In content InGaN, the

starting point for growth conditions will be that of the LT FME GaN. For InN or higher

In content InGaN, the growth conditions would be significantly different. The previous

growth conditions for InN caused dot formation, likely due to the high lattice mismatch

between GaN and InN. It was noted that growing at higher temperatures increased the 3D

growth whereas growing at lower temperatures flattened the dots, therefore as a starting

point InN was grown at a lower temperature of 515 °C. In addition, faster growth rates

were utilized in order to prevent the adatoms from having enough time to move around,

in the hopes that a more planar surface would be achieved. For a growth rate of 0.28

Å/s (200 sccm TEIn) and a nominal thickness of 28 nm, 3D growth was seen as shown

in Figure 4.43. Hall data for this sample was measured and found as follows: mobility of

380 cm2/V·s, charge of 4.1x1019 cm−3, and sheet resistance of 143 Ω/�. The electrical
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data may have been skewed due to surface effects at the unprotected InN/air interface.

Figure 4.43: AFM images for InN grown at different growth rates and with different
thicknesses. RMS roughness values indicated on each.

Increasing the growth rate, the thickness, or both all led to large features on the

surface which dominated the film. Attempts to remove the features by dipping the

samples in HCl partially removed the features but did not entirely remove them. Figure

4.44 shows XRD scans for the two samples with the lower growth rate as well as InGaN

data and a relaxed InN simulation. For the thinner sample, the GaN and relaxed InN

peaks were both visible with no notable other reflections. However, the thicker sample

after the HCl dip showed an additional peak which could not presently be identified. This

peak was postulated to be a different material phase of either InN, In, or possibly and

oxide or carbide if significant impurities were present. The expected peak for In metal

droplets did not correspond with this new peak.
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Figure 4.44: Proposed N-polar LED structure where the active region could be InGaN
based blue QWs or InN QDs.

Growth of InGaN was conducted via FME using a growth scheme similar to that

previously optimized for GaN growth at low temperature. XRD results are given in

Figure 4.44 and an AFM image is shown in Figure 4.45, indicating a relatively good

RMS roughness of 1.86 nm. Although the surface did not show step flow growth, the

low roughness of the layer-by-layer growth may allow this material to be used in device

structures. In terms of XRD, based on simulations fitted to the layer peak and thickness

fringes the layer was 50 nm thick and betwen 15.5% and 25% In. If fully strained, the

layer would be 15.5% In based on XRD and if fully relaxed, 25% In. An additional wide

peak was visible to the side of the layer peak, indicating the possibility that a portion of

the InGaN was either more strained or higher In composition than the majority of the

layer. While more studies would be necessary to confirm this, one explanation would be

that the InGaN composition was 25% throughout the film, with the first portion being

strained to the underlying GaN template and then relaxing on top. This would explain

the secondary peak and would align with expectations of relaxation at that compositional
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range. Hall data for this sample was measured and found as follows: mobility of 44

cm2/V·s, charge of 3.4x1019 cm−3, and sheet resistance of 840 Ω/�. As in the case of

the InN Hall data, the electrical data may have been skewed due to surface effects at the

unprotected InN/air interface.

Figure 4.45: AFM image for InGaN grown in an FME growth mode with TEGa
and TEIn. Expected thickness of 50 nm with 15 to 25% In. RMS roughness value
indicated.

More growth optimization will be necessary for Ga-polar In containing material, as

the InN was too rough and the InGaN needs further characterization. InGaN growth

showed promise in the low roughness and therefore might be useful as underlayers in

electronic devices. On the other hand, N-polar growth of InN provides smooth, coalesced

layers that may be studied further and processed into devices.
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Conclusions

This work presented low temperature MOCVD growth schemes for the primary nitrides

(GaN, AlN, InN) as well as alloys of these. While the nitrides material system as a whole is

of interest for various optoelectronic and electronic applications, LT growth in particular

is advantageous for high In-content devices and integration with other materials systems.

Concern arises when growing at LT for both morphological and impurity reasons. As the

temperature is decreased, adatom diffusion lengths also decrease which can increase film

roughness. This effects AlN the most due to the lowest diffusion lengths of Al-containing

adatoms when compared to Ga with middle diffusion lengths and In with the longest

diffusion lengths. Contrastingly, concerns about lack of sufficient active nitrogen at lower

temperatures are the least problematic for AlN and the most for InN, as AlN needs the

lowest overpressure of nitrogen to be stable. Due to these and additional differences that

have been discussed, the LT growth methods were different for each of the materials.

In the case of GaN, achieving low roughness and low impurities was particularly

important to provide a good base for many nitride devices. This was achieved through

the use of flow-modulation epitaxy, where the group III precursor was pulsed on and

off while the group V precursor was continuously flown. Through optimization of the
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precursor flow profile, a step-flow growth mode was achieved at 550 °C and impurities

were decreased in comparison to continuous growth. By adding Si-doping, roughness

increased and the growth mode became layer-by-layer, however LT n-GaN was achieved

with carrier density above 7 x 1018 cm−3 and mobility above 112 cm2/V·s. In addition

to growing with NH3 as the N-precursor, growths were attempted with DMHy as an

alternative N-precursor. For GaN, large increases in impurity incorporation were seen

for continuous growth with DMHy and dark films were obtained. LT FME GaN grown

with DMHy resulted in incomplete films and metal-droplet assisted nanowire formation.

Adding Al to grow AlGaN or AlN using LT FME causes a decrease in adatom surface

morphology leading to a layer-by-layer growth mode. Unintentional Ga-incorporation

was found in nominally AlN layers, with decreasing Ga-content as the layer thicknesses

were increased. 2DEG formation was observed in LT AlN/HT GaN heterostructures,

with reasonable sheet charges and mobilities that were somewhat hindered by charge

compensating impurities and alloy scattering effects. LT FME AlN grown with DMHy

showed rougher layers than those grown with NH3. Additionally, AlN/GaN heterostruc-

tures with LT AlN grown with DMHy did not form a 2DEG and were resistive due to the

polycrystalline nature of the AlN. By growing with NH3 and effectively suppressing the

Ga-incorporation, high mobility and sheet charge were achieved, 542 cm2/V·s and 3.76

x 1013 cm−2, respectively, for LT AlN/HT GaN. However, sample to sample variability

concerns need to be addressed prior to widespread use of LT AlN. Promising results

were also achieved for LT AlN/LT GaN, which maintained reasonable 2DEG properties

despite the utilization of a LT GaN interlayer which had increased impurities.

Moving on to InGaN and InN, QDs were grown at low temperatures with a variety

of different growth conditions. Metal-polar, high In content InGaN QDs with varying

compositions and nominal thicknesses showed a bimodal distribution and phase separa-

tion. Smaller, flatter structures had a lower In% and the large hexagonal QDs had a
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higher In%, as seen from AFM and XRD. Via APT, the QDs were seen to be almost

100% In and additionally showed infrared photoluminescence. The QDs found in the

nominally InGaN case were similar to those seen in the fully InN case, in terms of shape,

size, and emission. However, when growing with all InN and metal-polar, there was no

Ga-intermixing and the lower In% structures did not exist. APT was utilized to study

InN layers pre-dot formation and the areas between the dots. Typical wetting layers were

not found, with incomplete InN or InGaN layers forming and the nucleation of dots oc-

curring prior to one monolayer of InN deposition. InN dots grown with differing growth

times led to smaller and denser dots being formed at lower temperatures. By changing

the growth time and therefore the nominal thickness, the emission wavelength could be

controlled. Capping the QDs with LT GaN did not lead to degradation or intermixing,

with capped dots maintaining good photoluminescence.

While the metal-polar plane is more common for optoelectronic applications, the InN

QDs grown on this plane were very tall and therefore difficult to incorporate into device

active regions. Moving to growing on the N-polar plane, InN QDs were flatter and more

dash-like, growing laterally as longer growth times were used to eventually form coalesced

films. This allowed for planarization of the top cap layer, beneficial for use in devices.

Additionally, although the emission was lower than that of the metal-polar case, the

wavelength shift was better controlled by the amount of material deposited in the N-

polar case. Multiple layers of InN QDs could be stacked with GaN barrier layers to form

multi-layered active regions. This formed the basis for N-polar InN QD LED structures

with the goal of achieving infrared emission. N-polar InN was also of interest for some

electronics applications, with coalesced layers used for InN FET structures.

Overall, this work reported on LT MOCVD growth techniques which resulted in

GaN, AlN, and InN layers and structures viable for use in devices. Looking forward,

there remains work to be done towards implementation of these materials in full working
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devices. Processing of HEMTs and LEDs into full devices would provide insight into

needed growth optimizations. From the growth perspective, further exploration of both

N-polar and metal-polar doped LT GaN films would be of interest to optimize doping

and morphology. The FME pulse scheme could also be further adapted for both doped

GaN and (Al,Ga)N films in order to improve morphology and determine if step-flow

growth can be achieved at LT. Growth on other substrates would be of interest for LT

GaN and AlN in particular, as integrated electronics is one of the driving applications for

these materials. Substrates such as Si and processed wafers would be the most directly

useful in the case of integrating the nitrides with Si CMOS, for instance. Use of ZnO as

a substrate for LT GaN growth could also be particularly successful due to the lattice

matching between GaN and ZnO, where HT growth is not possible due to reactions

between GaN and ZnO at higher temperatures.

Regarding the InN LED epitaxial structures, changes such as the number and nomi-

nal thickness of QD layers, barrier widths, and doping levels may improve device perfor-

mance. These epitaxial optimizations would be best conducted in parallel with process-

ing of devices, necessary to achieve EL in the case of p-down structures which cannot

be tested prior to fabrication. To determine the feasibility of the structure other than

the active region, test blue LEDs can be grown where the active region is replaced with

an InGaN blue active region. LT p-GaN activation through etched sidewalls or a flip

chip process needs to be employed for the InN structures. Annealing experiments to

determine the optimal annealing time and temperature should be conducted to avoid

InN/GaN intermixing.

While more work remains towards full devices, this work has mapped the growth space

available for LT GaN, AlN, and InN. From the growth regimes studied, NH3 remains the

N-precursor of choice over DMHy, in part due to surface-catalyzed NH3 cracking allowing

for more active nitrogen than expected at LT. FME was utilized for improved morphol-
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ogy and decreased impurity incorporation. LT AlN/GaN heterostructures showed 2DEG

formation with good charge and mobility, with reasonably good electrical characteristics

maintained upon insertion of a LT GaN interlayer. InN QDs were studied under various

growth conditions and showed infrared photoluminescence before and after LT GaN cap-

ping. These results indicate the feasibility of integrating nitride electronics with other

materials as well as creating infrared optoelectronic devices with InN.
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Growth recipes

Many samples with varied conditions were grown to contribute to the work herein, with

important parameters laid out in the previous sections. This appendix gives growth

recipes for several representative cases.

Figure A.1: Recipe for TMIn growth rate calibration grown on a Si wafer.
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Figure A.2: Recipe for 300 cycles of FME GaN grown metal-polar on top of a Si-doped
n-GaN template on sapphire.

Figure A.3: Recipe for 375 cycles of FME AlN grown metal-polar on top of a semi-in-
sulating GaN template on sapphire.
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Figure A.4: Recipe for 3 nm InN QDs grown metal-polar on top of a Si-doped n-GaN
template on sapphire.

Figure A.5: Recipe for a p-down InN N-polar LED stack with a p-side buried TJ and
3 layers of InN QDs in the active region. Image 1 of 3.
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Figure A.6: Recipe for a p-down InN N-polar LED stack with a p-side buried TJ and
3 layers of InN QDs in the active region. Image 2 of 3.

Figure A.7: Recipe for a p-down InN N-polar LED stack with a p-side buried TJ and
3 layers of InN QDs in the active region. Image 3 of 3.
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Figure A.8: Recipe for 10 nm of InN grown N-polar on top of a semi-insulating GaN
template on miscut double-side polished sapphire, intended for fabrication of an InN
FET.
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Transmission Geometry Laser

Lighting with a Compact Emitter

Laser lighting systems can take many form factors for applications such as spotlight-

ing, general illumination, or decorative lighting. The use of lasers in conjunction with

phosphors for white lighting leads to questions about incorporating the various package

elements. Some practical considerations of a transmission geometry system implement-

ing a blue laser and a yellow Ce:YAG single crystal phosphor are discussed, with specific

focus on color tuning and the optical efficiency of the single crystal. A compact emitter

is demonstrated with examples of modifications to increase the system performance and

complexity. Moving from a cool white system to a warm white system has been done

through the addition of a red light such as a red laser or red phosphor. The single crystal

phosphor component needs to allow light to be coupled in from the laser and have high

extraction efficiency. A wavelength-selective reflective coating has been implemented to

address these concerns, which increased the luminous efficacy of the system. Engineering

the phosphor element using this concept may allow for single crystal phosphors to be

viable options for future laser lighting systems. Significant portions of this appendix
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have been taken from [9].

B.1 Introduction to Phosphors and Laser Lighting

B.1.1 Solid-State Lighting

Innovations in lighting technology have often focused on increased efficiency and de-

creased cost as the primary benchmarks for accepting new lighting platforms into ev-

eryday use. The invention of the blue LED and the rise of solid-state lighting has led

to enormous energy savings along with decreased costs for lighting. The United States

annual energy savings from LED adoption increased from $675 million in 2012 to $4.7

billion in 2016, with LEDs accounting for only 12.6% of lighting installations in 2016

[176, 177]. This trend continues to increase, with LEDs making up an estimated 19%

of lighting installations in 2017 and an expected 84% of lighting installations by 2035

[178]. LEDs have also brought about a substantial change in how we use lights. Solid-

state lighting has the benefit of being much smaller and brighter than previous lighting

platforms, enabling new form factors and applications [179, 12]. Along with LEDs suc-

cessfully replacing conventional fixtures such as standard lightbulbs, more decorative or

futuristic applications have been made possible with solid-state lighting. From car logos

that light up to wearable displays for augmented reality to the indicator light on video

game controllers, LEDs have permeated every aspect of modern life.

Laser lighting has been a topic of increasing interest for several years, with the idea

being to use a laser diode as the electrically driven solid-state light source. Whereas LEDs

struggle with decreased efficiencies under high power operation [180], lasers can efficiently

output high optical powers. In the case of white lighting applications, a blue laser can

pump a yellow phosphor such that the blue and yellow mix together to output white light.
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Other color phosphors can be used as a replacement for or in conjunction with the yellow

phosphor to tune the color point and temperature. For example, with a blue source and

a standard Ce:YAG yellow phosphor, only a cool white color temperature above 4000K

can be achieved, with warmer color temperatures achievable with the addition of a red

source such as a red phosphor [181, 182]. In addition to different colors of phosphors

being useful, different morphologies of phosphors – including single crystals, powders,

and ceramics – can be incorporated into laser lighting designs [183, 184, 185, 186].

In this work, a framing introduction will be presented in section B.1. which provides

background to the current state of the field. Section B.1.2 serves to contextualize the

area of laser lighting within solid-state lighting, explaining why one may wish to use

lasers over LEDs. In section B.1.3, a concise overview of solid-state lighting metrics is

presented. Section B.1.4 then provides the reasoning for the emitter design choices of a

single crystal phosphor and transmission geometry. Section B.1.5 provides an overview

discussion of heating effects in laser lighting systems.

B.1.2 The Benefit of Lasers

One inherent difference between LEDs and lasers is the radiant power at peak wall-

plug efficiency (WPE). LEDs tend to have the highest efficiency at current densities under

10 A/cm2, whereas lasers peak at current densities on the order of 10000 A/cm2. For

good efficiency, high power fixtures, an array of LEDs is necessary to achieve the radiant

power of a single laser. Although the peak WPE of record blue lasers, 45% [187],

is significantly less than that of blue LEDs, there are application specific advantages

of using lasers over LEDs. The difference in emitting area, around 10 mm2 for LEDs

and 0.1 mm2 for lasers, has financial and technological implications. By shrinking the

emitting area from that of an LED system to that of a laser system, less area is necessary
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in terms of epitaxial growth and phosphor materials. This has the potential to reduce

the costs of laser-based white lighting systems as the technology matures. In terms of

technological advancements, shrinking the emitting area provides a benefit to the étendue

of the system.

Étendue describes the areal and angular spread of a light source and is a property of

the light emitter that cannot be decreased without introducing losses into the system.

For any light source, a small solid angle may be achieved by blocking light emitted at

higher solid angles, resulting in loss of efficiency and brightness. Therefore, a source with

a small étendue should be chosen for directional lighting applications such as spotlights,

decorative/museum lighting, and headlights. Some high brightness, directional applica-

tions are not well served by LED sources which do not produce enough radiant power

over a small enough angle – their étendue is too large. In an LED system, the étendue

limiting factor is the die size of the LED, where increasing light power while maintaining

efficiency involves increasing the die size because of droop at higher current densities.

By shrinking down the emitting area to that of a laser-based system, an emitter closer

to that of a point source can be achieved, which can then be directed by lossless or low-

loss optics onto a small light down-converter such as a phosphor. The phosphor used in

a white laser lighting system then becomes the étendue limiting element and must be

as small as possible while considering other constraints such as conversion under high

optical power density. Improvements in high brightness, directional applications replace

LED platforms with laser based ones [188, 189, 190], for example in car headlights [191].

Laser lighting can further supplement the current LED lighting platforms by opening

up applications and allowing exploration of new form factors for lighting. In the area of

visible light communication (VLC), lasers win over LEDs by having a higher modulation

speed, allowing for faster data transmission [192, 193, 194]. The unique ability of lasers

to efficiently couple into optical fibers allows the heat-generating, sensitive electro-optic

141



Transmission Geometry Laser Lighting with a Compact Emitter Chapter B

components to be located far away from the illuminated area and for the laser light to

travel efficiently over long distances. Applications such as horticulture may find this

remote-source lighting useful, where the light is delivered to the plant without exposing

the light-emitting component to heat and humidity [195]. It may also be possible to

leverage leaky fibers, in which the coupled laser light is leaked along the length of the fiber

to provide light over a large area [196, 197]. In this design, the light could be transmitted

as blue laser light through the length of the fiber and then converted to white light with a

phosphor material integrated in or attached to the leaky fiber. Underwater lighting could

become less bulky, as the laser coupled into the fiber would not have to be waterproofed.

The capability to separate the emission area and the electrical components widely opens

the design space for laser-based lighting.

B.1.3 Metrics: Efficiency, Efficacy, and Color

For laser lighting to become relevant in a given use case, it needs to match or exceed

what can be done with LEDs in terms of achieving high efficiency performance and high-

quality white light while maintaining low cost. Phosphor converted laser lighting systems

have many similarities to white LED systems based on blue LEDs and yellow phosphors.

The same terminology and metrics apply to white laser lighting as those used for white

LED lighting. An important metric for both systems is luminous efficacy, which is a

measure of the optical power output of the system for a given electrical power input, its

efficiency, weighted by the human eye response function. Efficacy is expressed in lumens

per watt, whereas efficiency is reported in percentages and does not consider the perceived

luminosity. For lighting applications, efficacy is a key concept and can be estimated in

the blue laser-yellow phosphor system by Equation B.1, where WPE is the wall plug

efficiency of the laser [198, 199], OE is optical efficiency, QY is the quantum yield of the
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phosphor, SS is the Stokes shift of the blue to yellow conversion [182, 200, 201], and LER

is the luminous efficacy of radiation.

Efficacy

(
lm

W

)
= WPE×OE×QY× SS× LER

(
lm

W

)
(B.1)

The efficacy of any white laser lighting emitter – here defined as the laser, phosphor,

and package together without any focusing optical components – is impacted by metrics

of all three components. Improvements in epitaxial material quality, growth schemes, and

process development continue to push the WPE of blue lasers towards theoretical values.

Commercial blue laser diodes packaged in TO9 cans were utilized herein, where the WPE

may be measured directly by comparing the input electrical energy to the output optical

energy of the packaged laser. For systems discussed in this work, OE can be separated

into several categories, including extraction efficiency, in-coupling, and package efficiency.

Extraction efficiency refers to the light successfully escaping the phosphor and in-coupling

is the laser light that does not get reflected at the initial phosphor surface. Extraction

efficiency and in-coupling are both largely dictated by the phosphor plate design. Package

efficiency encompasses losses due to other package or optical components and can vary

widely based on choices in package geometry, design, and materials. While this work

focuses on the emitter, the OE of a complete lighting system also includes the luminaire,

such that for a perfectly efficient luminaire, any light coming from the emitter is used

productively as illumination. A visualization of energy flow through the emitter is given

in Figure B.1.
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Figure B.1: Flow of energy through a generalized blue laser plus yellow phosphor
system with components such as the laser, phosphor, and package indicated along
with important sources of loss [9].

The phosphor conversion process affects the emitter efficiency and can be separated

into two factors: the QY of the phosphor and the SS of the conversion. Equation B.1 is

considered an estimation rather than an exact calculation due to the simplification made

that all the light in the system undergoes the QY and SS effects. This is not the case,

as these factors relate to the phosphor conversion and some blue light is not converted.

The QY, also known as quantum efficiency, is the percentage of photons absorbed by

the phosphor that are reemitted at a longer wavelength [182, 184]. This accounts for

absorbed photons but not photons that pass through the phosphor without undergoing

absorption. Phosphor converting materials have been a target of considerable research

efforts and have reached high QY values of above 95% [202]. The SS is another factor of

the phosphor, given as the percentage of absorbed photon energy that is reemitted in a

longer wavelength photon. The SS is based off the energies of the absorbed and emitted

photons and some degree of SS is unavoidable as a fundamental loss in blue-to-yellow

conversion when using phosphors.

While efficacy is connected to the color of the light, color is a separately defined
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metric typically given in terms of x and y color coordinates corresponding to a defined

CIE color diagram [203, 204]. By varying the amount of yellow phosphor in the system,

the ratio of yellow light to blue light can be altered which in turn changes the color of the

output light. In addition to color coordinates, metrics of correlated color temperature

(CCT) and color rendering index (CRI) are useful when discussing white lighting for

illumination [12, 201]. CCT defines the ‘warmness’ or ‘coolness’ of a white light source

in terms of black body radiation, therefore it is in units of kelvin where values around

5000K correspond to ‘cool’ or blue-ish white light and values around 2700 K correspond to

‘warm’ or more red-ish white light [205, 206]. Reaching a warm white light is considered

critical for the adoption of laser lighting. CRI describes how well an illumination source

shows the ideal color of objects, defined by a series of standards, with 100 being a perfect

CRI [207, 208]. Although color is a separate measurement system than efficacy, there is

a relationship between the two metrics due to the varying sensitivity of the human eye

to different wavelengths of light. The maximum value of efficacy for a given emission

spectrum is given in units of lumens per watt and is known as LER [190, 209]. LER

is a measure of the luminous optical power of a system per the radiant power and has

different values for different spectra. Multiplying the LER of a system by the efficiency,

in terms of a percentage or optical watts per electrical watts, gives the luminous efficacy.

B.1.4 Design Choices: Single Crystals and Transmission

With many form factors imaginable, and more yet unimagined, varied optical geome-

tries and converting materials need to be explored to allow for the largest possible design

space for laser lighting. For white lighting applications utilizing a blue laser and a yellow

phosphor converting material, two main geometries exist for the conversion process –

transmission and reflection. Figure B.2 depicts the idealized geometries. In transmission
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geometry, the laser light passes through a converting phosphor and some of the blue laser

light comes through on the other side, such that white light is produced on the side of the

phosphor opposite the laser. Transmission geometry is similar to how white, phosphor-

converted LEDs function. In reflection geometry, a laser is directed towards a phosphor

with some of the light converted to yellow light and some of the laser light undergoing

specular reflection and scattering. This geometry takes advantage of the directionality

of the laser light but is not possible for LEDs without some optical element in between.

Both transmission and reflection geometries need to be explored in order to provide laser

lighting fixture designers with the greatest number of possibilities and considerations for

any given application.

Figure B.2: Two main laser/phosphor geometries: (a) transmission and (b) reflection [9].

Single crystal phosphors in a transmission geometry will be the focus of this work. Sin-

gle crystal phosphors have been used as the converting material for LEDs [210]. However,

single crystals are more expensive than other phosphor morphologies and are therefore

not cost effective for LEDs with an omnidirectional emission over a relatively large area.

Additionally, coupling the light from the LED into the single crystal is inefficient without

further optics. Laser emission has a much smaller beam size than that of LED emission
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and the directionality of lasers allows better coupling into the single crystal phosphor. As

the phosphor plate used could be relatively small in a laser lighting design, single crys-

tals could provide a cost-effective option to replace the silicone encapsulated phosphor of

white light LED systems.

This work focused on a simplified transmission geometry laser lighting design for white

lighting applications which utilized a blue laser and a single crystal yellow phosphor as

the fundamental components. Cost-saving and design-simplifying methods were adopted.

No lenses were utilized to focus the laser and the emitter was not encompassed within a

luminaire. The creation of a luminaire in order to improve uniformity and further manage

the device emission remains an open question for this geometry and was not explored in

the present work as there would be a strong interaction between the envisioned luminaire

geometry and the emitter design. This compact setup comprised of a TO9 commercial

blue laser, a copper heat sink, and a machined copper phosphor holder with prongs to

mount a single crystal Ce:YAG phosphor plate for testing. The phosphor plate plus

the compact setup together comprised the compact emitter. Shown in Figure B.3, the

compact emitter was the approximate size of a standard lightbulb when fitted with a

simple reflector. Although not the focus of this work, heating effects can be detrimental

to the operation of laser lighting devices, therefore contact between the single crystal

phosphor and the prongs of the holder was key, in addition to contact between the

phosphor holder and the laser heat sink. Simulations and experimental testing have been

conducted on phosphor plate design and optical elements, with experimental details in

section B.2.
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Figure B.3: Labeled photograph of compact laser lighting emitter in a transmission
geometry with a mounted triangular single crystal phosphor [9].

B.1.5 Heating Effects

In the earlier days of white LED solid-state lighting, heating effects were a concern in

terms of lowering device performances over time [211, 212, 213]. While this has largely

been solved for LEDs, lasers have a significantly higher power density and lower efficiency,

both of which contribute to more concerns with heating. For any laser lighting system,

heat management is a challenge that needs to be overcome for widespread adoption.

Heating effects in white laser lighting can be separated into laser device heating and

phosphor heating. Under high power operation, lasers produce a significant amount of

heat that needs to be dissipated to prevent degradation of the device. Self-heating in

lasers can lead to thermal rollover and eventual device failure. For this reason, proper
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external heat sinking for the laser is a concern for any laser-based lighting system to

ensure the stability of the laser. Operating the laser in a pulsed mode rather than under

continuous wave operation may ultimately be another way to reduce these effects. In

this work, the copper heat sink in which the TO9 can laser diode was mounted served to

help with extracting the heat away from the laser under operation. This heat sink was

machined in-house rather than being commercially purchased due to the need to mount

the phosphor as close as possible to the output of the TO9 can. It was noted that under

long-term continuous operation a secondary external heat sink was also necessary.

For white lighting at high powers, heating of the phosphor is also a concern. Phosphor

heating stems largely from Stokes shift heating due to the energetic down-conversion of

light, given the very high phosphor quantum efficiency. The energy difference between

the incoming and outgoing light is lost as heat. A quantum yield less than unity will also

contribute to heat generation, as will any absorption from encapsulant materials used.

For lower-powered devices such as LEDs, this effect has been found to be manageable,

however for high-powered lasers the amount of heat generated scales significantly. Stan-

dard silicone encapsulants used in white LEDs provide insufficient thermal management

for laser lighting purposes [185, 214]. Single crystal phosphors have been shown to have

high quantum efficiency which is not quenched until high temperatures [215]. Ceramic

or single crystal phosphors with low Ce doping fare much better due to their higher

thermal conductivity and high thermal quenching resistance [184, 216, 217, 218, 219].

In the case of the most heavily used yellow phosphor, Ce:YAG, the solubility limits of

Ce permit only very low concentrations in single crystals, thereby increasing quenching

resistance compared to more highly doped systems typical for powders in silicone [220].

Single-crystal Ce:YAG phosphors with relatively low Ce-doping (0.2% to 0.3%) were the

focus of this work.

To reduce the concern of reaching high phosphor temperatures, heat sinking of the
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phosphor remains an important consideration. Depending on the geometry of the sys-

tem, this can be particularly challenging. For a reflection geometry, a phosphor may be

mounted directly on a heat sink that allows for extraction of heat away from the phosphor

[185]. In a transmission geometry, heat sinking through contacting the phosphor involves

the use of materials with high thermal conductivity and high transparency or reflectivity.

The single crystal may be mounted on or held between two sheets of material or mounted

through minimized contact with another package component such as a reflective metal.

For this work, the single crystal was mounted in a copper holder to allow for enough heat

sinking to show proof of concept designs. The contact between the phosphor and the

copper holder was critical to extract the heat away from the phosphor. Additionally, the

copper phosphor holder was to be in contact with the laser heat sink in order to provide

further thermal management.

B.2 Experimental

B.2.1 Simulations

Optical simulations were carried out using the commercial software LightTools™,

based on the Monte Carlo Ray Tracing (MCRT) method. Based on the law of geo-

metrical optics, MCRT allows modeling of both the optical package and of the phosphor

plate. The blue and red laser diode spectra, the emission, absorption, and excitation

spectra as well as the QY of the phosphor used in this study were experimentally mea-

sured and implemented in the simulation. To test our modeling, a Ce:YAG single crystal

was shaped into a 5×1×0.2 cm rectangular cuboid and excited with a 440 nm blue laser

diode. The spectral density function (SDF) of the system was measured in an integrating

sphere. The system was then simulated with the MCRT method. Figure B.4 presents
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the simulated and measured SDF for the blue laser and single crystal phosphor system,

where there was excellent agreement between the simulation and the experiment. In the

case of single crystal phosphors, the optical modeling by ray tracing does not increase

in complexity greatly with the addition of the phosphor, in the sense that simulations

of single crystal phosphors are well achieved and very reproducible. In comparison, sim-

ulations on powder and ceramic phosphor compounds have to be adjusted manually to

fit the experimental data [221]. These simulations assume that the particles are spher-

ical, are mono disperse in size and position [222], and that Mie theory can be applied

[221, 223, 224]. In particular, the mean free path is a complex quantity to measure and

difficult to implement in a simulation [225]. For these reasons, single crystal phosphors

may be finely tuned into optical systems more exactly through precise modeling.

Figure B.4: Measured and simulated spectral density function (SDF) of a blue laser
diode and a single crystal Ce:YAG phosphor. Single crystal: sample thickness 2 mm,
absorption 12 cm−1, laser power 3.5 W [9].

B.2.2 Phosphor Plate Fabrication and Testing

Ce:YAG single crystal yellow phosphors were used in this work, with 0.2% to 0.3% Ce

content (atomic percent). The phosphors were synthesized by Saint-Gobain and found
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to have a QY of 90%, based on measurements conducted in an integrating sphere on

a phosphor piece with polished and parallel sides. The SS was calculated to be 78%,

considering the energy difference between the laser wavelength and phosphor emission

spectrum. The crystals were polished and had various sizes and shapes or were cut to

the desired shape and size. In order to control the sample thickness, larger pieces of

single crystal were cut into slices using a wire saw. Chemical mechanical polishing was

conducted to further thin and polish the phosphor plates. Roughness was measured via

atomic force microscopy (AFM). Rough surfaces were prepared using a diamond polishing

pad for as received or polished facets, with as-cut sample facets being sufficiently rough.

To obtain small pieces of single crystals, a dicing saw was used with the ability to dice

phosphors into squares or triangles on the order of 1 mm per side. An example of a diced

Ce:YAG single crystal is shown in Figure B.5, along with atomic force micrographs of

the crystal before and after chemical mechanical polishing. The RMS roughness before

polishing was 421 nm and was reduced to 9 nm after polishing. As cut and prior to

polishing, the surface was sufficiently rough to improve topside light extraction from the

phosphor. After polishing, the backside surface was smooth to allow for coupling of the

laser into the phosphor without light scattering. This smooth surface was also necessary

for subsequent layer deposition described later.

Figure B.5: Ce:YAG phosphor single crystal (a) optical microscope image showing
triangular shaped phosphor crystal. Atomic force micrographs of Ce:YAG phosphor
(b) before chemical mechanical polishing with scale 0 to 3.75 µm and (c) after chemical
mechanical polishing with scale 0 to 172 nm. AFM scale designated at right [9].
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Testing of phosphors was conducted using commercial laser diodes packaged in TO9

cans with emission wavelengths between 440 nm and 445 nm. The TO9 cans were

mounted in machined copper heat sinks such that the base of the TO9 can sits in the heat

sink and the top portion extends above the heat sink. Small phosphors were mounted in

machined copper mounts with prongs holding the single crystal directly above the output

of the laser with the roughened surface of the phosphors pointing away from the laser and

the smooth side facing the laser. The copper phosphor mounts were machined for both

triangular and square phosphors, and the style of the mount was modified somewhat

for various experiments. The copper phosphor mount was in contact with the copper

laser heat sink and was secured to the TO9 cans using set screws to adjust the phosphor

position in front of the laser beam. A labeled image of the compact emitter is shown

in Figure B.3. The setup was tested to check for potential quenching of the phosphor

due to high temperatures, and it was noted that sufficient contact between the prongs of

the holder and the phosphor itself was required to prevent quenching. All measurements

were conducted within a regime where phosphor quenching effects did not occur.

Measurements were conducted in an integrating sphere coupled to a spectrometer

unless otherwise stated. The laser diodes were run under continuous-wave operation.

Various laser diodes were used across different experiments as the laser diodes were seen

to degrade across multiple tests. Measurements were corrected for every laser used. A

neutral density filter was used and results include approximate corrections for the filter.

B.3 Discussion

In section B.3.1, the color point was tuned by varying the thickness of the phosphor

plate. The implementation of a red laser (section B.3.2) or a red phosphor (section B.3.3)

for the purpose of obtaining a warm white color temperature was explored. In section
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B.3.4, the maximum efficacy of the system was calculated, considering various laser

WPE, and the extraction efficiency was modeled as a function of phosphor plate sidewall

angle. Advanced methods for improving the phosphor plate design were simulated and

experimentally tested in the form of a wavelength selective reflective coating (section

B.3.5).

B.3.1 Color Point Tuning

In a transmission geometry with a blue laser and a yellow single crystal phosphor,

the optical path length of the laser through the phosphor controls the color point. To

form a white light output, there is some phosphor thickness for a given geometry and

laser power that will place the color point on the Planckian locus. A series of single

crystal Ce:YAG phosphors with thicknesses varying from 530 to 1450 µm were fabricated

with equilateral triangle shapes and side lengths on the order of 1 mm per side. The

phosphors side lengths were well controlled due to the dicing process. The phosphors were

mounted within the compact setup with the laser run at a constant current of 1 A to

pump each phosphor. Tests were conducted to collect all the light leaving each phosphor

and determine the color point of the emitted light integrated over all directions, plotted

in Figure B.6. Varying the thickness of the phosphor tuned the color point as expected,

becoming more yellow with increasing thickness, and an optimal thickness of 640 µm

was found for these laser-phosphor conditions. A one laser, one phosphor system allowed

for color points that created a straight line on the CIE color diagram as in Figure B.6,

such that only cool color temperatures of white light could be reached. In order to reach

more points on the CIE color diagram and a wider range of color temperatures, the laser

and phosphor components need to be changed or more components need to be added.

Achieving warm white lighting is of interest for many lighting applications. Red light in
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the form of either a red laser or a red phosphor can shift the color point to allow for a

warm white light.

Figure B.6: CIE color diagram with points plotted for laser-phosphor emitter with
triangular single crystal Ce:YAG phosphors of varying thicknesses [9].

B.3.2 Warm White: Using a Red Laser

In the case of adding a red laser, the efficiency of the system will depend on the WPE

of the red laser as well as previously considered factors. The WPE of high-efficiency

AlInGaP red laser diodes at 638 nm is 45% [226], similar to that of a high-efficiency

blue laser diode. The laser diodes should be separately controlled due to differences in

electrical characteristics, providing an additional degree of freedom when controlling the

color point of the system. Simulations were conducted to determine the design space for
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this two-laser system. The optical power of the bluer laser was kept fixed at 1 W. The

thickness of the single crystal phosphor was increased from 0.02 to 0.6 mm and the red

laser optical power was switched from 0 to 600 mW. All emitted light was collected in

the simulation as if using an integrating sphere. Figure B.7 presents the CIE diagram

of the emission achievable with a system composed of a blue 440 nm laser, a red 640

nm laser, and a Ce:YAG single crystal phosphor. Each component had a dominant color

in the CIE diagram and were at the edge of a triangle describing the color theoretically

achievable by the system. The side of triangle between the 440 nm laser and the Ce:YAG

phosphor described the color achievable with the red laser turned off. On this line, the

phosphor thickness tuned the color point in a similar fashion to what was experimentally

shown in Figure B.6, although the phosphor crystal geometry and laser power differed

in the simulation and experiment. In this system and with the red laser off, a thickness

of 0.06 mm allowed the achievement of a white emission close the Planckian locus with

a CCT of 6200K and a luminous flux of 215 lm.
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Figure B.7: CIE Diagram for a 1 W 440 nm laser, Ce:YAG single crystal phosphor, and
640 nm laser system. The triangle, with corners that are the dominant wavelengths of
the three parts, describes the color range achievable. Different phosphor thicknesses
were reported (in blue). The blue laser power was kept fixed at 1 W and the power
of the red laser diode ranged from 0 to 600 mW [9].

Figure B.8 presents the details of the luminous flux, efficacy, CRI, and CCT of the

two laser plus single crystal phosphor system for different phosphor thickness and red

laser power. For a given phosphor thickness, the increase in red laser power increased

the luminous flux due to the increase in the light entering the system. The efficacy of

the system also increased, however this parameter was largely dependent on the assumed

efficiency of the red laser diode. The CRI of the system increased initially with the

addition of the red laser diode but did not continue to increase as the laser power was

increased more. The addition of a red source, specifically a narrow linewidth red source

such as a laser, is consistent with an improved CRI [182, 207, 227, 228]. The CCT
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decreased with the addition of the red laser diode, which was the initial motivation

for the second laser. Increasing the power of the red laser diode allowed warmer color

temperatures to be reached. A phosphor thickness of 0.20 mm together with a red laser

diode operating around 400 mW showed emission of white light with a CCT of 3000K

and a luminous flux above 300 lm.

Figure B.8: (a) Luminous flux, (b) efficacy, (c) color rendering index (CRI), and (d)
correlated color temperature (CCT) of the 1W 440 nm laser + Ce:YAG single crystal
phosphor + 640 nm laser system as a function of phosphor thickness for different red
laser powers. The shaded regions show the range of single crystal phosphor thicknesses
where the emission falls close enough to the Planckian locus to be considered white
light [9].

A practical concern when using a red laser is the color mixing resulting in the com-

bination of the additional laser light with the blue laser-yellow phosphor light. We are

proposing herein a design to improve color mixing in which a red laser is used in conjunc-
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tion with a single crystal phosphor selectively coated with reflective material. As this

design requires the use of two lasers, testing was conducted separately from the compact

setup as a proof of concept. A square single crystal phosphor with side length on the

order of 1 cm and a thickness of 470 µm was partially coated with a white, reflective

TiO2-based paint. The side of the phosphor facing the lasers was entirely coated other

than a central window to allow the laser light to pass into the phosphor. The other

side of the phosphor was coated only in the center, opposite where the laser window

was left uncoated. Figure B.9a and Figure B.9b indicate the geometry of the coating

on the phosphor plate. The coating used here was not highly reflective but served only

as an initial example of the geometry proposed. A red laser (633 nm) and a blue laser

(441 nm), both commercially purchased as packaged devices, were directed towards the

center opening in the paint on the backside of the phosphor and the light was detected

on the opposite side to determine the color point. The selective coating was studied in

order to improve color uniformity at the output of the device as well as decreasing the

amount of phosphor material necessary. In this design, the laser light travels through the

phosphor thickness multiple times, increasing the effective optical path length through

the phosphor approximately threefold and therefore decreasing the amount of phosphor

necessary to reach the desired color point (Figure B.9c). Although the red laser was not

being used for conversion, in this design the red laser traveled through the single crystal

phosphor in a similar fashion to the blue laser. Additionally, the laser light that survives

the passes through the phosphor, including the red laser light, would be further spread

by the multiple bounces in the phosphor plate.
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Figure B.9: Schematic of two-laser experimental setup with partially coated phosphor
plate shown from (a) the topside and (b) the backside; (c) simplified depiction of
light inside and escaping the phosphor plate due to reflections at the coated phosphor
surfaces with indications of multiple bounces through the phosphor [9].

The lasers were individually controlled with the optical powers varied between 0.015

and 0.29 W for the red laser and between 0.085 and 0.486 W for the blue laser. Due

to limitations on our measurement setup, this measurement was not conducted in an

integrating sphere and the color point was instead measured on light emitted from the

topside of the phosphor. A white light with a color temperature of 3000K was obtained

at several different blue and red laser powers. This system had the benefit of being able

to tune each laser individually to have control over the color point, however integrating

both lasers into a package with a small single crystal phosphor was not achievable using

commercially available lasers and limited optics. With proper packaging and laser driver

design, a multi-laser system could be a path towards warm white laser lighting [207].
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B.3.3 Warm White: Using a Red Phosphor

Alternatively, a red phosphor may be incorporated into the system as an additional

down-conversion source with potentially lower cost and simpler device design. Rather

than driving two lasers with different properties, the addition of the red phosphor would

not change the operation of the system after fabrication. Although red phosphors are

less efficient and less studied quantitatively in lighting systems than the yellow phosphor

Ce:YAG, they continue to improve with further research efforts [229, 230]. The down-

conversion of the blue laser light to red contributes to a higher Stokes shift, reducing

efficiency in comparison to the one-phosphor system or the two-laser system with a high

efficiency red laser diode.

The choice of red phosphor material has similar considerations to the yellow phos-

phor material, with the addition of needing to be controllably added to the system in

small amounts. This makes the use of a red phosphor powder adhered to the yellow

single crystal phosphor an attractive choice. The use of a sol-gel process to adhere the

red phosphor powder to the single crystal phosphor can allow for varying amounts of

red phosphor to be added to the system. Additionally, the thermal conductivity of the

sol-gel can potentially be high enough to allow for appropriate heat transfer, in compar-

ison to other encapsulants such as silicone [214, 231]. Ideally, for optimal heat transfer

from the red phosphor, the red phosphor particles would be in direct contact with the

single crystal surface, with the sol-gel serving as a sticking agent. Red phosphor pow-

der, CaSiAlN3:Eu2+, was suspended in a TiO2 sol-gel (titanium isopropoxide, ethanol,

acetic acid) and drop cast onto a single crystal of Ce:YAG ( 1 mm square). The single

crystal was baked a 60 °C between drops and then annealed in air at 300 °C for 30 min.

This deposition was shown to shift the color of the light towards red when tested in the

compact setup, as given by the spectrum in Figure B.10. For this warm white method,
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more iterations are necessary to establish the correct thickness of the single crystal and

amount of red phosphor to achieve the desired white point.

Figure B.10: Normalized emission spectra from two laser-phosphor systems, one
with single crystal Ce:YAG and one with single crystal Ce:YAG plus red phosphor,
CaSiAlN3:Eu2+. Laser peak maxima were normalized to 1 for both spectra [9].

In comparison to the two-laser system, every iteration to determine the appropriate

amounts of red phosphor necessitates fabricating a new phosphor plate instead of chang-

ing the power of the red laser. However, this work demonstrated the ability to introduce

red light into a compact setup without complex packaging – something which was not

an option for the two-laser design where a compact setup was not achieved here. For an

application in which a single driver was desired or little processing and packaging was

available, the two-phosphor system presents an attractive choice. However, when the

ability to drive multiple lasers and create more compact packages is not a concern, using

two lasers provides a system that can be further tuned after packaging and appropriately

simulated, as well as potentially providing a higher CRI and efficacy.
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B.3.4 Single Crystal Ce:YAG Designs: Improving Efficacy

By considering Equation 1, assumptions can be made to estimate the upper limit to

efficacy of a laser lighting system. For a cool white system using a given blue wavelength

and yellow phosphor, the QY and SS are fixed by the phosphor and the LER is fixed

by the white point. The OE and the WPE are then controllable parameters, where the

OE is set by the single crystal design and package and the WPE is a function of the

laser. Figure B.11 presents the simulated efficacy and luminous flux achievable with a

blue laser and yellow phosphor system for different laser WPE, with the OE fixed at

90%. This OE value was chosen for the calculations in order to simulate a system with

a highly efficient package. As expected, the WPE drastically impacts the performance

of the device. Reaching 1000 lm single emitter devices at 160 lm/W, the current state

of the art efficiency for high power single die white LEDs [232], will require the OE to

be 90% and the WPE to be 50%. As the state of the art blue laser diode becomes more

efficient, the efficacy of the system will increase. Equally important is reaching an OE

of 90%, which relies on significant package considerations including the processing of an

efficient phosphor plate with high in-coupling of the laser and high extraction efficiency.
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Figure B.11: Simulated luminous flux and efficacy achievable with a blue laser + single
crystal phosphor system at different electrical power for several laser WPE with the
other sources of losses kept constant [9].

Designs for single crystal phosphors can utilize knowledge gained from LED packaging

designs as a starting point to further optimize the extraction efficiency and directionality

of the output light. Ray tracing simulations are a useful tool for modeling such designs. A

parallelepiped phosphor with sidewalls of varying angle was modelled using MCRT with

a point light source, set at the center of the parallelepiped, with a power of 1 W. The

extracted light was collected and the ratio of the extracted power over the emitted power

gave the extraction efficiency while the sidewall angle was changed. This simulation

considered the escape of the light from the phosphor to the outside of the single crystal,

neglecting weak background absorption of the phosphor single crystal. For straight sides,

the extraction efficiency was around 50%, where a portion of the light was trapped within

guided modes. Angles above 4° allowed for 100% theoretical extraction efficiency. This

result can be applied to the escape of the phosphor light as well as the escape of the

laser light from the single crystal. By deviating from a parallelepiped design in any

dimension, more light could escape. For the experimental work in this study, in-plane
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shaping was utilized to improve extraction efficiency, with an equilateral triangular shape

picked to conserve material and for ease of fabrication. In-plane triangular shaping serves

to increase the extraction by breaking the symmetry in the plane and allowing for more

light to escape out of the sidewalls.

Out of plane trapezoidal shaping by angled sidewalls could additionally increase ex-

traction by directing light upwards into the extraction cone. Rather than implementing

out of plane shaping experimentally, the extraction could be increased by using rough-

ening of the top surface, a method used in LED packaging techniques [233]. Instead of

directing the light into the extraction cone by angled sidewalls, the roughened surface

effectively increases the acceptance angle of the escape cone as well as randomizing the

reflections to promote multi-pass extraction.

B.3.5 Wavelength-Dependent Coating to Improve Efficacy

Although methods to improve extraction efficiency can be drawn from LED work, for

LEDs the phosphor material typically encases the LED where adding the encapsulant

improves the out-coupling from the GaN LED. In the case of laser lighting, the laser is

outside of the phosphor material. Some sources of loss are depicted in Figure B.12(a).

One source of loss is due to the reflection of the laser at the surface of the phosphor.

Any amount of laser light that gets reflected back by the phosphor surface is lost due to

absorption by the laser packaging. Given the index of refraction of the single crystal (n

= 1.82) [234, 235], the percentage of incoming light reflected at normal incidence for a

phosphor with an optically smooth interface was calculated to be 8.5%. This loss can be

reduced by the addition of an antireflective (AR) coating such as a quarter-wavelength

coating tuned for the laser wavelength. While an AR coating would serve to help with

the laser in-coupling efficiency, it may also serve to increase the amount of yellow light
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extracted out of the bottom of the phosphor. In the transmission geometry, yellow

phosphor light extracted in the downwards direction towards the laser would be another

source of loss due to absorption by the package.

Figure B.12: Optical losses in laser-single crystal phosphor emitter (a) without any
coating and (b) with a wavelength selective reflective coating represented as alternat-
ing green stripes. Sources of losses enclosed in the dashed area in (a) are minimized
with the addition of the coating in (b) [9].

A coating that is reflective in the yellow range and transmissive in the blue range is

therefore desired. As indicated in Figure B.12(b), this coating could minimize in-coupling

losses as well as losses due to downward reflection of yellow light. Such a coating could

take the form of a distributed Bragg reflector (DBR) or a Fabry-Pérot coating (FP), either

of which would be designed to have wavelength dependent reflectivity over the visible

wavelength range. A DBR with the structure in Figure B.13(a) and a FP with the

structure in Figure B.13(b) are two examples of potential coatings. In these structures,

the optical thicknesses of the thinner layers were λ/4 thick. The resonant Ta2O5 cavity

was λ/2 thick in the FP. The SiO2 side was in contact with the single crystal for both

designs. The choice of dielectric material and periodicity was not unique, as a variety of

designs may achieve varying levels of reflectivity.
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Figure B.13: Structures for wavelength-selective reflective coating showing (a) a dis-
tributed Bragg reflector (DBR) with λ/4 thick layers and a variable number of periods
and (b) a Fabry-Pérot (FP) structure with one layer being λ/2 thick and the rest be-
ing λ/4 thick. For the DBR structure, λ is the maximum reflectivity and for the FP
structure, λ is the minimum reflectivity [9].

Transmission matrix simulations indicating the theoretical reflectivity spectra for a

representative coating of each type are shown in Figure B.14. The target wavelength

maximum for the DBR was 570 nm with three periods. The target wavelength minimum

for FP resonance was 442 nm to match the experimental wavelength of a laser initially

tested. The FP coating in Figure B.13(b) was deposited on a polished Ce:YAG single

crystal using ion beam deposition (IBD, Veeco NEXUS). Layer thicknesses and refractive

indices were calibrated using ellipsometry and the overall FP coating was calibrated by

iterating on FP depositions and adjusting layer thicknesses. Using a similar method,

the deposition of a DBR coating was also attempted. Whereas the FP coating could be

calibrated to have a minimum at the laser wavelength, the DBR coating was calibrated

with respect to the wavelength of maximum reflectance. The fringes and minima were

then heavily dependent on precise control of deposition rates and refractive indices, such

that a DBR with a minimum at the laser wavelength was difficult to achieve and not

reported herein. Normal reflectivity measurements (Filmetrics F20) were measured on

reference polished sapphire pieces and on the final FP coated single crystal phosphor from

the backside of the phosphor, given in Figure B.14. The theoretical minimum reflectivity
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was 1.2%, whereas the experimentally achieved minimum value was 3%. In addition,

there was significant overlap of the phosphor emission spectrum and the wavelengths of

higher reflectivity.

Figure B.14: Transmission matrix simulations for wavelength-selective coatings in-
dicating laser wavelength (442 nm), Ce:YAG phosphor emission, simulated normal
reflectivity for a distributed Bragg reflector (DBR, 3-period centered at 570 nm),
simulated normal reflectivity for the Fabry-Pérot (FP) structure, and experimental
reflectivity for the FP [9].

A series of phosphors was then tested with and without the presence of a FP coating,

in order to provide an initial demonstration of the coating technology presented. A FP

coated phosphor single crystal was diced into triangles ( 1 mm per side, 800 µm thick)

and the diced phosphors were compared to a set of uncoated single crystals ( 1 mm

per side, 850 µm thick), where all phosphors had the same equilateral triangle shape

and side length. The marginally thicker phosphor was used as the uncoated sample so

that any increase in phosphor extraction provided by the FP coating could be attributed

to the coating and not to the thickness difference. Ten tests were conducted in which

the laser was tested alone, followed by testing of an uncoated sample, followed by a
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sample with the FP coating. The compact setup was utilized in each case. For each pair

of uncoated and coated samples, the WPE of the laser was experimentally determined

prior to each test by measuring the laser alone in the integrating sphere and taking

the ratio of the optical power to the electrical power as the WPE. The WPE was tested

before each pair of samples in order to consider laser fluctuations. The average laser WPE

measured in this fashion was 2.4%, considerably lower than the best available commercial

blue lasers. While these lasers were far from optimal, they served here to evaluate the

wavelength selective coating and were not expected to reach the high efficacy values

calculated in Figure B.11. The relative optical efficiency of the emitter was estimated

based on Equation B.2, a rearrangement of Equation B.1. The QY and SS were 90%

and 78%, respectively, for the phosphors used in this work. The QY was experimentally

verified (see Experimental) while the SS was calculated given the laser wavelength and the

phosphor emission spectrum. Although Equation B.2 does not consider that the QY and

SS only apply to the light being absorbed and converted by the phosphor, respectively,

the relative estimation for optical efficiency should be comparable sample to sample.

OE =
Efficacy

(
lm
W

)
WPE×QY× SS× LER

(
lm
W

) (B.2)

The average efficacy, LER, and OE were all greater in the samples with the FP

coating. The average efficacy increased by 22%, from 2.7 lm/W to 3.3 lm/W, with the

addition of the FP coating. While the efficacy numbers were lower than desired, this was

as expected from the low measured WPE of the laser. For each trial, the sample with

the wavelength selective coating showed a higher efficacy than the sample without the

coating. Figure B.15(a) compares the OE of each sample over the order of testing the

samples, showing that effects from any deviations in the laser power were mitigated. The

average relative OE was 45% and 52% for the samples without and with the FP coating,
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respectively. The improvement in OE with the addition of the FP coating was attributed

to better in-coupling of the laser as well as better extraction of the phosphor light. Figure

B.15(b) shows a comparison in the maximum of the phosphor peak and the maximum

of the laser peak. The phosphors with the coating had more phosphor emission for a

given laser peak height. This led to the increase in LER with the introduction of the

FP coating, as the yellow phosphor light overlaps more with the eye response function

than the blue laser light. The average LER without the coating was 364 lm/W and with

the FP coating was 385 lm/W. The increase in LER also suggests that the use of a FP

coating can allow for less phosphor material to be used in order to achieve the desired

white point. The increase in LER with the increase in OE together form the basis for

the reported increase in luminous efficacy in the emitter.

Figure B.15: Comparisons between single crystal Ce:YAG phosphors without and
with Fabry-Pérot coatings indicating (a) the OE as a function of test number and (b)
the maximum phosphor intensity versus the maximum laser intensity [9].

B.4 Conclusion

We have demonstrated variations of laser based white lighting systems using a phos-

phor single crystal in a transmission geometry. A compact emitter design was presented

and ways to optimize optical efficiency, decrease the amount of phosphor material, and
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tune the color temperature were discussed. Adding a red laser to the system achieved

a white light of 3000K. Simulations with two lasers showed the ability to retain good

efficiency, although the system would require custom laser packaging and additional laser

driver electronics. The addition of a red phosphor powder also provided a red light for

warm white light and allowed for a design with minimal packaging requirements but

was less optimal for efficiency. A wavelength selective reflective coating improved ef-

ficacy 22% by increasing in-coupling efficiency and decreasing phosphor light emitted

backwards while also decreasing the amount of phosphor material necessary. Ultimately,

widespread adoption of laser lighting will necessitate research on high collection efficiency

luminaires as well as commercially available lasers with wall-plug efficiency of at least

50%. However, the methods described herein may be applied to future laser lighting

systems where a transmission geometry would be more viable than a reflection geometry,

including broad area illumination using fiber systems.
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