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ABSTRACT
PAOLO BATONI. Infrared photocurrent spectroscopy of deep levels in Mg-dopBid G
and ALGa«N.
(Under the direction of DR. EDWARD B. STOKES)

Recently, there is an increasing demand for IlI-nitride semisciod based
optoelectronic devices, and especially for ultraviolet (UV) anépD8V sources and
sensors; however, the development and the performance of such dedireamentally
limited by low carrier concentration, especially in p-type Gam its alloys with
aluminum, p-type AlGa.N. Common acceptors such as magnesium (Mg), which
function adequately in GaN, are often too deep in AlGaN alloysltev aignificant
acceptor ionization at room temperature. Various strategies ssickh@t period
superlattices are often incorporated into device architectureiar to enhance carrier
levels in p-AlGaN. In this work, IR photocurrent spectroscopy inddged GaN, and
Mg-doped AlGa«N (0.15 < x < 0.52) was conducted by means of a YAG-pumped
OPO/OPA system tunable from 250 meV to 1.75 eV with the goal oinobgeand
identifying energy levels associated with acceptor atomdgin GaN and AlGa.xN.
Infrared photocurrent spectra are presented from a varieGabf and AlGa N test
structures. Non-zero background response is associated with sbattavgic impurities
and/or a continuum of shallow levels, photocurrent response peaks observed and
associated with deep level donors. No evidence of acceptor ionization assodiatdg w
in magnesium-doped GaN and.8k N is observed. A number of deep levels are
observed in photocurrent spectra, including several 400 meV in GaN aradulmwnum

alloys, and one around 800 meV in higher aluminum alloys. Thermaysaabf



Mg:GaN photocurrent data is consistent with the deep levels bésgom donors.
Finally, the effects of IR radiation on the UV optical output of famiv biased

commercial 365nm UV LEDs is investigated and reported.
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INTRODUCTION

Recently, there is an increasing demand for nitride semiconductsed ba
optoelectronic devices, and especially for ultraviolet (UV) anépeV sources and
sensors. The implementation of such devices would certainly adteesse¢ds of the
very promising general illumination market, and also enable a proliferatemnei class
of solid-state chemical and biological detectors, and optoelectcomponents of UV
and Deep UV sources to kill bacteria and detect their UV-fluorescentnmbfei

The nitrides of group Il elements (llI-Nitrides), such as indinitride (InN),
aluminum nitride (AIN), gallium nitride (GaN) and its alloygth aluminum (AlGa; «N),
typically form crystalline structures with hexagonal syetmy (Wurtzite), and are polar;
hence they posses potentially useful properties such as piedogieqbiezoresistivity,
pyroelectricity, and second harmonic generatiohGaN and AlGa.,N are commonly
grown on c-plane sapphire (0001), and this leads to the growth of polaali@bALGa;-
«N. Polarization in GaN (and AbaN for that matter) is stable at high temperature;
therefore, such compound semiconductors are suitable for high tennpeatavices such
as strain gauges. GaN based, metal-insulator semiconductor ¢&fi&gitors have been
fabricated and used as high temperature strain gauges by lloe, avhile interning for
the MNST laboratory of GE Global Research (Niskayuna, NAS.shown in Figure 1, a
MIS capacitor fabricated on a cantilever made of a film oNGgown on c-plane
sapphire is used to measure a change in strain in the matdrgad;a force is applied to
the cantilever, piezoelectric charges are generated, and caimszease in capacitance,

which can be measured.
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Figure 1: Schematics of a MIS capacitor fabricated on caatilmade of a film of GaN
grown on c-plane sapphire.

Non-polar GaN and AGa.N are commonly grown with a crystalline orientation
parallel to the a-planel(20), m-plane {C10), or r-plane {102), and are typically
grown on r-plane sapphire. Non polar GaN angds&] N have less intrinsic defects, and
hence allow the fabrication of optoelectronic devices with an enhatézhl output,
shorter radiative recombination lifetimes, and emissions thdilaeshifted with respect
to comparable devices made with polar GaN angdGalN. Since spontaneous
polarization is not an issue in non-polar GaN and>&l.«N, optoelectronic devices made

with said compound semiconductors do not suffer from a quantum confined Stark effect.



Due to the large difference in electronegativity between ldmaents from group |ll,
and the elements from group V, llI-Nitrides are characterizedeby strong bonds that
are responsible for many of the amazing physical propertidsiotiass of compound
semiconductors. For instance, the strong chemical bonds of Ill-@trithke the former
insoluble in all mineral acids and bases at room temperature ek hesistant to
conventional wet etchanfsAs a direct consequence of the strong chemical bonds of IlI-
Nitrides is the size of their “wide forbidden gap” (wide bamjgavhich spans from 1.9
eV to 6.2 eV. As shown in Figure 2 and Figure 3, the class of llI-Nitrgldgeionly class
of semiconductors that offers such a tuning potential; in faetspectral range of Ill-

Nitrides covers the visible spectrum, and well as the Near WY, &hd Deep UV

regions.
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Figure 2: Diagram showing the bandgap values of most cubic aeduictors (elemental
and compound) versus their lattice constant at°80('he right-hand scale indicates the
spectral range. Adapted from Montartari.
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Within the group of IlI-Nitrides, GaN and Aba& N undoubtedly are the most promising
wide bandgap semiconductor materials. As shown in Figure 3, GaN &, &l have

a bandgap that can be adjusted continuously between 3.4 eV (356 nm) and)6.2 (eV
therefore, they are suitable for the fabrication of both UV andpDéV sources and
sensors. In addition, they are also candidates for applications inclsdiiystate
lighting for general illumination, sources fluorescence microgcammponents of
biochemical sensors, and both high power microelectronic and optoalectievices

operating at high temperature.
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Figure 3: Diagram showing the bandgap values of 1lI-N semiconduatitiiswurtzite
(o), and cubic [§) versus their lattice constant at 300. The right-hand scale indicates
the spectral range. Adapted from Montariari.

Several different techniques have been adopted to improve the petyghectivity in
p-type GaN, and p-type fBaN: some of these techniques induce a higher

concentration of acceptor atoms (typically Mg), or holes, while ddgwhmiques aim to
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lower the ionization energy of the acceptor atoms. Two of the pogsilar techniques
are 1) Short Period Superlattices (SPSL), and 2) High Temperature AHA&3l (

SPSL is a term used to indicate a heterostructure composedsdayically grown,
periodic arrangement of layers of p-type doped GaN, and ad-hoethjetype doped
Al Ga «N; typically, Mg atoms are used as the substitutional accefmiorsato achieve
p-type doping. A SPSL structure is characterized by a shadepescillation of the
valence band, and acceptor atoms are ionized when the balance band ledgteds
below the Fermi level. As a result, in a Mg-doped GaN/AlGaNslSPholes are
accumulated in the region where the band edge is close to the FEswehi more
precisely, the carriers are confined within parallel she#itsse carrier density is much
higher than that of a simple bulk fill* As proposed by Schubeet al, a SPSL
increases the hole concentration by allowing deep acceptors lawytre with the larger
bandgap (AlGa.xN) to ionize into the valence band of the adjacent material watver
bandgap (GaN). Such applications have been successfully attemptedithotiitype,
and p-type AlGa.N/GaN structures, and data also suggest that in such cases the
ionization energy of acceptor is reduc&d?°

HTA is a technique used to lower the ionization energy of accepbons in p-type
doped GaN, and p-type dopedy@& . «N. Again, Mg atoms are typically used as the
substitutional acceptor atoms to achieve p-type doping. Following this techraquaes
of Mg-doped GaN, and Mg-doped,&a N are encapsulated in silicon dioxide (8O
and subjected to two consecutive anneal treatments. The first annealdakest 700C

for 30 minutes, and the second anneal at a temperature rangivepbel000°C and
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1300°C for 5 minutes. Upon the completion of the anneal process, thec&gSule is
dissolved with diluted hydrofluoric acid (HEY

In this work, photocurrent spectroscopy was conducted by means oGap¥ihped
Optical Parametric Oscillator/Optical Parametric Ameilif(OPO/OPA) system tunable
from 250 meV to 1.75 eV on test structures fabricated on magnesped AlGa N
with an aluminum mole fraction ranging 0% to 52%. The goal of wosk was the
observation and identification of energy levels associated withptar atoms of Mg in
GaN and AlGa.«N. Photocurrent response peaks at Mg energy levels in Mg-doped GaN
and ALkGa.xN would indicate transient optical ionization of acceptor atomsllin |
nitrides, and hence enable a transient, enhanced excess of hole (ohdlest) and
improved p-type conductivity in said materials. In this case,dhma tenhanced p-type
conductivity by means of IR optical pumping” will be used. Herés inecessary to
specify that this kind of “optical pumping” is different from the kivfdoptical pumping
of solid-state lasers, where valence electrons are excitethemconduction band; in fact,
in this work “optical pumping” is the steady-state continuous opimailzation of
acceptor atoms of Mg in Mg-doped GaN, and Mg-dopedsalN. This work was
inspired by the experimentation conducted on the investigation of accéptdiamond
semiconductor by means of Fourier-transform photocurrent spectyododared, and
Raman spectroscopy conducted by various research groups in the@@aly*** and
the initial results on the optical acceptor ionization in lifrides conducted at the MNST
Laboratory, of the General Electric Corporate Research & IDpnvent (GE CRD,
Niskayuna, NY)*? Initial photoconduction experiments on the optical acceptor ionization

in 1ll-Nitrides focused on Fourier Transform Infrared (FTIR) gsm, and despite the
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observation of small increases in photoconductivity were observed uporuexpodR
radiation, FT spectral profiles were not determined due to thertemsity of the IR
source in accordance with the theoretically proven fact thaecaross section of IR
radiation absorbed by deep acceptors in GaN, ap@apJN sharply peak at a photon
energy larger than the acceptor ionization en&rgifhe transient optical ionization of
acceptors in Mg-doped GaN, and Mg-dopedG¥& . xN would enable the creation of a
new class of optically pumped devices, with enhanced performaneg.itAlgould allow
the circumvention of the problems due to poor p-type conductivity in pAlgiee; «N in
[lI-Nitride based heterostructure Light-Emitting Diodes (LERsd other p-n junction
based optoelectronic devices, and achieve transient enhanced U\oermsii-Nitride
based heterostructure UV and Deep UV LEDs, as shown in Figure 4.

This work presents IR photocurrent spectroscopy spectra fromietyvaf Ni-Au
metal-semiconductor-metal (MSM) test structures fabricated on Mg-dsaldand Mg-
doped AlGa.xN with Al mole fraction ranging from 15% to 52%. A non-zero
background response was associated with shallow extrinsic impuine/or a
continuum of shallow levels with ionization energy ranging from 8¥ro 100 meV. In
addition, peaks in the photocurrent response obtained from test strwetmeesbserved
and associated with deep level donors. No evidence of deep dsgelsiated with Mg in
magnesium-doped GaN andi@ly N were observed. Finally, the effects of IR radiation
on the UV optical output of forward biased commercial 365nm UV LERsew

investigated and reported.
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Figure 4: (a) Schematic diagram of a IlI-Nitride based heterdaateit/V LED under no
IR optical pumping, and (b) under IR pumping. Adapted from Schiibert.
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CHAPTER 1: GaN AND AlGa._xN GROWTH AND CHARACTERIZATION

In order to grow high quality, single crystalline lll-nitridé&aN and AlGa . xN
included), nearly every crystal growth methodology, substrate kind anatatio® has
been investigated and tested since the first synthesis df AlNd GaR® over fifty years
ago. Such a scenario has slowly emerged in light of two majds: fad) a very
challenging bulk growth that requires both high temperature, and higtupgesand 2) a
lack of native lll-nitride semiconductor material substrates,clwhias enabled the
proliferation of various heteropitaxial growth methodologies.

Recently, Gakf*"*® and AIN® bulk crystals have been produced, and a limited
supply of native substrates made commercially available; nonssheh®st of the GaN
and AkGa.xN thin films are made available via epitaxial growth oman-native
substrate. The principal drawback of GaN andGal«N is that N has both a low
solubility in Ga, and a high vapor pressure on the former; thus, indegefdbe chosen
crystal growth methodology, the main challenge with the growth of @alNALGa xN
is to incorporate stoichiometric quantities of M the crystalline semiconductor film.
Typically, the growth of GaN and &Ba, «N is accomplished by forcing the combination
of vapor-phase Ga, atomic nitrogen (N), and Al onto a substragzyahigh temperature,
and such process is achieved via Hydride Vapor Phase Epitaxy jHWVREal Organic

Vapor Phase Epitaxy (MOPVE), which is also known as Metal Ocgahemical Vapor



Deposition (MOCVD), and Molecular Beam Epitaxy (MBE) techniquesickv will be
described below.

1.1. Growth of GaN and AlGa; N by HVPE

One interesting method to grow crystalline GaN andGAl«N semiconductor
materials is hydride vapor phase epitaxy (HVPE). The corehisf ¢rystal grow
methodology consists of passing hydrochloric acid (HCI) vapor oveem@s, and Al
sources; from the reaction of the metals and the HCI vapor, gathlonide (GaCl) and
aluminum chloride (AIG) are formed, and then transported downstream toward the
substrate by a carrier gas(Mr Hy). At the substrate, which is kept at a temperature as
high as 1100 °C, GaCl and AlCare combined with ammonia (NH from the high
temperature decomposition of these three compounds, Ga, Al, and N@deeawailable
for their recombination into AGa.«N. It should be obvious that for the formation of
GaN, the molten Al source is not used. In any case, by meangRIE Ht is possible to
obtain free standing and/or templates, and bulk GaN ay&laAIN.

Growth rates are usually quite high for both GaN (0.5 umfthiahd AlGa N (30
pm/miny?, and semiconductor materials tend to exhibit a strong n-type rcarrie
concentration. Typically, the formation of,&a 4N via HVPE is challenging because of
the rather violent reaction between metastable aluminum monoch(&i@f and the
silicon oxide (SiQ) of the quartz reactor, which leads to a rapid deterioration of the
reactor; hence, means to refine AlQhich does not react with the SIOf the quartz

reactor) are necessary. A schematic diagram of a HVPE readbaws &1 Figure 5.
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Figure 5: Schematic diagram of a HVPE reactor. Adapted from Yagetaié'

1.2. Growth of GaN and AlGa.xN by MOPVE (MOCVD)

MOPVE, also known as MOCVD, is a flexible method to depositaityse films of
GaN and AlGa.N on a non-native substrate; such method involves the controlled
reaction of the group-lll metalorganics trimethylaluminum (T)Mand trimethylgallium
(TMG) with ammonia (NH) at a substrate that is heated to a temperature ranging
between 700 °C and 1100 %E° in the chamber of an atmospheric-pressure or nearly

atmospherit pressure reactor. In order to avoid the reaction of the reactdats beey

! Some MOCVD reactors are designed to operate inrither of tens of mtorr of pressure.



reach the surface of the substrate, the reactants are dilutedcamrier gas, which
typically is Hy; nonetheless, N and a combination of +and N have been also uséd
Most recent MOCVD reactors utilize an activated form ofogiém, so that the deposition
of GaN and AlGa.xN can occur at a lower temperature. Dependent on the methodology
used to activate nitrogen, the chemical vapor deposition of GaN aGad AN is called
“remote plasma enhanced”, “laser assisted”, “ECR plasmastedsi “RF plasma
assisted”, or “photo assistet?’ Conventionally, p-type GaN and p-,&a N, which are
of interest in this work, are achieved via MOCVD growth followedabgost-growth
anneal process aimed to active the substitutional acceptor irgiifiti’> A schematic
diagram of a MOCVD reactor based on design of the Vertical Modnl&low MOCVD
reactor installed in Grigg Hall, at the University of Nortar@lina at Charlotte is shown

in Figure 6.
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Figure 6: Schematic diagram of a MOCVD reactor.

1.3. Growth of GaN and AlGa.xN by MBE

MBE is an ultra high vacuum (UHV) crystal growth method tisahinged on the
interaction of one or more molecular or atomic beams at thacguof a heated substrate.
The nature of this deposition technique allows both a very refined caonttioé growth
parameters, and the in-situ monitoring of the growth by means cdathezation tools
such as the reflection high energy electron diffraction sy§RHEED). A schematic

cross sectional diagram of an MBE system is shown in Figure 7.
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Figure 7: A schematic cross sectional diagram of an MBEsybased on the design of
the MBE system installed in the clean room, in Cameron Haleatyniversity of North
Carolina at Charlotte.

M plasma source

Solid elements Ga and Al are heated in special effusion alsisknown as Knudsen
cells, and combined to either a Blkhjector or a source of activated nitrogen (N); the
chamber pressure of an MBE reactor prior epitaxial growth dmgear degassing of the
sources and substrate is in the order 6f°16rr, and does not exceed lrr during the
epitaxial growth so that the mean free path of the particles do¢ exceed the
geometrical dimension of a typical MBE chamber. Solid elemesated in effusion cells
are also used as the source of substitutional impurities to obtgoe rand p-type, GaN
and ALGaN: silicon (Si) and magnesium (Mg) are the most commonly, and
successfully used elements for achieving n-type and p-type contyuatespectively.

MBE growth is conducted at a relatively low temperature wigpeet to the growth



temperature of a typical MOCVD reactor, and it can range 850 °C to 800 °€?*for

both GaN and AlGa.«N. P-type conductivity in MBE grown GaN, and,8k N has
been proven, and typically no post-growth anneal process is required. MBE gates
range from 0.2 um to 1 um per hour, and are hence not suitable |&mgeascale
production.

Since molecular nitrogen gNis characterized by a strong covalent bondi (= 946
kJ/MoleY’, N, molecules do not chemisorb on the surface of GaN below 98pH&hce
atomic nitrogen (N), or nitrogen containing molecules with wead{atomic bonds have
been considered as a nitrogen source for MBE system. Thismdiszed the proliferation
of various kinds of MBE systems that have been modified to be suftabgrowing lll-
nitride semiconductor materials, GaN and@& N included. A few of these MBE
systems will be described below.

1.3.1. Reactive MBE (RMBE)

The growth mechanism of GaN andi@& . xN in RMBE involves the pyrolysis of
ammonia (NH), and the reaction of atomic nitrogen (N) with Ga, and Al at tinese of
a heated substrate. In order to obtain a thermal decompositionzptidHemperature of
the substrate must range between 750 °C and 850 °C. Slow growtramatasually
achieved, which is typical of MBE-based growing techniques, butrirgtalline quality
of lll-nitride semiconductor material films grown with this heaue can be pretty good,
especially in the case of GERRMBE is a rather interesting crystal growing technique,
as it allows the formation of nano-structures, nanorods includedyribperty is enabled
by the fact that the thermal cracking of Nkhay or may not be able to provide a

sufficiently large N-flow to match the Ga-flow. In the case that tleegaesurplus of Ga at



the surface of the heated substrate, Ga will thermally besacleate, and form GaN or
Al,Ga,N clusters with a locally accelerated growth rate known as “hillotk®”.
1.3.1.1.Reactive lon MBE (RIMBE)

A variation of the RMBE methodology is known as RIMBE, which is athg@n
pyrolysis of hydrazine (PMH,4), and the reaction of atomic nitrogen (N) with Ga, and Al at
the surface of a heated substrate. The use H1,Ns believed to increase the reactivity
of nitrogen-containing spec®s this would hence allow a higher nitrogen flow, and the
reduction of both the pyrolysis, and substrate temperature. GaNHédxes been grown
via RIMBE®'233 US patents protecting proprietary methods to growGALN via
RIMBE have been issugf>®¢ but currently there is virtually no trace of such
experimentation mentioned in the literature. A possible explan&iahat the use of
N2H4 has been restricted because of its intrinsic toxicity anchaenging handling, and
simultaneously curbed by the development of plasma enhanced RIBEBE), which
will be described below.

1.3.2. Plasma Enhanced MBE (PEMBE)

PEMBE is a crystal growth technique characterized by a campasma-based
nitrogen source, which is commercially available either in REQR compatible design;
in any case, the function of the plasma nitrogen source isatkk & molecules, and
provide ionic nitrogen that reacts with atomic Ga, and Al at thtasurof a heated
substrate. ECR plasma sources operate at the electromraydleguency of 2.45 GHz,
and approximately 10% of Nmolecules are converted into atomic nitrogen, while RF

plasma sources operate at a relatively lower frequency of 13.56 MHz.



1.4. Commonly used substrates to grown GaN angGalN

Although GaN bulk crystals have been recently produced, and a linuggxy sof
native substrates made commercially available, most of the GaN gad A\ thin films
are made available via epitaxial growth on a non-native subs8atfar, the best results
in terms of commercially growing GaN ands&la «N thin flms have been obtained by
growing such lll-nitride semiconductors on c-plar®@J) sapphire (AIOs) substrates;
in addition, a-planel(120), m-plane {C10), and r-plane §102) Al,Os substrates have also
been used with excellent resuifg?394041

Additional substrates used to grown GaN and>8] N thin films are silicon carbide
(SIC), zinc oxide (ZnO), silicon (Si), gallium arsenide (GaAsagnesium oxide (MgO),
sodium chloride (NaCl), tungstew, titanium oxide (TiQ), and spinel (MgAIO,).%* #?

1.5. Characterization of GaN and,&a_xN

Characterizing a given semiconductor material literallplies the investigation,
marking, and distinguishing of certain characteristics thatipeto one, or more than
one specific field; thus it is a very broad definition. For instariece characterization of
GaN and AlGa.xN may be aimed to define their electronic properties, crystall
structure and quality, surface morphology, or even the mapping of verifisgkinds of
macro defects; in addition, non invasive probing such the one condudied wih
cathodoluminescence (CL), or photoluminenscence (PL) may be consaleveg to
characterize their optoelectronic properties.

In this work, however, the discussion about the characterization ofa@GaGa;-

«N will be limited to the characterization of the type of condusti of a given
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semiconductor (n-type, or p-type), and contact resistivity ofakltetsemiconductor
contacts.

1.6. Hall effect: a method to determine the conductivity type of GaN ag@aikN:

The so-calledHall effectis a phenomenon first investigated in 1879 by the American
physicist E. H. Hall, who observed the occurrence of a small,izedal transverse
voltage in a metal strip, in which a current was flowing, insedrin an applied magnetic
field. 132*3Currently, Hall effect measurement methodologies are usettaste means
to determine the carrier mobility and density, and electrealstivity of a given
semiconductor; in addition, by investigating the sign of the Wathge, it is possible to
determine if an unknown sample of semiconductor show p-type, or n-type conductivity.

The basic physical principle of the Hall effect is the Intedorce, which is the force

exerted on a particle with charggthat moves in a magnetic fielB with velocity \7

which is given in vector notation by
F= gvx B Equation 1

where x indicated the vector cross product of the vector velok;inand the vector

magnetic fieldg; in other words, the product of the magnitude of each two vectors, and
the sine of the angle between them.

According to Equation 1, when carriers (electrons or holes) are moving in a conductor
(hence, a current), they will experience a force (Lorentzejorm a direction
perpendicular to both the direction of the magnetic field, and the idimeof their
velocity. Such a force will be balanced by an induced electiit tieat is generated by a

slight redistribution of the carriers, and, in this particulaec#ss induced electric field
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is known asHall field, E,,. By integrating E,, with respect to space, the so-call¢all
voltage V|, can be dutifully determined. A schematic of the Hall effedtiustrated in

Figure 8.

F4

Substrate ! Vs GaM or Al_Ga, N

Figure 8: Schematics of the Hall effect occurring in @NGor AkGaxN sample. A
current (electrons or holes) flows along the positive x-directioncarriers are deviated
in the negative y-direction by the presence of the magnielit B in the positive z-
direction. The redistribution of the carrier generates the figddl, Ey4, which is directed

in the positive y-direction for an accumulation of holes, and in the yp®@s#direction for

an accumulation of electrons. The Hall voltage, can be measured by a voltmeter along
the y-direction. Adapted from Mullat al**?

From Figure 8, it can be inferred that a predominantly sample -tyfpen

semiconductor (rich with electrons), and a sample of p-type semictondyich with
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holes) would show a Hall voltage with opposite polarity, and this isdheept used to
distinguish the type of conductivity of an unknown semiconductor sample wgneg a
Hall effect measuring system.

The Hall field can be expressed as a function of current, andptiieed magnetic

field; for holes it can be written as

E,=— Equation 2

where J, is the current density per unit area in the x-directibrg the magnitude of the
magnetic field in the z-directiom, is the hole charge, amqis concentration of holes per
volume unit area.

For electrons Equation 2 can be written as

E,=—~ Equation 3

where J, is the current density per unit area in the x-directi®rg the magnitude of the
magnetic field in the z-directiom, is the hole charge, amdis concentration of electrons
per volume unit area.

Both equations can be expressed as

E,=R,JB Equation 4

where J, is the current density per unit area in the x-directi®rg the magnitude of the

magnetic field in the z-direction, afrl; is theHall coefficientwhich is equal toC% for

holes, and to—i for electrons.
gn
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A final note goes to address the magnitude of the magnetictfiatdis typically
necessary for a Hall effect measurement with wide bandgaj@eductor materials
such as GaN and A& «xN: 6000 to 10000 Gauss.

1.7. Transmission Line Method (TLM): a method to characterize metal to

semiconductor contacts.

One of the most widely used methods to characterize the qualtyn@t, metal to
semiconductor contacts, by determining the specific contadtanse, is the so-called
Transmission Line Method (TLM), also occasionally called Trankngth Method,
which was first introduced by W. Shockley in 1984n his original approach, Shockley
fabricated an array of metal contacts with increasingly gap betwesm &nd determined
the resistance as a function of the gap spacing. A scleediagiram of a semiconductor
material (GaN or AlGaxN) with a set of metal contacts for TLM analysis is shown i

Figure 9.
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Figure 9: A schematic diagram of a semiconductor (GaN oaN)Gvith a set of metal
contacts for TLM analysis. Adapted from Basfrar.

In order to determine the resistance as a function of the gayedre two adjacent
contacts, a constant current is passed between them, while a setofigrobes is used
to measure the voltage drop across the same two adjacent comtastqrocess is
repeated for all of the contacts, and the values of the gamdiEmeresistance (total

resistance, R are plotted on a liner graph, as shown in Figure 10.
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Figure 10: Variation of the resistance with respect to TLMargpacing. Adapted from
Morko¢?® and Bashaf®

From Figure 9 it can be observed that the resistance betweendjagers TLM contacts

is given by
R=2R. + R Equation 5
where R. is the resistance due to the contact, dldis the resistance due to the

semiconductor material. The resistance due to the semicondudenamaR, can be

expressed by

oL :
=l Egoat6
Rs W, o

where p is the resistivity of the semiconductor materialjs the dimension of a given
gap spacingt is the thickness of the semiconductor layer béntat TLM contact, and

W, is width of the semiconductor layer beneath th& Tdontact.
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Since the sheet resistance of a semiconductaves &y

Rsy =€ Eqoat7

Ry, ;
=L —=F Equati®n
Ry (Wc q
and Equation 5 can be rewritten as
R=2R. + L(%] Equation 9

Using Equation 9, the total resistané€g, is given by

W

R =2R. +1 (&j Equation 10
wherel is the length (independent variable) of each efthM contact gaps

I =L,L,,L;..L, Equation 11

From the graph shown in Figure 10, which plots EgualO, it can be seen that the
contact resistance can be extrapolated from thaesabf y-intercept,2R., and the

Transfer Lengthl;, can be extrapolated from the value of the x-o@pt, L, , using
L, =— Equatib2

For the sake of this discussion, it is interestimgiotice thatL; can be used as an
indicator of the quality of an Ohmic metal to seomductor contact; more precisely, the

shorterL;, the better the Ohmic quality of the contact.
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Assuming that the sheet resistance under the dorgtagot modified, or that the
changes of the sheet resistance due to the canegctegligible, the value for the sheet
resistance can be extrapolated from the slope o&fian 10704°4¢47

1.8. Circular Transmission Line Method (CTLM): a var@ti TLM

A variation of the TLM method described above ergplaconcentric, circular
patterns, and it is knows as Circular Transmissime Method (CTLM). Such method
was first introduced in the late 70’s by G. K. Res¥, and was conceived around the
need of fabricating very simple test structures thé not need mesa isolation processing.
Reeve’s original test structure consisted of thceacentric, circular metal contacts
deposited onto the surface a semiconductor; maeigaly, one central solid, and two
annular pads. Using Reeve’s CLTM, two resistandaegare determined:;Rwhich is
the resistance measured across the inner two padg),(and R, which is the resistance
measured across the outer two pagsrf). In addition, the ratio of the output voltage of
the middle ring contact to the current input, withrrent output equal to zero, is called the
end resistancéRe.>*° Reeve’s CTLM method reduces the complexity in ohcontact
mesa isolation processing; on the other end, ribdhices a more complex mathematical
term derivation with respect to TLM. Reeve’s CTLMshbeen object of criticism since
its introduction, and found to be unable to deteemvery accurafé®® and precisg
values ofRz when the sheet resistance beneath the metal paat isegligible, or when

the specific contact resistance is small. A diagodiReeve’s CTLM structure for contact

characterization is shown in Figure 11.
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Figure 11: A diagram of Reeve’s CTLM structure foetal to semiconductor contact
characterization. Adapted from Ree®s.

1.8.1. Marlow & Das’ CTLM: a variation of Reeve’s CTLM
A variation of Reeve’s CTLM was introduced by Mavland Das in 1982 and it
has been extensively used in the literatti&>>°®*" Marlow and Das’ CTLM test
structures have been used in this work as well, ars¢hematic diagram of such test

structures is depicted in Figure 12.
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Figure 12: Schematic diagram of a CTLM test stectoased on the one suggested by
Marlow and Das? The values shown in this figure reflect the disien of CTLM test
structures used in this wot®

As shown in Figure 12, test structures maintainireular pattern for the metal to
semiconductor contacts, and are characterized \griable “gap” between a constant-
radius (o = 200 um) outer circle, and a variable radius iiranele (1); the dimension of
the gap varies as 5 um, 10 pm, 15 pm, 25 pm, 35pdd5unt>

When a Marlow and Das’ CTLM test structure is useslx independent
measurements are carried out to determine the wltiee resistance across each of the
six gaps; the value of the resistance obviouslyegaas a function of the gap given that
the there is no fluctuation in the sheet resistanicéhe semiconductor material. The
resistance values are plotted as a function ofjfigespacing in order to produce a graph

similar to the one depicted in Figure 10.
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Once again, from the graph shown in Figure 10yv#iaes for the contact resistance,
2R, can be extrapolated by the y-intercept, the nbrex contact resistance;Rs then
given by the product of R by the area of the cdnpad, and the transfer length,, can
be extrapolated from the x-intercept by using Eigumatl2. The resistanceRr, is
determined experimentally, and used in to extrapdiae value of the sheet resistance,

Rsh

R - R

{In(&j +L; (1 + lﬂ Equation 13
2r rn rh o,

wherer,, andr, are radii of the outer and inner rings of the CT&tvucture.

The contact resistandgg, is then given by

Re =Ru(L; )’ Equation 14

and the resistivity of the semiconductor materi),can be determined by rearranging

Equation 7 in
o =Ryt Equatibs

A set of photolithographic masks to fabricate Marland Das’ CTLM test structures
for this work was provided by the Micro & Nano Sttures Technologies (MNST)

laboratory of GE Global Research, Niskayuna, R .



CHAPTER 2: P-TYPE GaN AND P-TYPE &ba«N

Despite the fact that GaN is a semiconductor nedtéhat was first synthesized in
1932°, GaN and its alloys still represent a real tecbgiial conundrum. GaN became
the hinge of a scientific curiosity in the late D36 with the introduction of epitaxial
growth on sapphire by means of hydride vapor plegsgxy (HVPE}®, but it was not
until the 1990'’s that applications of GaN and iteyes in optoelectronic devices became
possible; indeed, successful GaN p-type dopingamig achieved in 1998, To say the
least, it is interesting to notice that the achmeeat of p-type doping of AGa . xN is still
one of the most pervasive challenges; perhapsrttoghter of all bottlenecks” involving
the development of lll-nitride semiconductor madksi

Since 1989, there have been countless, yet oftenegessful efforts to obtain p-type
GaN, and several kinds of substitutional elemeintgdurities have been investigated.
This kind of trend basically embraces most widedgap nitride semiconductor materials
(GaN an AlGa«N included), and it is due to a lack of shallowegmtor levels, which is
a characteristic that is attributed to the higlctetaegativity of nitrogen. As a matter, of
fact, nitrogen is a highly electronegative elemsith a deep @ atomic orbital; thus the
valence band maximum of most nitride semiconductwigch contains N 2 orbital, is
low in energy, and this leads to a rather deepmocenergy leve}? 616263
A large variety of elemental substitutional impst have been investigated, and the

p-type doping of GaN, and AbaxN has been attempted with the intentional
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introduction of Group I, Group Il, and Group IV; metheless, both GaN, and,Gla N
have a natural, and strong tendency to exhibitpe-tyonductivity, which was initially
associated with the presence intrinsic defectsh sas vacancies, self-interstitials,
dislocations, and antisit&s.

These kinds of defects either introduce deep désals in the bandgap, or act as
compensating centers that mitigate the functionsth& intentionally incorporated
substitutional impurities; however, shallow donevedls can be occasionally introduced
in the bandgap by intrinsic defects, and the foroser behave as dopants. For instance,
nitrogen vacancies (N can act as donors, and they can be responsible-fgpe
conductivity in GaN, or AlGa.N; this kind of vacancy can occur during ion
implantation, and in such a scenario an increadedtren concentration can be
observed® Moreover, it is also possible that,Nict as compensating center in p-type
GaN, and in this case the function of the interaiyn incorporated acceptor
substitutional impurity would be abated; the likelod of such a scenario is supported by
the fact that Nin p-GaN are know to have a low formation energyl a the case of p-
Al,Ga.xN, Ny assume a more relevant role as the Al mole fradtiorease8*

Recent findings, however, suggest that the prdaglief GaN and AlGa.xN to show
n-type conductivity is caused by unintentionallgarporated impuritie® Oxygen and
silicon, for instance, can be incorporated witlna tattice of GaN, and AGa.xN with a
concentration that can induce n-type conductivitge unintentional n-type doping of
GaN and AlGa.xN can occur in many different ways. In the case oalgen,
contamination can occur through a water-contaméhatemonia (NH) source, which is

a typical precursor of lll-nitride semiconductorsterials grown by means of MOCVD,
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or through an oxygen-contaminated nitrogen) (dburce when llI-nitride semiconductor
materials are grown by means of MBE. In the casesiiton contamination,
contamination can occur if Ill-nitride semicondustare grown on a silicon carbide
(SiC) substraté?

Early studies and experiments suggested that Zini; @and magnesium (Mg) were
promising substitutional impurities that could lsed to obtain p-type GaN, and p-type
Al Ga «N; however, it was later on demonstrated that Zwlseo compensate Ill-nitride
semiconductors, and leads to the production of vesistive semiconductor materiafs.
On the other hand, Mg is currently the most sudagsused kind of substitutional
impurity used to obtain p-type GaN, and p-typeG¥«N. For the sake if this discussion,
it is worth mentioning, that the very first breakibigh in terms of p-type doping of GaN
was achieved by Amanet al*’, who were able convert highly compensated Mg-doped
GaN samples, into p-type conductive by means of Em&rgy Electron Beam Irradiation
(LEEBI) post-growth anneal. Later on, improvemdrased on the work of Amaret al

1> who obtained samples of p-type GaN with hole

were achieved by Nakamued a
concentrationp = 3x10%cm™®, and a resistivityo =0.2 Qcr by means of post-growth
anneal at 700 °C in a Nenvironment. The post-growth p-type conversion lmesm

was later on understood, and associated with ttigation of hydrogen-passivated Mg
atoms in the lattice of Mg-doped GaN; in fact, iORVD grown Mg-doped GaN, and
Al Ga N, hydrogen atoms passivate Mg acceptor by fornaindg-H complex, which

can be cracked at a temperature higher than 700 &heutral environment. Such topic

will be discussed later on in this work. Furthermopother kinds of substitutional

impurities have been investigated, and they toblwildiscussed later on in this work.
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2.1. Acceptor substitutional elements in GaN angG¥, 4N

There are three main criteria that can be usedvatuate the role of an acceptor
substitutional elemental impurity (acceptor) inemgconductor material: 1) solubility, 2)
compensation stability, and 3) ionization energye Bolubility of an acceptor is defined
as the equilibrium concentration of the impurity time lattice of the semiconductor
material, the compensation stability defines thabiity of a given acceptor against
compensation by other configurations, and the etion energy is the energy required to
ionize the acceptor atorfis.

The p-type doping of GaN, and AlGaN has bee attetchprith the intentional
incorporation of elements from Group |, and Groy@hd research results have indicated
that elements from Group Il outperforms elementsmfr Group | in terms of
solubility.?”°8%° Amphoteric elements of Group IV have been also sicEred®
Following is a summarization of the research rastdfative to the acceptors used in
order to achieve p-type doping in GaN, angG¥é; «N:

= ElementsGroup |
o Lithium (Li):
= |tis favorable for interstitial configurations lecse of its small
atomic radiug’
= |t suffers from incorporation in interstitial siteghere it acts as
a donor®*
= ElementsGroup Il

o Beryllium(Be):
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= |tis favorable for interstitial configurations lacse of its small
atomic radiug’
= |ts solubility is comparable to that of M§.
= |ts calculated ionization energy is slightly smalliean that of
Mg, but results are not conclusiVe nonetheless, there is
evidence that Be is marginally shallower than Mg,&, and
C’®. Based on luminescence, values for ionizationgneary
from 250 meV to 290 meV in Gaf:"?
= Controversial experimental results indicate MBEyjpet doping
with oxygen as a co-dopant. Be-O co-doping in cubalN
grown on GaN was reported to have a carrier conaton in
excess of 18 cm® and hole motilities in the 100 ér's
rarlget?9,73,74
o Cadmium(Cd):
= Luminescence analysis indicated a deep acceptorggne
level.”
o Calcium(Ca):
= |t has poor solubility, and high formation enefdy.
» [ts ionization energy is large compared to thatigt®*
= |t is subject to hydrogen passivation at low terapges (250
oC)_zo
= P-type doping was achieved by ion implantation af,©r Cd

and P followed by rapid thermal anneal at a temperature
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higher than 1100 °C. The measured ionization enavgg
established to be 169 méV.
o0 MagnesiumMg):

= Currently, magnesium is the prevalent p-type intguand it is
commonly employed to achieve p-type conductivityhbm
GaN and AlGa N alloys. This specific kind of acceptor will
be discussed in detail in a dedicated session tatein this
discussion.

o Mercury(Hg):

» Luminescence analysis indicated emission peaks4&t&/’,
and 2.9 eV, and an extrapolated ionization enerfjyli0
meV.®

0 Zinc(Zn):

= |t has poor solubility, and high formation enefdy.

= The calculated ionization energy is large compdcethat of
Mg, and photoluminescence experiments suggestibatalue
for the ionization energy is 340 mé&V/’"’®

Elements Group 1V
o Carbon(C):

= |t was found to be amphoteric in GaN. It acts agodaf C is

located on a Ga-site, and as an acceptor if Ccetdol on a N-

site’®
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= Computational results indicate that it acts as @eptor, and
the experimental value for the ionization energy 230
meV.80’81’82
2.1.1. Mg as the most successful acceptor substitutideatent in GaN and
AlLGa N
Currently, Mg is the kind of elemental substituabimpurity that is most prevalently
used to obtain p-type conductivity in GaN, and@4,«N; however, p-type doping
levels, and the relative hole concentrations aree@able in GaN, but decisively
unsatisfactory in AlGaxN. Hole concentrations of Mg-doped GaN, and Mg-dbpe
Al,Ga.N at room temperatures are generally speaking thems 3x10** cm® with a
mobility of 9cnf/Vs®® however, hole concentrations larger tHei® cm® are possible,
but at the expense of low mobility. Due to the hioghding energy (~200 meV) of Mg in
GaN, acceptor activation ratios range betweef afd 10°; moreover, it is required to
incorporate Mg in chemical concentrations in thé®1@m>? This scenario becomes
even more challenging in the case of Mg-doped>Al«N, as the binding energy of Mg
in AlGa N increases with increasing Al mole fraction; hertbe hole concentration of
Mg-doped AlGaN decreases as the Al mole fraction decre¥sds. addition, the
negative correlation between the hole concentratiodg-doped AlGa «N, and the Al
mole fraction of the former, is exacerbated by tenpensation effect due to native
defects such as nitrogen vacancies, and catiorsiitials >
Magnesium can be introduced in the lattice of GaNAI,Ga.xN using a variety of
crystalline growth methods; nonetheless, such & mdypically achieved either by

means of MOCVD, or MBE: in the first case, a typipeecursor is bis-cyclopentadienyl
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magnesium [CgMg or (GHs).Mg], and in the second case Mg is evaporated from a
highly pure solid source, heated inside an effusielh The concentration of Mg as a
substitutional impurity can be increased, but isvedserved that he hole concentration
levels off, and sometimes decreases after a celMgirconcentration is reach&d An
investigation of this phenomenon was first conddicie 1996, and research results
suggested that the solubility of Mg is the mostitiimg factor, in combination with
incorporation of Mg on substitutional nitrogen sijter on interstitial site%.
2.1.2. P-type doping of GaN, and A& «N: ionization energy of Mg

Despite the extensive investigation of the roleMaf as a substitutional acceptor in
GaN, and AlGa.xN, a lot about its electrical activity still waite be revealed. For
instance, the ionization energy of Mg in GaN hasrb®und to have a broad range of
values that have been determined by using a vaofatifferent investigation techniques.
By means of Hall Effect measurements, Tanakaal attributed two values to the
ionization energy of Mg in MOVPE grown Mg-doped Gale5 meV, and 157 me¥’.
Huang et al. reported ionization energies of 136 meV, 124 mawd 160 meV in
MOVPE grown Mg-doped GaN sampiésand 131 meV in MOCVD grown Mg-doped
GaN was reported by Johnsenal® Katsuragawa et &F.reported ionization energy of

157 meV, and a value of 208 meV was reported by @&tial®

By means of optical
deep-level transient spectroscopy (ODTLS), Segbkteral®® reported Mg ionization
Energy of 130 meV in MOCVD grown Mg-doped GaN samespl Using thermal
admittance spectroscopy (TAS), Nakano and Jitfhbeported Mg ionization energy of
~135 meV in MOCVD grown GaN based Shottky diodevalie of ~160 meV was

instead determined by means of deep level transimectroscopy (DTLSY
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Investigations of the ionization of Mg in MOCVD gva Mg-doped GaN by means of

time resolved photoluminescence (PL) conducted mjttSet al®®

suggested a Mg
ionization energy of 290 meV. For what concerns déged AlGa N, it has been
determined that the ionization energy of Mg incesasvith increasing percentage of
Al 8494.9589.252084 47 ation energies relative to Mg incorporatedAinGa,xN have been
reported to ~260 meV, and ~310 meV for an Al motection of ~27%, and ~30%
respectively by Saxlest al®, 232 meV, and 252 meV for an Al mole fraction D%,
and 20% respectively by Chernyak al®® As shown in Figure 13, ionization energy
values for Mg in AlGa.xN have been observed in increasing range from 183 to 500

meV for an increasing range of Al mole fractionnr®% to 45%, and estimated to be

565-665 meV for 60% Al mole fraction by Johnsén.
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For the sake of the reader's comprehension, thaevédr the Al mole fraction is

extrapolated from the value of the bandgap =&l \N shown in Figure 13 by using

E,(X)= E,(AIN)x+ (1-X)E,(GaN)—bx(1- x) Equation 16

wherex is the Al mole fractionE (AIN)=6.2eV, E (GaN)=3.4eV, and
b=0.8¢ bowinc paramete?.
In Figure 14, ionization energy values for Mg ih®@a.xN have been plotted as a

function of Al mole fraction; the values of the fioer were extrapolated from John&on

by using Equation 16.
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Figure 14: Mg acceptor energy as a function of Allenfraction. Extrapolated from

Johnsor?/
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Figure 15 plots the bandgap ofBle; «N as determined by using by using Equation
16 with bowing parametdr=0.89, and the bandedge emission gfGs N as a function

of Al mole fraction.
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Figure 15: Plot of the band bandgap of@& N as determined by using by using
Equation 16 with bowing parametex0.89, and the bandedge emission gfG& 4N as a
function of Al mole fraction.

The bowing parameterh, has controversial parameters, and still is objeft
discussion. Negative (-1.0 eV), zero (0 eV), anditpe (0.25, and 1.0 eV) values of the
bowing parameters were compiled by Yoshidaal®®, and Wickendect al®® Positive
bowing parameters were also determined byédteal'*® (0.69 eV), Angereet al'®* (1.3

eV), Lin et al'® (0.35 eV), Kharet al'®® (0.89 eV). Figure 16 plots the bandgap of

2 A value of 0.89 eV was used for the computatiothefAl mole fraction.
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Al,Ga xN as determined by using by using Equation 16 wéthous bowing parametgr

and the bandedge emission 0f®@& N as a function of Al mole fraction.
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Figure 16: Plot of the band bandgap of@& N as determined by using by using
Equation 16 with various bowing parameters, andotiededge emission of &a N as
a function of Al mole fraction.
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2.1.3. P-type doping of GaN, and &ba _xN: counteracting role of hydrogen

Hydrogen contamination is a phenomenon that canapgly controlled, as the very
small atomic radius of this element allows the ferno easily diffuse through high
density materials, such as the walls of a MOCVD, MBE reactor; furthermore,
hydrogen contamination can occur during MOCVD, MR growth, since hydrogen is
used a carrier g&s.

This kind of contamination can greatly affect #lectrical behavior of Mg-doped
GaN, and AlGa.xN films, which very often result to be highly rdsie; in fact,
hydrogen atoms act as donors*YHn Mg-doped GaN, and Mg-doped AlGaN, and
passivate the acceptor atoms of Mg by forming aHMgemplex, which is depicted in

Figure 17°>%

o Gallium e @
Nitrogen - ]

. Magnesium

° Hydrogen

Figure 17: Schematic diagram illustrating the Mgebimplex in GaN. The atom of
hydrogen is spatially located in the anti-bondintg,swhich is though to be the most
plausible location. Adapted from Nakamutzal®®
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Theoretical efforts have been attempted to exptam dynamics of the Mg-H
complex, and the spatial position of the atom ofirbgen with respect to nitrogen,
gallium, and nitrogen has been the hinge of coet®u According to Neugebauet

al.'® the anti-bonding site illustrated in Figure 17%isergetically speaking more likely

to be favorable with respect to the bond-center; siu contraire, Okamotet al'®®

determined that the energetically favorable pasitad hydrogen is the bond-center, or
rather in between the substitutional atom of maigmesand its nearest nitrogen atoms.
Recent findings, however, support the idea that @ah&-bonding site is the more

plausible?*® The Mg-H complex with hydrogen positioned in thenb-center site is

illustrated in Figure 18.

o Gallium RN
Nitrogen . }

. Magnesium ®

° Hydrogen

Figure 18: Schematic diagram illustrating the Mgebmplex in GaN. The atom of
hydrogen is spatially located in the bond-center. éidapted from Nakamue al®®
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Recent findings reported that acceptor passivatidig-doped AJGa N can occur
if a hydrogen plasma treatment is used; such trattins often employed to prepared the
surface of sapphire (AD3;) wafers prior to the deposition of an aluminunridé (AIN)
buffer layer is deposited, or to passivate surfaaes post-growth treatment. On this
front, Polyakovet al observed that the concentration of magnesiumpaoe in Mg-
doped AlGaxN with an Al mole fraction of 15% decreases as sulteof hydrogen
passivation by an order of magnitude after a halfhaur hydrogen plasma treatment at a
temperature of 250 °€°

Growing Mg-doped GaN, and Aba«N by means of RMBE can reduce hydrogen
passivation, and there is evidence of RMBE grownddged GaN films deposited in a
hydrogen-contaminating environment that showedpe-tyonductivity prior to any post-
grown anneal proces?’ It is believed that Mg-doped GaN, and AlGaN grdwnmeans
of RMBE are subjected to an in-situ annealing efteat takes place during the cooling
process that follows the material grovtthFor the sake of the reader's comprehension,
the passivation of a Mg acceptor atom in the chystalattice of GaN, due to the

presence of hydrogen is illustrated in Figure 19.
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Gallium Qo Q

. Magnesium Q e o
° Hydrogen Q _

Anti-bonding site e Q
Bond-center site —»\\ :

ot

Figure 19: Schematic diagram of a Mg-doped GaNtalyse lattice. The illustration
shows the passivation of the Mg accept atom dukegresence or of a Mg-H complex.
The proposed bond-center, and anti-bonding sitestife hydrogen atom are also
illustrated. Adapted from Nakamueaal®

2.1.4. P-type doping of GaN, and A& xN: activation of Mg acceptor atoms
The Mg-H complex, which is responsible for the pagson of Mg acceptor atoms in

Mg-doped GaN and AGa.xN can be broken by means Low Energy Electron Beam
Irradiation (LEEBI), which is a technique that waxgually used to produce the very first
samples of Mg-doped GaN that showed p-type condtcti’®'% Although the
implications of the post-grown LEEBI activation pess are not fully understood, it is
believed that an electron beam generates electotengairs (EHPS) in the semiconductor
material that can either provide enough energyrtwoke the dissociation of the Mg-H

complex, or lower the energy level of the formi&tl: Nonetheless, more recently the
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activation of Mg acceptor atoms in Mg-doped GaN Ahd@sa N is achieved either by
means rapid thermal anneal (RTA), or high tempegatitnneal (HTA), which is often
conducted in situ, as a post-growth treatment. émonted by Akancet al, from the
room-temperature of C-V measurements of MOCVD gre@amples of Mg-doped GaN
that were subjected to HTA, the effective hole @mation is seen to increase
monotonically with the rise of the anneal tempemgtas the latter progressively reaches
1300 °C**° From both thermal admittance and current DLTS measents, Akanet al.
observed that the depth of the acceptor level dseckfrom 136 meV to 117 meV with
an anneal temperature up to 1200"*CThe treatment used by Akaeo al. consisted of
a first anneal conducted for 30 minutes in addvironment, with Si@encapsulation
layer at 700 °C, and a second anneal treatmentucted minutes in a Nenvironment,
with SiO, encapsulation layer at a temperature in the ra6§6 °C — 1300 °¢*°
Investigations on the activation of Mg acceptornagoin GaN and AlGa.«N
achieved by means of RTA confirmed that the RTAhudtis unquestionably valid. Gtz
et al demonstrated an increased hole concentrationa aeduced resistivity in their Mg-
doped GaN samples grown by means of MOCVD, andaeddy means of RTA over
the temperature range of 500 °C — 850 °C, with finceements of 5 minutés’***More
recently, p-type conductivity in Mg-doped,&a N with Al mole fraction up to 70%
have been obtained by means or RTA in a nitrogeim@ment at temperature as high as

950 °C, with anneal time that can go from as low8aseconds, up to 10 minutes.

112,113,114,115
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2.2.Deep Level Defects in GaN and,&la; «N

Deep level defects can function as carrier trapspmbination or generation centers
de fact affecting the properties of a given senutmbor material. Generally speaking,
deep level defects are energy states located imdhdgap of a semiconductor, with a
binding energy larger than 100 meV (100 meV abdwe walence band, or 100 meV
below the conduction band), or, in other termshwat binding energy approximately
larger than 4k at room temperaturé*®**’A schematic diagram illustrating the concept

of deep level defects in a semiconductor matesialviailable in Figure 20.

10 o PRI U P
Digep” cnergy levels

E
C } 100 meV
Electron Traps =
:Erl ______________________________________________________________________
Hole Traps = ‘\\r —
B, \ } 100 mev

“Deep™ encrgy levels

Figure 20: Schematics illustrating the conceptddep level defects” in the bandgap of a
semiconductor material.

% k is the Boltzmann’s constant, 8.62XBVK™, and T is the temperature expressed in degredrKehith
T=300°K at room temperature.
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Deep level defects usually are isolated point defesuch atoms of metallic
contaminants in the crystalline lattice of the senductor material, but they are also
known to be caused by extended defects, such akdtngairs, dislocations, and stacking
faults. As shown in Figure 20, deep level defebtd are located in the upper bandgap
half are known as electron trap; hole traps insteditate deep level defects locate in the
lower bandgap half. Moreover, deep level defectsa& as donors (charge state 0 / -),
double donors (charge state 0 / - / --), acceptcnarge state + / 0), double acceptors
(charge state ++ / + / 0), or amphoteric (- / 0); Rowever, the charge state does not
affect the position in the band g4.

2.2.1. Deep Level Defects in GaN

Deep level defects in MOCVD grown samples of Gaivhedl E1, E2, and E3, have
been identified; they have energies in the ranggbdfmeV to 269 meV, 530 meV to 590
meV, and 662 meV to 686 meV, respectivay ®191%Electron traps with energy levels
of 490 meV, 580 meV, and 620 meV have been idextiin n-type GaN, and hole traps
with energy levels of 410 meV, 490 meV, and 590 nieWe been identified in p-type
GaN films. In addition, an electron trap with anergy level of ~ 600 meV in ion
implanted n-type GaN, and an electron trap in thregion of an MOVPE grown p-n
junction having an energy level of 590 meV havenbidentified; the latter is believed to
be caused by a nitrogen vacancy/magnesium comtii&imilar deep level defects have
been identified by Martin etl.: 285 meV, 310 meV due to implantation damage, 425
meV, 450 meV, and 600 meV due to R¥A.Zhu et al reported deep level traps in
MOVPE grown samples of Mg-doped GaN having 416 n4396 meV, and 596 meV,

respectively:??
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2.2.2. Deep Level Defects in AGa «N

Deep level defects in MBE grown ns&a.N Schottky photodiodes have been
identified by Legodet al.,and observed as being independent of Al moleitnadielow
a temperature of 320 °K; their energy level wemrted as 274 meV, and 610 m&Y.
Mizutani et al. have identified electron, and hole traps by medri3LTS of MBE grown
Al sGayN/GaN high electron mobility transistors (HEMTsheoelectron trap at 590
meV, and two hole traps at 290 meV, and 550 mesheetively®* Polyakovet al'®
have reported electron, and hole traps in AlGaNetdasEDs due to Mg in-diffusion;
such traps were determined to have 550 meV andr&30(electron traps), and 400 meV
and 850 meV (hole traps). Seghedral have reported metastable deep level defects in
Alp3sGa /N with emission energy of 800 meV, and optical zaion energy of
1.2eV1#*1%Deep level defects in Al-Ga g\ having ionization, and optical energies of
610 meV, and 770 meV, respectively were determingl DTLS, and optical
DTSL.*?"'%Recently, Kikawaet al have reported an Al mole fraction dependence of
deep level defects in &ba «N; the result of their work, indicates that the rgyyedepth
of deep level defects is distributed from 320 meVA70 meV from the conduction band
for Al mole fraction from 19% to 30% respectivefy.

2.3.Enhanced p-type doping in GaN and®@é N

Different strategies have adopted to improve thgpe- doping of GaN, and &ba.-
«N, and the employment of short period super lati(®PSLs) is currently one of the
most successfully used. A SPSL is term used taatdia heterostructure composed by a
vertically grown, periodic arrangement of layersM-doped GaN, and ad-hoc tailored

Mg doped: AlGa xN; such structure is also characterized by a ghenibd oscillation of
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the valence band, and acceptor atoms are ionizet Wte balance band edge is located
below the Fermi level. As a result, in a Mg-dopedNFAIGaN SPSL, holes are
accumulated in the region where the band edge asecto the Fermi level; more
precisely, the carriers are confined within pataleeets whose carrier density is much
higher than that of a simple bulk filth’

As proposed by Schubest al, a SPSL increases the hole concentration by adpw
deep acceptors in the layers with the larger bamd@a.Ga«N) to ionize into the
valence band of the adjacent material with a lobemdgap (GaN). Such applications
have been successfully attempted both with n-tgpd,p-type AlGa.xN/GaN structures,

and data also suggest that in such cases the fiomizmergy of acceptor is reduced®



CHAPTER 3: METAL-SEMICONDUCTOR CONTACTS

In this chapter, theory pertaining the nature ofahgemiconductor contacts, and the
fabrication of the former will be described.

3.1. Energy Band Theory of Metal Semiconductor Juncti@thottky and Ohmic

Contacts

Most if not all of the electronic devices that areegrated in a circuit rely on a metal-
semiconductor junction, which is a transitionaltsgaegion in which a semiconductor
material and a metal establish an intimate conf@loe nature of such a junction is
explained by the well-understood Schottky theorpiclv was developed as early as
1932°% nonetheless, for the sake of the reader’s petigpeit is worth summarizing a
few key concepts, starting with idealized scenafoa representative metal and a
representative semiconductor that are not in cgntatd hence do not interact. Such
idealized scenario, which is illustrated in Fig@ds comprises two systems: System 1, a
gualitative representation of a metal, and Systena 2jualitative representation of a
semiconductdf? Assuming that each of the systems have a dewisit§owed electronic
states per unity energg(E), and thatn(E), and v(E)are the density of occupied, and

empty states per unit energy, respectively, themFBirac distribution functions for the
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System 1 System 2
(metal) (semiconductor)
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EEEEEEER EEEEEER
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States States

Figure 21: Qualitative representation of a metghs{&n 1), and a semiconductor (System
2) that are not interacting. Fermi level, and abBdvelectronic energy states for each of
the systems are depicted as well. Empty electrenargy states are represented \With
while B indicates a filled electronic state. After Mulkral**?

the two systems are given by

fo,.(E)= T—le_Eﬁ' Equation 17
kT
1+e€

where Eflz is the Fermi level (eV)k is the Boltzmann’s constant (eV¥ and T (K) is

the temperature. The density of the occupied @leutrstates per unit energy is given by

n_(E)= [gl,z(E)][fDl,z(E)] Equation 18

and the density of the empty electronic statesip#érenergy is given by
v (E)=[o,E)]L- o, (E)] Equation 19
For the sake of the reader’'s perspective, FigieillRstrates the energy band

diagrams of the above-mentioned metal and semiataduand the position of the

relative Fermi levels within the of allowed electro states per unity energg(E).
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System 2
(semiconductor)

L ]

g(E) g(E)

Figure 22: Allowed electronic states per unit egerg(E) for a representative metal
(left) and a semiconductor (right). After Muller al**?

As shown in Figure 22 the Fermi level in the mea$alocated within a continuum of
allowed electronic states, while in the semicondutiie Fermi level is located in the so-
called forbidden gap or “bandgap”, a region in wvahiender usual circumstances no
electronic states are allowed. Again, for the satkihe reader’s perspective, the diagram
shown in Figure 23 must also be considered; in, fleigure 23 illustrates the allowed
energy states in the bulk of a metal and a semigtod as a function of position, and
also introduces the following quantitiés;, @, and X.
The free-electron energy,, is a quantity used as a reference, and it repteskee

energy of free standing electron; more precisély,@nergy that an electron would
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Metal Semiconductor

Figure 23: Allowed energy states in the bulk of etath(left) and a semiconductor (right)
as a function of position. After Mullet al**?

have if it were free from any influence of the boka given material. As an alternative,

E, can be interpreted as the amount of energy thaedgssary to extract an electron
from the bulk of a given material. The distancenssn E, and the Fermi levelE,, is

known as the work functiondb, which is usually expressed in terms of eV witke th
symbol g®. The distance betweel, and the edge of the conduction band, betwggn
is known as the electron affinity, which is usually expressed in terms of eV with th
symbol gX.

When an intimate contact between the above-mesdionetal, and semiconductor
(System 1, and 2) is established, an electron feabhgtween the two systems will take
place, and eventually a condition of thermal efuilim will be achieved; more precisely,
there will be no net transfer of electrons at angrgy. Such condition can be expressed

mathematically by taking in consideration the faloat the transfer probability is
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proportional to the density of the occupied eleutstates per unit energy, ,(E), and
hence to the electrons that are available for teanat a given energy, and also
proportional to density of the empty electronictesaper unit energw, ,(E), and hence

to the available states that electrons can octifiyloreover, by taking in consideration

that the transfer probability is the same for the systems, then it must be that

[nl(E)][(vz(E))]: [nZ(E)][(vl(E))] Equation 20

By using Equation 18 and Equation 19, Equation&0lee rewritten as

[f..®)]o.EJL-f..E)]o.®)]=[f..E)]o.EJL- f..E)]e.(E)] Equation 21

or simply as

[f..E)]o.®)]o,®)]=[f..E)]a,E)]9.(E)] Equation 22
Equation 22 does not only implies thdt (E)=f_(E), but also thaE =E

(from Equation 1); consequently, when a junctiotbween a metal, and semiconductor
(System 1, and 2) has reached thermal equilibritneiy relative Fermi levels are the
same, and this important piece of information isc@l to understand the nature of a
metal-semiconductor junctioif.
3.1.1. Schottky and Ohmic Contacts

Considering that the work function is an inherpraperty of a material (metal or
semiconductor in this particular case), there areast two distinct possible scenarios:
one scenario in which the work function of the rhat larger than that of the
semiconductor®,, > D¢, and another scenario in which the wok functionhef metal is
smaller than that of the semiconductd;, <®.. These two scenarios lead to two classes

of contacts (the intimate contact between a metdleasemiconductor), which are known



47

as rectifying or Schottky, and Ohmic. Nonetheleks, the sake of the reader’s
perspective it is necessary to mention that Feewel| E;, and hence the work function
of a semiconductor,, are affected by the substitutional impurity cartcation. Having
stated that, this discussion will be simplifiedibgluding an n-type semiconductor.
Figure 24a illustrates the case of an idealizedtjon between a metal, and an n-type
semiconductor, wher®,, > ®.. Figure 24a also illustrates that the Fermi lenehe n-
type semiconductor is placed at a higher locatiah wespect to the Fermi level of the

metal; in other wordsfE; >E; . According to Equation 22, when the metal and the

semiconductor are intimate contact and form a jongtat equilibrium, it must be that

E; =E, ;thus, a charge transfer (electrons) from the senuiuctor to the metal must
occur so thate; and E; are equal. The diagram shown in Figure 24b wastoatted
S M

by taking in consideration that the free-electraergy, E,, must be continuous, and that
both the electron affinityX, which is a material property, and the Fermi laweist be
constant. Moreover, Figure 24b introduces the Yalg quantities:®,, and ®,. The
effective potential barrier height between the inetad the semiconductord,, is
commonly called the Schottky barrier height, whikeis known as the built-in potential.
Both @, and @, are usually expressed in terms of eV with the symbd,, and qd,
respectively. A metal-semiconductor junction oktkind hence leads to the formation of
a Schottky contact.

From the investigation of Figure 24b the Schottigrrier height, ®,, can be
determined as

qd; =qd,, —gX Equation 23
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Figure 24: (a) idealized representation of allovesergy states in the bulk of a metal
(left) and an n-type semiconductor (right) as fiorcof position. (b) Idealized energy vs.
space band diagram of a Schottky contact betwewsatal, and an n-type semiconductor
at equilibrium. After Mulleret al**?

Also, from the investigation of Figure 24b the bunl potential,®,, can be determined as

qo, =qd,, —qd, Equation 24
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In addition, it is worth observing that the ideall band diagram illustrated in Figure
24b indicates that no band bending takes placenéenmetal, as the former can be
considered as a perfect conductor with a certagrede of approximation; thus, as a
perfect conductor, it does not allow the formatdra potential. The band bending in the
semiconductor indicates the presence of the fiedderated at the junction as a
consequence of the carriers that migrated fronmsémiconductor (which left behind an
area reach with ionized donors in the semicondytbathe metal.

A metal, and an n-type semiconductor can form &mi®© contact when the work
function of the metal is smaller than that of teensconductor; more precisely, as shown
in Figure 25a, whend,, <®.. In this case, when an intimate contact is eshbéd
between the metal, and the semiconductor, asraiiest in Figure 25b, the respective
Fermi levels must align; thus carriers (electrofigw from the metal into the
semiconductor, and forcing the bands of the fortoebend up and form a barrier. No
depletion region is formed in the metal, as thanfar can be consider as a perfect
conductor with a certain degree of approximatibnst as a perfect conductor, it does not
allow the formation of a potential. This featurehigh is typical of an Ohmic contact,
implies that the potential barrier for electronsraéher modest, and can hence be
overcome by applying a relatively small voltagesbfa

From the investigation of Figure 25b the builpimtential, d,, can be determined as
0®;|=q@, — (a®,, —gX) Equation 25
where q®,=(E.-E,) in the bulk. Moreover, the condition®, = (q®,, —gX) is

known as the neutral contact condition; more pedgighe condition of no built-in



50

(a) A & E,
qd,, qP. qx
E,
¥ ! &
_______________________ E,
E,
E,
Metal n-type
Semiconductor
r-r'— E,
qx | g,
®) o ® o,
e l : =

Figure 25: (a) idealized representation of allovesergy states in the bulk of a metal
(left) and an n-type semiconductor (right) as fumcof position. (b) Idealized energy vs.
space band diagram of an Ohmic contact betweenta,raed an n-type semiconductor
at equilibrium. Adapted from Brennart
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voltage, and a surface with an electron densityivadgnt to that in the bulk. In
summary, a contact between a metal, and an n-tgp@cenductor can either be
Schottky, or Ohmic: in the first case, the energgds bend up (if represented as function
of position as shown in Figure 24 and Figure 23)ilevin the second case, the energy
bands bend down. The opposite scenario occulgindse of a contact between a metal,

and a p-type semiconductor, as illustrated in Fdi6.

@ p-type ®) p-type
Kietal Semiconductor Metnl Semiconductor
.
T Y E, o Y E,
3
qP, qo qx Py, qP; qx

Figure 26: Energy band diagrams of metal-p-typeis@mauctor junction at equilibrium
for (a) ®,, > ®, — Ohmic contact, and (b) (&),, <®. - Schottky contact. Adapted from
Kim, and Baik®*,

Figure 26a illustrates the band structure of atjon formed by a metal, and a p-type
semiconductor when the work function of the metsl larger than that of the
semiconductor; more precisely, wheh,, >®,. When these two materials form a
junction, the Fermi levels must align. Thus, ther@ net flow of electrons from the p-
type semiconductor into the metal, which produces excess of holes in the
semiconductor, and causes the energy bands irethie@nductor to band upward. In this

case an Ohmic contact is obtained, and when a fdrhias (a positive voltage the p-type
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semiconductor, and negative voltage on the meta@pplied, the extra holes in the
semiconductors will be accelerated toward the métakefore creating a current in the
positive direction with respect to the applied agk. Inversely, when a reverse bias is
applied (a negative voltage on the p-type semicotwduand a positive voltage on the
metal) the excess electrons will be accelerate@ntdwhe semiconductor. In terms of |-V
characteristics, the flowing current and the apgplieltage bias have a linear relationship.

Figure 26b illustrates the band structure of &fjiam formed by a metal, and a p-type
semiconductor when the work function of the metal smaller than that of the
semiconductor; more precisely, wheh,, <®;. When these two materials form a
junction, the Fermi levels must align. Thus, thisra net flow of electrons from the metal
into the p-type semiconductor, thereby decreassggjority-carrier hole concentration.
In this case a Schottky contact is obtained, andrwdn forward biasy , is applied, the
built-in potential, ®;, will be reduced to®, -V, and electrons in the semiconductor
conduction band can diffuse across the depletigiometo the metal. When a reverse
bias, V; is applied, the built-in potentiakp,, will be increased tab, +V; ; thus the
electron flow is restrained.

3.1.2. Schottky Barrier Lowering

A more precise expression for the Schottky baifiguation 23) can be obtained if
the image force barrier lowering is considet&d The concept of image force barrier is
based on the assumption that an electron locatpdoiximity of the junction of a metal-
semiconductor interface will attract an equal, gg@posite surface charge, which is called
“image charge”. Moreover, it assumes that therenarenobile or fixed charges around

the electron as it approached the metal-semicoadjunction, and that the time for the
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surface charge to build up, as well as the timetli@r semiconductor to be polarized
around the moving electron, is smaller than thasitatime of the moving electron
itself*>. The concept of image charge is illustrated iruFég27.

(@ (b)
Metal Semiconductor Metal Semiconductor

x=0 x=0 —\\

X

Ha, 1t S
. 15@[ J@é @f
=T e

Figure 27: (a) Surface charge due to electron éotah proximity of an ideal metal-
semiconductor, and (b) field lines and image chafj¢he afore-mentioned electron.
Adapted from Van Zeghbroed®.

As shown in Figure 27, the field lines across thetahsemiconductor junction are
continuous in the case of the image charge; sucbnaept is justified by the fact that
electric field lines are perpendicular to the scefaf a perfect conductor, and that the
metal-semiconductor junction is thought to be ideat hence perfectly ffat.

Figure 28 illustrates the concept of image-forceribalowering, which will be
discussed here in reference to a junction formeédd®n an n-type semiconductor and a
metal just like the one illustrated, in Figure Zshe Image Force Lowering shown in
Figure 28 was constructed by considering the faatt &4 conducing metal sheet affects an
electron as much as an equidistant image chargppafsite sign placed behind the plane

with respect to x=0.



54

-——-———
=

]
-

-

d
i
]
I
]
i
I
L]
]
I
I

i

4
Figure 28: Potential energy diagram as a functibrpasition for a free electron in
proximity of a conducting metal sheet at equilibmiuThe Image Force Lowering is

shown. Adapted from Mulleet al*** and Brennar®®

In other words, when an electron is moved awagnfeoconducting metal plane, an
equal but opposite sign charge is induced on thalmkne as described by the Gaussian
law. Since an infinite conducting sheet can be gdamidway between a point charge
dipole without effecting the field and the potehtiae of the system, and since an infinite
conducting sheet can only sustain perpendiculatraiefield components (no tangential

components can be sustained by an infinite conaystihneet), the field due to an electron

in proximity of an conducting sheet is identicalth@ one due to an equal but opposite

sign chargé3>133
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In order to construct the Image Lowering Curvestitated in Figure 28, let us
consider a free electron moving in proximity of anductive metal sheet, which is

subjected to a coulombic force expressed by
2

q )
F(X)=———— Equation 26
)= ey q

where x is the distance of the free electron from the cmtidg sheetg is the charge of
the free electron expressed in coulombs, and where the permittivity of space . The

work done by the coulombic force of the free elattis then given by

— « qz qz
U(x)= J- F-dx= I ————ax=- Equation 27
” * A7e,(2X) 167e,x

In Equation 27 it is implied that the dot prod&canddx is negative, adx points in
the negative direction of.**®* By using Equation 27, the potential energy asnatfan of
X, U(x), is finally plotted and illustrated in Figure 28.

When considering the electrostatic potential duespgace charge in the depletion
region within the Schottky barrier, the followingg@oximation can be formulated: a

Schottky junction can be compared to'a unction, which is illustrated in Figure 29.

-\ A
®
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Figure 29: schematics of the space charge regithinaa gn junction.
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By using Poisson’s equation, which relates theadigra of the electric field to the
local space charge at any poinin the to a pn junction illustrated in Figure 29, it must
be that

_ﬂ __4q [p(x) —n(x) + N (x) - N,;(x)] Equation 28
dx &

where q is the charge of the free electron expressed utooabs, and where;, is the
permittivity of the given semiconductop(x) is the intrinsic concentration of holes, n(x
is the intrinsic concentration of electrors, (x) is the concentration of ionized donors,
and N, (x) is the concentration of ionized acceptors.

By neglecting the contribution of the intrinsiaars, Equation 28 becomes

_ﬂ:_% 0<X<X, Equation 29
dx &
ﬂ:% -Xx,<x<0 Equation 30
dx &
Equation 29 can be rewritten as
_1(_‘1\/} _dF() _aN, 0<x<X, Equation 31
dx\ dx dx &

whereF(x) is the expression for the electric field.

By integrating Equation 31, it must be that

[aFog = Mo gy - FO)-F(x,)=-T% Equation 32
0 0 85 S

and similarly, by integrating Equation 30, it caadbtained

0 _
N
[dFpy=-T2% Equatich 3
E.

—Xp S
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From Equation 32 and Equation, it can be infethed atx = O the electric field has a

maximum value, which is expressed by

* N, X
Fuax :_qNDXn =A% Equation 34

& &

Since in a fn junction, it must be
NS >>N, .. W=X, Equation 35

then from Equation 34, it must be that

Fuax __ AW Equation 36
85
Hence, within the intervad < x < x, it must be that
F(x)= ANp (X=X,) __GNoW ) __ dV Equation 37

dx

&,

S S

By integrating Equation 37

I dv = %I (W-x)dx .. V(x) :%(Wx—%xzj Equation 38
& &,

0 s 0 S

which is the expression of the electrostatic paaérdue to space charge within the
semiconductor region in the Schottky barrier, irpldgon approximation. The net
potential energy within the semiconductor is givey the sum of the image force

lowering, and the space charge in the semicond{tarhich is expressed by

2N+ 2
U(x) I—%(WX—X—-F 1 j Equation 39
g 2 167N} x

S

A diagram illustrating the net potential energyeda image force lowering, and the

space charge is shown in Figure 30.

* Assuming the fn junction is a homo-junction, and hence made @fs#ime semiconductor material.
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Semiconductor

Metal

Figure 30: Energy diagram showing the net poteet&rgy due to image force lowering,
and the space charge in the semiconductor. Addped Muller et al**?, Brennan®,
and Van Zeghbroeck.

As shown in Figure 30, as a result of the combieffdcts of the image force
lowering, and the space charge in the semiconduttterbarrier that an electron has to
overcome when passing from the metal into the samaliector is lowered by an amount
defined asA®;; in other words, the Schottky barrier is lowerrthahat it would be
expected if no image charge effect is consideredebcer, the position of the potential
maximum is shifted away from the metal-semicondustterface, to a point marked as

Xm, hence, the potential energyxat X, can be used to determine the Schottky barrier
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lowering. It should be obvious that the valuexgitan be determined by finding the roots
of the first derivative of Equation 23, which aigen by=>*

X2 = 1
" 16N (W - x,)

Equation 40

Since the depletion regiolV is typically larger thanx, Equation 40 can be

X, 1 Equation 41
1672NJW

When the approximation of, , and the resulting term iYW is neglectetf® the

AD, ~ _11/M Equation 42
e\ 4r

For the sake of this discussion, the image forceo ahffects holes in the

approximated and rewritten as

barrier lowering is given by

semiconductors by attracting them toward the metalsequently, the image force bends
the valence band upwards near the surface of thal rae illustrated in Figure 31.
Differently from the bending of the conduction barttlere is not a maximum or
minimum point in the valence band; the bandgapediced in proximity of the metal-
semiconductor junctidri®.

There are several different methods to measurddhger heights, but they involve
an extrapolation either from, current/voltage cheeastics, photoelectric or capacitance

measurement, or photoelectron emission spectro&¥opy
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Figure 31: The effects of the image force poterdrathe conduction and valence bands.
Adapted from Rhoderick and Wiliarii&

As shown in Figure 30, as a result of the combiekéects of the image force lowering,
and the space charge in the semiconductor, theebénat an electron has to overcome
when passing from the metal into the semicondusttowered by an amount defined as
Adg; in other words, the Schottky barrier is lowerrthahat it would be expected if no

image charge effect is considered.
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3.1.3. Schottky Barrier Lowering

In section 1.1, the concepts of free-electron eneig,, work function, ®, and
electron affinity, X, were introduced to explain the nature of the fstaniconductor
junction, and such concepts are indeed relevathet&chottky-Mott theory; nonetheless,
it was not mentioned that the work function of aahed,, and the electron affinity of a
semiconductor X s, are assumed to remain unchanged when a meta sechiconductor
make an intimate contact. In actuality, when a tr&teiconductor junction if formed,
the precise atomic positions and the charge didgtab at the surfaces of the metal and
semiconductor cannot be determined, but it shoaldlear that they will differ from the
atomic positions and charge distribution of themef standing surfaces. In order to
overcome this problem, the electronegativity of etah) X,, may be used instead of its
work function, @, even if the concept of electronegativity, as dbsd by Paulin’’,
138 applies to single atoms, and cannot be readilysmed. A list of values for the work
functions, and electronegativity of the metals camin used to fabricate metal-

semiconductor junctions were made available in @4bl
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Table 1: Values for work functiofi, and electronegativitié® of metals.

Work Function®,,®

Electronegativity,X

Metal Symbol (eV) ev)
Platinum Pt 5.65 2.2
Nickel Ni 5.15 1.8
Palladium Pd 5.12 2.2
Gold Au 5.1 2.4
Cobalt Co 5.0 1.8
Copper Cu 4.65 1.9
Molybdenum Mo 4.6 1.8
Tungsten W 4.55 1.7

Iron Fe 4.5 1.8
Chromium Cr 4.5 1.6
Tin Sn 4.42 1.8
Titanium Ti 4.33 15
Aluminum Al 4.28 15
Silver Ag 4.26 1.9
Tantalum Ta 4.25 1.9
Gallium Ga 4.2 15
Indium In 412 1.7
Magnesium Mg 3.66 1.2
Calcium Ca 2.87 1.0
Barium Ba 2.7 0.9
Cesium Cs 2.14 0.7
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3.1.4. Metal Contacts to GaN and ,&a N

It should not be difficult for the reader that geally speaking “ideal contacts” are
very much desirable when interfacing semiconduetectronic devices with the outside
world, as there is always a need for increasinfflgient devices, and hence a need curb
any unnecessary, spurious power losses due toifparasistances; in fact, an “ideal”
contact to a semiconductor device is such thabessdchot obstruct the flow or carriers in
any direction: that is from the metal to the semaactor, or vice versa. As described
earlier, in order to obtain an “ideal” metal conté@ a given semiconductor material
semiconductor, it is necessary that the metal aedsemiconductor material have the
same work function; in other words, it must be th&f, =®,. Despite the fact that
“Mother Nature” is very often benevolent to humathg scenario afore described rarely
occurs in nature; in addition, the work functionaofiven semiconductor materi@, is
affected by its substitutional impurity concentoati whose control is a challenge in
itself. Thus, it is often acceptable to have astiea “ideal” contact in a desired direction,
and this is often the case of a contact that allawsndisturbed flow of carriers from/to a
metal, to/from a semiconductor material; in othe@ras, a kind of contact that shows the
so-called “Ohmic” behavior.

When dealing with GaN, or even worse with®@d N based semiconductor devices,
the formation of an Ohmic contact can be quiteallehge. This is particularly true when
p-type GaN (p-GaN) or p-type &baxN (p-AlxGa.xN) semiconductor materials are

considered, and in this case the challenge hasrwia obstacles. The first obstacle is

® Values for polycrystalline specimens, as deterthimgH. B. Michaelson.
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presented by the fact that it is very difficultgmw high quality, crystalline p-GaN with
a high substitutional impurity concentration; ifghvere not enough, both the crystalline
quality of p-AkGa;xN, and its substitutional impurity concentrationdego decrease with
increasing the Al mole fraction in &baxN. The second obstacle is that “Mother
Nature” has not made available a kind of metal tipgra work function large enough to
allow the formation of “ideal” or Ohmic contacts pe GaN or p-AlGa.-xN. In order to
better illustrate such a challenge, let us consttier scenario of a plausible contact
formed at room temperature (30R) by a thin layer of metal, whose work function is
5.65 eVV¥®1% and a moderately doped wurtzite p-GaN (with arfréevel arbitrarily set
at 0.2 eV from k for the sake of this discussion) whose bandgapsoaximately 3.4
eV1401411423n its electron affinity is 4.1 €€ in this hypothetical scenario, a metal

with a work function larger than at least 7.3 eVuldbbe necessary to form an Ohmic

contact, as shown in Figure 32.

(a) “Ideal"Metal for Ohmic p-type GaN (b}  “Ideal"Metal for Ohmic p-type GaN
Contact to p-GaN Contact to p-GaN
E E,
E,
Py P qx Py, P, qx
(% 73eV) (7.3eV) #.1eV) » 7.3eV) (7.3eV) #.1eV)
E,
q“"_LI ______________ E,
_________ T
i E,

Figure 32: (a) idealized representation of allowedrgy states in the bulk of an “ideal”
metal for Ohmic contact to an arbitrarily selecpe@®aN; (b) Idealized energy vs. space
band diagram of an Ohmic contact between an “idesdtal for Ohmic contact and an
arbitrarily selected p-GaN. Adapted from Brentiarkim and Baik®*
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In actuality, there is no metal with a work furmctilarger than at least 7.3 eV, and
even by employing a thin layer of platinum, whoserkvfunction is the largest with a
value of 5.65 eV?®!*° a Schottky barrier would be formed at the megahisonductor

interface, as shown in Figure 33.

(a) Platinum Metal Contact to p-type GaN (b)  Platinum Metal Contact to p-type GaN
p-GaN p-GaN
E, E,
E,
q@ gx
{s'ﬁf_‘ @3ev) | @1ev) Py qP; X
— E, E,
....................................................... E,
A ey e B i f---- &
E, q, E,

Figure 33: (a) idealized representation of allovesekrgy states in the bulk platinum
metal for contact to an arbitrarily selected p-Gd#b); Idealized energy vs. space band
diagram of a Schottky contact between a platinuntami and an arbitrarily selected p-
GaN and the resulting Schottky barrier. Adaptedifrennaf®’, Kim and Baik>*

The scenario described above turns even more damiagn p-AlGa.xN is considered,
as the bandgap of this semiconductor material besdarger and larger with increasing
Al mole fraction; more specifically, it can varyofn approximately 3.4 e\°*-1%%or
0% Al, to 6.2 eV for 100% Al.

Despite the intrinsic challenge of growing highality p-GaN and p- p-AGaxN,
and the absence of metals with a work functiondaggough to be used as contacts to
wide bandgap semiconductor materials, Ohmic cosmti@xcboth p-GaN, and p-Aba; N

have been obtained.
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In the case of p-GaN, ohmic contacts have beeairedtt —for inexplicable reasons, or
reasons that are often not fully understood- bygiglemental metals with large work
functions, such as Au, Pd, Ni, and Pt, in varioosiinations, and often in conjunction
of Cr. Engineered, annealed in various environmehta metal layer schemes such as
Pt/Au, Pd/Au, Ni/Pt/Au, Pt/Ni/Au, Cr/Au, Ni/Cr/Au dve been successfully used as
Ohmic contacts to p-Gaff, and Ni-Au (annealed in the presence oj @ the most
extensively investigatédf: 14> 146 147, 148, 19304 ysed because of its reported specific
contact resistances as low as 4%1Qcn?,** and a high transparency that is a very
desirable characteristic for optoelectronic deviash as LEDS®*** and sensors.

Currently, there is still no clear understandifighe mechanism that renders a Ni/Au
contact to p-GaN as a contact with Ohmic behavionetheless, there is agreement that
the presence of {during the contact annealing process plays a pmadmt role in the
formation of Ohmic contacts to p-G&X'*"**3 The presence of O -even in minor
concentrations- during the contact annealing poeess identified as a possible active
agent responsible for an increased level of comdtictin p-GaN™* such an
enhancement was attributed to desorption of atdniy that are individually bonded to
acceptor atoms of Mg (a common substitutional intguin p-GaN), and their
consequential activatiorr1°61°°14¢

Several theories have been formulated to explaen @hmic nature of the Ni/Au
contact to p-GaN, and many of them include the omeat formation of non-
stoichiometric nickel oxide (NiO), Ni/Au nodules,/8a alloys in proximity of the p-

GaN surface while annealing in an O2 containingosiphere.
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According to the afore mentioned theories, whileealing at a temperature between
500 °C and 700 °C in an,@ontaining atmosphere, atoms of Au migrate from Au
layer through the Ni layer of the “as deposited/A\i contact to p-GaN to form Ni/Au
nodules; simultaneously, atoms of nickel react waittims of GaN to form Ni/Ga alloys
in proximity of the surface of GaN, and also di#usom the Ni layer through the Au
layer of the “as deposited” Ni/Au metallic contémtp-GaN, react with ©@and form non-
stoichiometric NiO, which tends to be a transpagrenp-type oxide
semiconductdr’**81°?1%0The formation of non-stoichiometric NiO continuksing the
annealing process, and will continue growing dowialvéhrough the Au layer of the “as
deposited” Ni/Au contact to p-GaN, and progressiseigregate the former into islands,
which will eventually grow more and more Au richuilihg the annealing process,
columnar structures made of non-stoichiometric Mg&@ch the surface of p-GaN, and
react to form an amorphous Ni-Ga-O phase matétiaf-1621931541540r the sake of the

reader’'s comprehension, such a process is illestiatFigure 34.
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{a} ﬂ! 01 ﬂ! 01

Figure 34: Formation of Ni/Au contacts to p-GaN. Tain metal layers of Ni and Au are
deposited onto p-GaN, and then annealed at higpdrature in the presence of.@b)
During annealing, atoms of Ni, and Au migrate, KiYGa compounds, and NiO are
formed, and (d) and Au is segregated into Au-rethnds. Adapted with permission from
J. G. Pagah®.

In UV applications, p-AlGaxN with a high Al% mole fraction is currently
indispensable, yet the formation of Ohmic contaisp-AlkGaxN is even more
challenging than the formation of Ohmic contactp4GaN; nonetheless, Ohmic contacts
to p-AlkGa.xN have been obtained, and their fabrication metlogyodisclosed in the

literature. Similarly to the scenario of the Ohraantacts to p-GaN, the nature of Ohmic
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contacts to p-AlGaxN has not been yet fully understood. Most of theoreggl Ohmic
contacts to p-AlGaxN have been achieved by using a multi-metallization
schem@?>166:167. 168,169.170.17% p|giting the polarization effects of standaadd recessed
capping layer§?!"3174175 hon-alloyed schemes such as InN/GaN short pesigzer
lattices (SPS$)° polymer materials such as poly-3,4-ethylenedioioghene
(PEDOT)""178179.1809nd Pd rich contacts (single Pd layer, Pd/AP@Pd/Au annealed
in N, at a temperature between 480 and 800°C ).1%81%910|n the case of Pd rich
contacts, low-resistance Ohmic contacts to g=&.xN (with x < 0.15) were obtained,
and the Ohmic behavior was associated with the dbom of Ga and Al vacancies near
the surface region of the ps@a..N'"°, which function as acceptdf$'? Kim et al”®
observed that during the annealing of Au/Pd/Ptaustto p-AlGa, N alloys (x = 0.1)

at 600°C in a N environment, a small amount of Pd and Pt diffusedard the interface
region between the metal contact and the J6Al«N, and formed Pd- and Pt-related
gallide phases. The presence of Pd- and Pt-galitldke interface between the metal
contact and the and the pz@ia«N indicated an out-diffusion of Ga from the surfade
the semiconductor layer, and it consequential feionaof Ga vacancies, which have
been known to function as acceptors in RGN alloys'®% This progression is

illustrated in Figure 35.
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Figure 35: Formation of Au/Pd/Pt contacts to p-8a N as described by Kiret al*™
(@) Thin metal layers of Au, Pd, and Pt are depdsibnto p-Ad.Ga N, and then
annealed at 60€C in the presence of N(b) During annealing, atoms of Pd out-diffuse
to the surface through the Au layer, forming PdalNoys; moreover, Pd and Pt diffuse to
the interface between the metal contact, and theceaductor. (c) Ga out-diffuses from
the near surface of p-MGa N leaving Ga vacancies; Pd- and Pt-gallides, wilaich

known to behave as acceptors in p@d.,N*¥"® are hence formed.

As for the formation of Ohmic contacts to n-GaNd ar-ALGa «N, either with low
or high Al% mole fraction, the scenario is certgildss challenging with respect to that
of the formation of Ohmic contacts to p-GaN, andlpsa.«N; as a matter of fact,
Ohmic contacts to n-GaN, and ng8la, N have been obtained profusely, and widely
described in the literature. Nonetheless, since iDlsontacts to n-GaN, and n-&a.xN
are of little or no interest in this work, this dission will be limited to enlist some of the

most popular metal schemes for n-GaN, which aredas metals with low work
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functions such as Al and Ti (often use to prevéetformation of native oxide), and/or
Al/Ti bi-layers™*in conjunction with Au and/or N#>*% Pd, Ta, Nd, Sc, and Hf, and
some of the most popular metal schemes for&AalN, which are often based on metal
schemes such as TiI/AI/Ti/Au, Ti/Al/Mo/Au, Ta/Ti/Al/MAu, Ti/Al/Ti/Pt, and
Ti/AITi/Pt/Au. 871818 Titanium is often used to form an intimate contadth the
surface of n-GaN or n-4BGaN because it forms titanium nitride (TiN$*°*at the
interface region between the metal and the semigdod such semi-metallic compound
(TiN), which features a work function of 3.74 eV evhannealed at temperatures of 800
°C to 900°C ', is believed to form an Ohmic contact to both MNGand n-AlGa, N
Moreover, Ti has an intrinsic property to bind watoms of @, (hence functions as an
oxygengetter), and desorbs oxygen atoms from the layeratif’e oxide that typically
caps l1I-V semiconductor materiai¥ Aluminum is used to cap the layer of Ti, as these
two elements form TiAlintermetallics that have a high melting point, duahce tend to
not ball up; nonetheless, both Al and Ti tend tale fairly easy, and must therefore be
capped with a metal/Au layer, where the “metal” dan Ni, Ti, Pd, Mo, Re, Ir, or
Nb.193’194’195'196'197'198'199’200’201
3.1.5. GaN and AlGa.«N surface preparation

In order to obtain high quality metal-semiconduciaterface, it is necessary to
prepare the surface of a given semiconductor nadterior to the deposition of a desired
metal, and here it is necessary to specify that wfathe surface treatment techniques are
designed for the removal of unwanted contaminaarid, layers of native oxides, which
tend to form rapidly on the surfaces of most lIs&miconductor materials when exposed

to air. The reason that layer of native oxidesrmtedesirable at the interface between the
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metal and the semiconductor of a metal-semicondwttotact is that the native oxide is
expected to obstruct the flow of carriers, accuteukhe former, and hence create a
parasitic capacitance. There is little or no dothatt the removal of the native oxide,
which can cover the surface of a IlI-V semiconductaterial with a film as thick as a
few tens of an A, is a “traumatic” form of actidmat negatively affects the quality of the
surface of any given semiconductor material, andinduce the formation of undesired
defects; in fact, oxide removal treatment require tise of very aggressive acids as wet
etching agents, or very energetic reactive ion &ik) methodologies.

As grown GaN and AGa N normally are not affected by the presence ofveati
oxide; more precisely, a layer of native oxide doetsform on the surfaces of these kinds
of semiconductor materials as soon as they leageclamber of the epitaxial growth
rector in which they are grown. The formation ofiveoxide on the surface of GaN, and
AlGa.«N is not as rapid as in the case of the formatibmadive oxide on gallium
arsenide (GaAs); however, an oxide layer does eaéiytform on the surface on both
GaN and AlGa,,N when they are exposed to air for a prolongedoplesf time®®, and in
this case an oxide removal surface treatment becomeessary.

Acid-based wet etching solutions such as aqua-r@gi@ and HNQ), diluted
hydrochloric acid (HCI: BO), and buffered oxide etch, or BOE for short (HEZO), are
commonly used for the native oxide surface treatmeh GaN, and AlGa-
([N144184,202,203,204,205.2009 1 they are usually accompanied by solvent cl@irH,0,
Acetone, and Methanol) to remove particulate, oryaamd inorganic contaminants. Pure

HF, and hot phosphoric acid {PiO,) have also been used.
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Strong bases have also been used as oxide rengwrasaand potassium hydroxide
(KOH) is the most cited in the literature; in faiOH surface treatments are believed to
be capable of both reducing the band bending byciad the surface barrier height, and
decreasing the Ga/N ration on the surf2éé%?° Ammonium hydroxide
(NH,OH)?**?% and ammonium sulfides, [(NBS]*°®?*'° have also been used as a
cleaning agent in GaN and,&a xN surface treatments.

Various RIE methodologies have been used as acsutfaatment to remove native
oxide from the surface of GaN, and,8kN; chlorine (C})?****%%' fluorine (R)**,
0% silicon tetra-chloride (SiGF**22" boron tri-chloride (BG)?**, argon (Arf*,
dichlorodifluoromethane (C@f,)?'° sulfur hexafluoride (SJ**%, and nitrous oxide
(N,0)**? plasmas are the most common reactive ion sources.

3.1.6. GaN and AlGaxN contact anneal

After the deposition of single metal, or metal sokecontacts to GaN and,&a xN
a specific thermal treatment of the contacts isesgary to relieve stress in the metal
layers, induce a more intimate contact at the fater between the metal and the
semiconductor, the migration and/or segregationeofain metals, and the formation of
alloyed compounds; these phenomena, which are atrtwithe formation of Ohmic
contacts to wide bandgap semiconductor materials as GaN and GaN and,&la xN,
have been mentioned in the section above, andrdhesl in Figure 34 and Figure 35.

Without a doubt, the most common kind of thermaatment of metal contacts is the
sp-called rapid thermal anneal (RTA), which is d&s&t of rapid thermal processing
(RTP). RTA consists of uniformly flash-heating agle wafer at a time in a controlled

gaseous environment to modify metal-to-metal, andietal-to-wafer interfaces. In a



74

typical RTA furnace, a wafer is heated by two baoikiigh intensity (in the order of tens

of kW) tungsten-halogen infrared (IR) lamps, asvahan Figure 36.
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Figure 36: Schematic diagram of a rapid thermaleahtRTA) furnace based on the
Solaris 150 RTA tool available in the clean room,Grigg Hall, at the University of
North Carolina at Charlotte.

High intensity IR radiation is absorbed by the wdBnd the metal contacts as well),
causing the temperature of the former to increase irocessing temperature of 2@
to 1300°C with ramp rates of 20C to 250°C /sec. The processing temperature is
reached after the gas flows in the chamber hava b&bilized, and at the end of the
process (which can last anywhere from a few sectmdsfew minutes), the lamps are
turned off to allow the temperature of the wafardd@he metal contacts as well) to drop
rapidly (50 to 100°C/sec). A typical time-temperature RTA profile isosvn in Figure

37.
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Figure 37: Typical time-temperature profile of a/Rprocess: (a) gases are introduced in
the chamber of the RTA tool until their flows atalde, (b) lamps are turned on, and the
temperature of the wafer (or sample) is increasag guickly to the desired processing
temperature, (c) the annealing process takes pleg@nd finally the lamps are turned
off, and wafer (or sample) cools down quickly.

Typical anneal processing temperatures for the &ion of Ohmic contacts to n-
GaN range between 550 °C to 650 °C (Al, AFRuTi, Al/Ti metallization), and the
anneal process occurs in a non-reactive environsegtit as Ar, or pl For Al/Ti contacts
to n-GaN annealing temperatures can be as higto@<@*"; nonetheless, successful
formation of Ohmic contacts to n-GaN has occurrieémperatures as low as 200°%C
Typical anneal processing temperatures for the dtion of Ohmic contacts to n-Aba.-

«N range between 700 °C and 900 °C, again in a@axctive environment such as Ar, or

189,187,193,188
No.
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Typical anneal processing temperatures for the &ion of Ohmic contacts to p-
GaN range between 500 °C to 700 °C (Ni/Au metdlbrd, in an Q containing
environment (@20 sccm + W80 sccm)*, or simply air; 600 °C to 750 °C in,Nor

Ohmic contacts to p-&GaQ_XN.Nl,l?O



CHAPTER 4: KELVIN SENSE MEASUREMENT METHOD

Advanced and very accurate current measuremerdssaa device can be taken if a
Kelvin sensing method is adopted. A Kelvin senseasudgng system is hinged on a
straightforward four-terminal connection typicaltyade to a two-terminal device (or to
the probes of a measuring apparatus for that mattdtich separates the current path
through the above-mentioned device from the vol&gess the device itself, and hence
excluding any additional and undesired wiring andfntact resistance such as the one
introduced by the probes of the measuring apparati&lvin sense measuring method
was used to collect the data in this work.

4.1. Two-Terminal vs. Four-Terminal Sensing

Traditionally, a current measurement is taken bingi a two-terminal connection
made to a two-terminal device, such as the resisoned “Device” having resistance
R=Ropeiice illustrated in Figure 38. In Figure 38, the remice R=Re., indicates the
resistance of the wires connected both to the aemaetd the device having resistance
R=Rbeiice In this particular case, the current measurethbyammeter is not the current
flowing in the device having resistance RglRe but a system with resistance is the
summation of the series resistance, RmRRpevicstRwire. Although wire resistance
R=Ruwire is typically minimal and negligible (in the ordefr0.01 ohm/feet for small gauge
wires), it can negatively affect measurements otiaent flowing in a device having a

significantly low resistance by introducing a noeghgible measurement error.
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Figure 38: Two-terminal connection made to deviaeiing resistance R5Riice

In order to ameliorate the above-mentioned comwljtiboth an ammeter and a

voltmeter can be used as illustrated in Figure 39.
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Figure 39: Use of both an ammeter and a voltmetiér avtwo-terminal connection made
to device having resistance Rsice

By applying Ohm’s Law to the circuit illustratech iFigure 39, the resistance

R=Rpevice IS given by
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RDevice = % Equatm

where V is the voltmeter indication, and A is the ammatetication. This kind of
measurement is more accurate, as only the voltagssathe device having resistance
R=Rbevice (@nd not across the entire circuit) is being cde®d. Yet again, the wire
resistance, R=g, can affect the current flowing through the deweéng tested, as the
former is an element of a series circuit. In ordamove the measuring error introduced
by the wire resistance, RsfR, a four-terminal connection (Kelvin sense) to tievice

having resistance R¥Rice Can be made as illustrated in Figure 40.

z

)
=

Z
)
£
8

=

§ RDevice lg RDevioe

.||+
o &
= =

I\II+

F=I

z
8
—

Z
8
EFU

Figure 40: Use of both an ammeter and a voltmeiiér avfour-terminal connection made
to device having resistance RsRce (left). Circuit current flow diagram (right).

As shown in the circuit illustrated in Figure 48¢ voltmeter and the ammeter are
connected to the device with wires of similar léngind hence resistancg;R In this
case the resistance RsRce is still equal to the voltage across the devidtiheter
indication), and the current flowing in circuit nfaneter indication); nonetheless, this

kind of measurement is more accurate and precsanyvoltage drop across the current



80

carrying wires (a negligible current flows in théres that connect the voltmeter to the
device) will not be measured by the voltmeter, &edce will not be factored in the
calculation of the resistance RzRRce

The four-terminal sensing method is often combingtth special probes, which are
normally called Kelvin clips, or Kelvin probes. $uitems may come in different shapes
and design, but their fundamental concept, whighustrated in Figure 41, is based on a
4-wire/4 —lead cable connected to two probes.

Kelvin sense probe

4-wire cable

AO

Kelvin seﬁse probe

Figure 41: Conceptual schematics of Kelvin probmsected to a sample.

Kelvin sense probes as the one conceptualizedguar&i4l are often connected as
close as possible to the probe needles of an IVectnacer when it is necessary to
investigate the nature of a given, unpackaged releict device on wafer. A Tektronix
370B programmable curve tracer, which is capablakihg Kelvin sense measurements,
was used to test some of the metal-semiconducttatddSM) test structures on wafer.

Such device, and its Kelvin sense connections epected in Figure 42.
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Figure 42: Test setup showing a detail of the prsth&éon equipped with a Kelvin sense
probe, and (a) the connection made to the Tektr@7@B to perform Kelvin sense
measurements.



CHAPTER 5: PROCEDURE

In this chapter, procedures pertaining to theseslignment and fine-tuning of the
LaserVision Optical Parametric Oscillator / Opti¢zrametric Amplifier (OPO/OPA),
and its use in the Near IR, Intermediate IR, and Ridanges will be described.

5.1. LaserVision OPO/OPA System Alignment

In this section, the procedure to achieve a ssfgeslignment of LaserVision
OPO/OPA system with the Nd:YAG 1024 nm laser so(vaG).

5.1.1. LaserVision OPO/OPA System Components

In order to achieve a successful infrared (IR) pungpof test structures, it is
necessary that the LaserVision Optical Parametrszillator / Optical Parametric
Amplifier (OPO/OPA) system is aligned with the N&k® 1024 nm laser source (YAG).
In the case of a faulty alignment, the OPO/OPAeayswvill not be able to tune the YAG
into a continuously tunable IR source, and twoimistcases may occur: 1) No IR power
output will be detected, or very little power outpull be available over a very narrow
wavelength range. In any case, serious damage @anm o the optical element of the
OPO/OPA system, and a realignment procedure musbimpleted. For the sake of the
reader's comprehension, a photo-diagram illustgatine optical components of the
OPO/OPA system is available in Figure 43, andtafishe afore-mentioned components

is available in Table 2.
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Table 2: Optical components of the OPO/OPA system.

OPO/OPA Optical Component # Description
(as indicated in Figure 43)

1 Beam Expander
2 Kinematic Mirror
3 Attenuator - OPO
4 Kinematic Mirror
5 Beam Dump
6 Kinematic Mirror — OPO Cavity L
7 Kinematic Mirror
8 Static Mirror
9 Kinematic Mirror — OPO Cavity R
10 Attenuator - OPA
11 Kinematic Mirror
12 Beam Dump
13 Si Polarizer
14 Beam Dump
15 Kinematic Mirror - OPA
16 Static Mirror - OPA
17 Polarizer
18 Iris
19 OPA Crystals (Left to Right: #3, #4, #5, and #6)
20 OPO Crystals (Left to Right: #1, and #2)
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Figure 43: A photo-diagram illustrating the opticainponents of the OPO/OPA system.

5.1.2. Coarse Alignment of the Nd:YAG Laser and OPO/OPAt&wm
Reduce the power output of the YAG to 200 mJ byrekesing the magnitude of the
delay of the capacitor bank CB630C, and place gustable iris at the input of the
OPO/OPA system to reduce the size of the inpur lagam to a minimum as shown in
Figure 44. Reducing the power output of the YAd gikatly decrease the possibility of
having optical components damaged or the edgdsedkTO and KTA crystals chipped,
while reducing the size of the input laser beanh alibw a better tracking of the former.

Next remove the Si polarizer #13, the polarizer,#d the adjustable iris #18.
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Figure 44: Delay adjustment knob of the YAG’s cajmdank CB 630C (right), and the
adjustable iris placed at the input of the OPO/QGiystem to reduce the size of the laser
beam (left).

Next turn the OPO and OPA attenuators (#3 and #10) degrees so that the laser
beam will not propagate beyond the Beam Expandgy;, @d the kinematic mirror #2,
and then coarsely align the YAG and the OPO/OPAesyso that the YAG laser beam
will go through the beam expander and hit the cenitéhe kinematic mirror #2. Check
the reflection of the laser beam on the back of atipistable iris at the input of the
OPO/OPA, and make sure that the laser beam tressdkback; in other words, the laser
beam must follow the same path in both the forveard backward direction. If the laser
beam traces itself back, a green laser beam sgbtbwivisible on the back of the
adjustable iris, as shown in Figure 45.

Once the coarse alignment the YAG and the OPO/ORstesn has been
accomplished, turn the attenuator #3 to 2egrees (the laser beam power will be
attenuated ~ 50%) so that the laser beam will gatgathrough the optical components
of the OPO/OPA system. Make sure that the laser begmopagating through the OPO

crystals (#1, and #2).
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Figure 45: Adjustable iris placed at the input lné OPO/OPA system (left), and green

laser beam spot on the back of the adjustableaused by the laser beam tracking itself
back (right).

5.1.3. Fine Alignment of the Nd:YAG Laser and OPO/OPA 8yst

Select the “Near Infrared” range (LaserVision saite) as shown in Figure 46, and
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Figure 46: LaserVision Motor Control software shogvthe settings for Near Infrared.
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Figure 47: How to set the OPO/OPA system to 825r8988

Place a perforated card between the kinematic rsistd and #7, which will allow the

observation the laser beam reflection from the @BGtals #1, and #2 (Figure 48).

4 i

i1 1 ¥

Figure 48: Perforated card used to observe theatesh of the OPO crystals.
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The YAG laser beam will be reflected by the OPGstals, and two distinct, bright spots

will be visible on the back of the perforated caasl,shown in Figure 49.

Reflected beam from
QPO crystal #2

Reflected beam from
OPO crystal #1

Figure 49: Two bright spot on the perforated cavldich are generated by the reflection
of the YAG laser beam by the OPO crystals.

By using the LaserVision Motor Control software,iindually adjust the position of
motors #1, and #2 until normal reflection is ackigvd est when the two bright spots
are vertically aligned. While adjusting the positiof the above-mentioned motors
(rotating clockwise, or counter clockwise), theghti spots will sweep horizontally, and
normal reflection will be achieved when the two tspdie on the same vertical

“imaginary” line that crosses the hole of the peafed card, as shown in Figure 50.
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Reflected beams in
normal reflection

Figure 50: Normal reflection of the OPO crystals &id #2,

Once the normal reflection condition has been agliigmotors #1, and #2 will also
physically be in the so-called “zero position”. Wihasually inspecting the OPO crystals,
they will appear to be aligned along a line. Sustadus must be matched by the software
“zero position”, and this can be accomplished adainusing the LaserVision Motor
Control software. As shown in Figure 51, from thaimmenu of the LaserVision Motor
Control software, select “Setup” and then “Motor #This will allow controlling the

status of motor #1 in a direct fashion.
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Figure 51: Direct control of motor #1 by using theserVision Motor Control software.

Once the direct control of the status of motor &% been achieved through the main
menu of the LaserVision Motor Control software, thitor Control menu will be
displayed as shown in Figure 52; select the bdéedtitPosition” and manually insert the
value “0”. Having completed this task, the softwazero position” of motor #1 will be
set to zero. Repeat the same procedure to gaiat dioatrol of the status of motor #2,
and set its software “zero position”.

After both motors #1, and #2 have reached theipalyand software “zero position”
remove the kinematic mirror — OPO cavity R (#9) aeplace it with a perforated card,

which will allow the observation the laser beamaetion from the OPA
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Figure 52: Motor Control menu windows displaying thetor control parameters.

crystals #3, #4, #5, and #6, as shown in Figure 53.

Figure 53: Perforated card replacing the Kinemiticor — OPO Cavity R (#9) (Left),
and the four bright spots indicating the reflectarthe OPA crystals #3, #4, #5, and #6

(right).
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By using the LaserVision Motor Control software, iindually adjust the position of
motors #3, #4, #5, and #6 until normal reflectismchievedid est when the four bright
spots shown in Figure 53 are vertically aligned.i/ladjusting the position of the
above-mentioned motors (rotating clockwise, or ¢eunlockwise), the bright spots will
sweep horizontally, and normal reflection will beheeved when the four spots lie on the

corners of an imaginary square as shown in Figdre 5

Reflected beam from
OPA crystal #6

Reflected beam from
OPA crystal #5 |

- |
3

t

Figure 54: Normal reflection of the OPA crystals #3, #5, and #6.

Once the normal reflection condition has been aeligmotors #3, #4, #5 and #6
will also physically be in the so-called “zero gasi”. When visually inspecting the
OPA crystals, they will appear to be aligned alanine. The physical “zero position”
must be matched by the software “zero positiont] #ms can be accomplished again by

using the LaserVision Motor Control software ascsiped earlier.
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After the physical and software “zero positions’véaeen set, put the Kinematic
Mirror — OPO Cavity R (#9) back in place, and vetifyat the YAG laser beam is still
tracking itself back properly, and entering the OB§stals in the center. In order to
verify that the YAG laser beam is tracking itsedich properly, check the reflection of the
laser beam onto the back of the adjustable irthatnput of the OPO/OPA. It is very
likely that the YAG laser beam will not track it@roperly, and in this case a distinct
green light spot will be positioned to the righttbé back of the iris, as shown in Figure
55. In Figure 55, it is also visible a bright ligdgot to the left of the back of the iris, and
the position of such a light spot cannot be col@dylin other words, the presence of such

light spot is permanent and normal.

The presence of this
spot indicates that the
YAG laser beam is not

tracing itself back

' - properly

This spot is always
present, and its position
cannot be controlled

Figure 55: The reflection of the YAG laser beamttom back of the adjustable iris placed
at the input of the OPO/OPA. The presence of tighblight spot to the right of the iris
indicates that the laser beam is not tracing itsatfk properly, and that the position of
the Kinematic Mirror — OPO Cavity R (#9) must beuestigd.
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In order to have the YAG laser beam track itselfkbproperly, it is necessary to
adjust the position of the Kinematic Mirror — OPOWDa R (#9) by using its three
micropositioners. While adjusting the position atk mirror, the position of the bright
light spot on the back of the iris will also chantgeposition, as shown in Figure 56; the
goal is to adjust the position of the mirror sotttiee bright light spot will be positioned

in the center of the iris.

While adjusting the
Kinematic - Mirror
QPO Cavity R (#9), the
position of this spot
will change. The goal is

to move this spot to the
center of the iris

Figure 56: While adjusting the position of the kKimagic Mirror — OPO Cavity R (#9),
the position of the bright light spot to the rigtitthe iris will change position.

When the bright light spot is positioned in theteerf the iris, as shown in Figure 57
the YAG laser beam is tracing itself back propeNgnetheless, place a perforated card
between the kinematic mirrors #4 and #7, and make that the reflection of the OPO

crystals #1, and #2 is still normal (Figure 50).
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The spot is positioned
in the center of the iris,
and the YAG laser
beam is tracing itself
back properly.

Figure 57: When the position of the Kinematic MirroilOPO Cavity R (#9) is correct,
the YAG laser beam traces itself back, and the ‘itablbright light spot will be
positioned in the center of the iris.

Next, it is necessary to make sure that the YArldseam is entering the OPO
crystals in the center. Cover the kinematic mi#@rwith a piece of optical lens paper,

and place a card behind the OPO crystals as sho®igure 58.
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Figure 58: Optical lens paper covering the kinematirror #7 (left), and card placed
behind the OPO crystals (right).

The purpose of covering the kinematic mirror #7hvatpiece of optical lens paper is
to scatter the YAG laser beam, and have the fompneject a silhouette of the OPO

crystals onto the card placed behind them as shoWwigure 59.
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L

Place a white card to Flace a piece of optical
observe the silhouette lens paper to diffract
of the OPO crystals . the YAG laser beam

Figure 59: Kinematic mirror #7 masked with a pie¢eptical lens paper to diffract the
YAG laser beam, and project a silhouette of the @RGtals onto the card placed behind
them.

As shown in Figure 60, the YAG laser beam will biéracted by optical lens paper
placed on the kinematic mirror #7, and the diffealctight will flood the OPO crystals;
some of the light will propagate through the crissthemselves, and some of the light
will propagate along the crystals instead. The agapion of the light through the OPO
crystals will generate the projection shown in Feg80. Adjust the position of kinematic
mirror #7 to center the YAG laser beam. Having heglcthis point, it is necessary to
verify —once again, that the YAG laser beam id sticking itself back properly; thus,
check the reflection of the laser beam onto thé& lndiche adjustable iris at the input of

the OPO/OPA, as shown in Figure 55, Figure 56, Fgdre 57. As described earlier in
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this section, use the kinematic mirror #9 to cdritbe propagation of the YAG laser

beam through the OPO crystals.

The silhouette of the
OO crystals will be
projected on the card,
and the Y AG laser
beam must be centered

with the silhoueite

Figure 60: The silhouette of the OPO crystals mtejé onto a card.

Next, use the LaserVision Motor Control softwargtsition the motors #3, #4, #5,
and #6 as specified in Table 3. Such values haea balibrated ad-hoc for each of the
OPA crystals by Dean R. Guyer, Ph.D. of LaserVisithey are specific values to be
used only with this OPO/OPA system. Also, it ises=ary to verify that the laser beam is
propagating correctly through the OPA crystalstfie center) by monitoring the output
of the OPO/OPA system with an IR detecting cardndfIR beam is detected at the
output of the OPO/OPA system it is very likely thiaé laser beam is not propagating

correctly thought the OPA crystals. Use the kinecnairror #7 to adjust the propagation
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of the laser beam through the OPA crystal; nonefisgelkeep in mind that it will be

necessary to repeat the fine alignment of the Ya¢ed and the OPO/OPA system.

Table 3: Optical components of the OPO/OPA system.

OPA crystal motor # Position
3 5310
4 -4578
5 5715
6 -5073

Next, the turn the OPO and OPA attenuators (#3#®J to 45 degrees so that the
YAG laser beam will propagate beyond the beam eXgarf#l), and the kinematic
mirror #2, through the OPO and OPA crystals withi faower. Also, remove the
adjustable iris at the input of the OPO/OPA systenthat the YAG laser beam will not
be obstructed. Increase the power output of the YoaGk to 500 mJ by increasing the
magnitude of the delay of the capacitor bank CB630€ing a power meter, measure the
power at the end of the OPO crystals, and usingmasion Motor Control software
adjust the position of motor #2 to maximize povesel (the optimal power level should
be > 15 mJ). Next, place the power meter at thpubwf the OPO/OPA system, and by
using the LaserVision Motor Control software adjirst position of motor #3, #4, #5,
and #6 (not more than 500 counts per motor, in ehdction) to maximize power
output. Finally, place the adjustable iris #18 batlplace, and adjust their position as
necessary to obtain maximum output of the OPO/QOR@te that the Si polarizer #13,
and the polarizer #17 are not used when the OPO/@ftem is set in the “Near

Infrared” range, as shown in Figure 46.
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5.1.4. LaserVision OPO/OPA System Use in the Near Infr&®adge
In order to use the OPO/OPA system in the Neaatatt range, it is necessary to
modify its hardware configuration. Select the propgnge by using the LaserVision

Motor Control software as shown in Figure 61. Remtheesilicon polarizer (#13), and

the polarizer #17.

= Laser¥ision Motor Controls

File | Display Setup  Motor  Help

Wavelength  » Rl
Intermediate Infrared

Mid Infrared

= HI=TE] S

RED GoTo BLUE < I >
L P L —

SPEED =2 SPEED =2 SPEED =2
Position = 0 Wavelength =825.998 Position = -15
SIS S S5
i i | H
SPEED =4 SPEED = 4 SPEED = 4
Position = 5119 Position = -bb62 Position = -5179
o ] 3

SPEED = 4
Position = 5663

Figure 61: Selection of the Near Infrared rangaehaf OPO/OPA system by using the
LaserVision Motor Control software.

The power output spectrum of the OPO/OPA systenigiwivas set to be used in the
Near Infrared range, was made available as Fig@reN@te that such power output
spectrum was obtained with no germanium crystaéérfiplaced at the output of the

OPO/OPA system.
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OPO/OPA Output - NEAR IR
Wawelength vs. Energy Output
Ge Crystal: NOT present
8i Crystal: NOT present

. 1\
J

Energy Output, E,,, (mI)
~—

705 725 745 765 785 805 825 845 865 BE5
Wavelength, ) (nm)

| ——PowerScan_710-890nm ‘

Figure 62: The power output spectrum of the OPO/Giem, which was set to be used
in the Near Infrared range. Note that such powdpwuspectrum was obtained with no
germanium crystal filter placed at the output & @PO/OPA system.

5.1.5. LaserVision OPO/OPA System Use in the Intermedidtared Range
In order to use the OPO/OPA system in the Interatedinfrared range, it is
necessary to modify its hardware configuration.e&ethe proper range by using the

LaserVision Motor Control software as shown in FeaB.
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= Laser¥ision Motor Controls M3

File | Digpla
: RIE S

Setup bMotor Help

= > | EEE =
il g | o | g

SPEED =2 SPEED = 8 SPEED =2
Position = -3833 Wavelength =1601.268 Position = 3833
25 otor 13 IS SIS EEE

< > < > < >
11 j 41 ’ i i

SPEED = 4 SPEED = 4 SPEED = 4
Position = 4084 Position = -4508 Position = -4150
5 Hotor 5 5

<« >
11 f

SPEED = 4
Position = 4648

Figure 63: Selection of the Intermediate Infraradge of the OPO/OPA system by using
the LaserVision Motor Control software.

Remove the silicon polarizer (#13), and turn thdéapoer #17 until its core is

positioned like a letter “U”, as shown in Figure 64
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"1 Tum the polarizer until | ——
| its core is positioned | H
| tkealmertut Ty S

Figure 64: Core of the polarizer #17 position&e & letter “U”.

The power output spectrum of the OPO/OPA systenigiwivas set to be used in the
Intermediate Infrared range, was made availabléigare 65. Note that such power

output spectrum was obtained with no germaniumtatyiter placed at the output of the

OPO/OPA system.
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OPO/OPA Output - INTERMEDIATE IR
Wawelength vs. Energy Output
Ge Crystal: NOT present
Si Crystal: NOT present

1.BOOE+01

L600E+01

JIN
e AR
e A
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| N
7 Y

Energy Output, E,, (mI)

2000E+00 w/
0.000E+00
1.295.000 1.395.000 1.495.000 1,595 000 1,695 000 1,795 000 1895000 1.995.000 2095000

Wavelength, ) (nm)

[——PowerScan_1300-2130nm |

Figure 65: The power output spectrum of the OPO/Giem, which was set to be used
in the Intermediate Infrared range. Note that spoWwer output spectrum was obtained
with no germanium crystal filter placed at the autpf the OPO/OPA system

5.1.6. LaserVision OPO/OPA System Use in the Mid Infrarechée
In order to use the OPO/OPA system in the Mid lefarange, it is necessary to
modify its hardware configuration. Select the propgnge by using the LaserVision

Motor Control software as shown in Figure 66.
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= LaserVision Motor Controls _[&] %]
File | Display Setup  Motor  Help
Hear e SIS =I5l =I5l
Intermediate |nfrared
< > RED GoTo BLUE < I >
| —— | || | os— L ——
SPEED =2 SPEED =8 SPEED =2
Position = -3833 Wavelength =3172.912 Position = 3833
i RI= E i
44 1 41 | il |
SPEED =4 SPEED =4 SPEED =4
Position = 4084 Position = -4508 Position = -4150
35 Hotor 15— SIS
41 |
SPEED =4
Position = 4648

Figure 66: Selection of the Mid Infrared range of BPO/OPA system by using the
LaserVision Motor Control software.

Put the silicon polarizer (#13) back in place, & the polarizer #17 until its core is
positioned liked a letter “C”, as show in Figure. @he power output spectrum of the
OPO/OPA system set to be used in the Mid Infraredeavas made available as Figure

68.
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Figure 67: Core of the polarizer #17 positionee likletter “C”.
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OPO/OPA Output - MID IR
Wawelength vs. Energy Output
Ge Crystal: present
Si Crystal: present

7.000E+00

6 000E+00

N TR
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0.000E+00
2,100,000 2,600,000 3,100,000 3,600,000 4,100.000 4,600,000

Wawelength, k. (nm)

[——PowerScan_21304100_4100-50000m |

Figure 68: The power output spectrum of the OPO/Giem, which was set to be used
in the Mid Infrared range. Note that such power atfgpectrum was obtained with a
germanium crystal filter placed at the output & @PO/OPA system.

5.2.Tooling factor determination of the Kurt J. Lesie®V 75 Deposition System
for the deposition of Au, and Ni thin films

In this work, a Kurt J. Lesker PVD 75 Depositioys&m (Lesker PVD 75) was used
to deposit metal thin flms on Mg-doped GaN, and dbgped AlGa.xN. The Lesker
PVD 75 available in the clean room, in Grigg HallUNC Charlotte, has the capacity to
process samples as small as 53ntmree 100 mm wafers, or a single 150, 200, or 300
mm wafer. The deposition of thin films of metalsashieved either via thermal, or
electron-beam (e-beam) evaporation. In the casleenial evaporation, a filament heats

the crucible that holds the source material, and itence useful for the evaporation of
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low evaporation point sources and elements, or @hsnsuch as Al, and Sn that tend to
form alloys and “wet” crucibles, or Fe, whose evapon by means of e-beam is
characterized by turbulent convention in the maelolpthat leads to undesirable heat
losses. In the case of e-beam evaporation, a s@hsated and boiled off by an electron
current that is attracted to the crucible by a higiitage, and whose trajectory is
controlled by a magnetic field. E-beam evaporatisra preferred method for the
evaporation and deposition of high melting poietheénts such as Au, and Ni.

As shown in Figure 69, the physical location oé ttrystal oscillator deposition
monitor (crystal oscillator) differs from the phgal location of the sample onto the
sample holder; thus, the thickness of the thin dildeposited on the sample and the
crystal oscillator are different.

Fosition of the e-beam

B crystal oscillator
ey || deposition monitorc

= =
| Position of the o-beam
EVEpOration source

Figure 69: Interior of the D-chamber of the KurtLésker PVD 75 Deposition System
used in this work. Note the different locationofstal oscillator, and the sample.



109

Since the crystal oscillator is placed much closerthe location of the e-beam
evaporation source, as shown in Figure 70, théiless of the thin film deposited onto
the crystal oscillator will be larger than the #mess of the thin film actually deposited

onto the sample.

wrvotal nonillatoe
el Farida bl

deposition moenitere

Figure 70: Interior close-up of the D-chamber af #urt J. Lesker PVD 75 Deposition
System used in this work. Note the location of ¢hestal oscillator with respect to the
position of the e-beam evaporation source.

Hence, it is necessary to determine the toolingofaovhich is defined as the ratio
between the film thicknesses on the sample andrifstal oscillator, and it is given by

T

F=-—1m jon 44
T Edy

whereF is the tooling factorT is the actual thickness of the thin film of metaposited

onto the sample, and is the thickness of the thin film of metal as d&fel onto and
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measured by the crystal oscillator. A tooling faci61.0 implies that the sample and the
crystal oscillator received the same deposit theskn a tooling factor larger than 1.0
implies that the sample received a thicker degbai the crystal oscillator does, whereas
a tooling factor smaller than 1.0 implies that Haenple receives a thinner deposit than
the sensor did.

In order to determine the value of the toolingdaavith a given evaporation source,
trial deposition of metals must be conducted onasked samples, featured with sharp
steps created by means of lift-off, and the adtiakness of the former determined by a
precision measurement tool. In this work, the thedses of the trial deposition steps
were determined with an error margin of 1 nm wité &id of a Taylor-Hobson TalyStep
profilometer (courtesy of the Center for PrecisMetrology at UNC Charlotte).

5.2.1. Preparation of masked samples for metal depoditials with the Kurt J.
Lesker PDV 75 Deposition System

Samples having a dimension of T imere obtained by dicing 4-inch Si (111) wafers,
stripped of native oxide with a 20 minute bath uffér oxide etch (BOE), and rinsed in
cascading de-ionized water (DL®) for 20 minutes. The samples were then subjdcted
a surface cleaning treatment according to thevietig procedure:

1) Clean glassware and metal tweezers:

a. Sonication with Naugra sonicator (power level 9ptcetone for 2 minutes
at a temperature of 35 °C.
b. Sonication with Naugra sonicator (power level 9) Nethanol for 2

minutes at a temperature of 35 °C.
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c. Rinse under DI-BED stream (18 M2), and then rinse in cascading D}&H
(18 MQ) for 5 minutes, and dry samples with.N
2) Clean samples:
a. Sonication with Naugra sonicator (power level age up in Acetone for 5
minutes at a temperature of 35 °C.
b. Sonication with Naugra sonicator (power level 8ge up in Methanol for
2 minutes at a temperature of 35 °C.
c. Rinse DI-H0 stream (18 MR), and then rinse in cascading D}eH(18
M Q) for 15 minutes, and dry samples with. N
5.2.1.1.Masking and Patterning
The 1-irf Si (111) test structures were spin-coated with &.5-m thick layer of
Microposit 1813 positive photoresist (photoresittgn patterned using an LED mask,
whose details are shown in Figure 71, and an uttietv(UV) photolithographic process

controlled by a Quintel Q 4000-6 1:1 contact mdgknanent system.

/—‘ 200 um
—

ANgnng

AN gang

A A f}/—‘ 40 pm

Figure 71: Detail of the LED mask used to pattein®Si (111) test structures.

Patterns were finally developed with Microposit 3ad@sitive photoresist developer

(developer) according to the following procedure:
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1) Spin-coat Microposit 1813 positive photoresist usinBrewer Science Cee 200

High Speed Spin Processor with the following paranse
a. 3000 RPM spin rate
b. 70 second spin time frame.

2) Soft-bake photoresist-covered sample on a quask glaced on a hot plate at a
temperature of 11%C for 70 seconds.

3) Align mask to photoresist-covered samples usingiat® Q 4000-6 1:1 contact
mask alignment system, and expose photoresist téay with a total UV dose
of 120 mJ/crh

4) Develop photoresist using 100 ml solution prepavéd Microposit 354 positive
photoresist developer, and DL®H(18 MQ) with a 1:1 ratio for 70 seconds.

5) Rinse under DI-H20 stream (18 ®), and then rinse in cascading D}H(18
M Q) for 5 minutes, and dry samples with. N

5.2.1.2. Au film deposition, and determination elfative tooling factor
Masked and patterned test structures were useddéodéposition of Au thin films
with an increasing thickness as indicated in TdbMhich also indicates the value for the
pressure in the D-chamber of the Lesker PVD 75 easored at the beginning and the
end of the Au thin film deposition, and the value the thickness of each of the as-

deposited Au thin films as determined by the ciyssaillator “Sigma 242”.
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Table 4: Au deposition of Si (111): D-chamber puesssettings, and Au thin film
thickness as measured by the crystal oscillatoosigpn monitor (Sigma 242).

D-Chamber Pressure Siama 242

Sample | Sample Pchamber(tOrT) r? ka
Number ID Thickness

Beginning End (KA)

1 AuSi100 1.40x19 2.70x10’ 0.561

2 AuSi200 1.40x19 1.80x10° 1.113

3 AuSi400 1.70x19 2.40x10° 2.240

4 AuSi800 8.10x18 2.10x10’ 4.456

The thicknesses of each of the Au thin films dejgason Si (111) were determined with
the aid of a TalyStep profilometer with a +/- 1 pnecision, and data was used in Table 5

to determine the tooling factor of the Lesker PV 7

Table 5: Au thin film deposition on Si (111): detenation of the tooling factor of the
Lesker PVD 75.

Au Thin Film Thickness
sompe | e = stey | el
Sigma 242 TalyStep
1 AuSi100 56.1 3.428 0.117 6.111%
2 AuSi200 111.3 10.670 2.352 9.587%
3 AuSi400 224.0 23.798 3.583 10.624%
4 AuSi800 445.6 52.083 2.982 11.688%

Figure 72 shows the graph of the thicknesses ofththin film deposited on Si (111) as
measured by the crystal oscillator (Sigma 242) gned TalyStep profilometer, and the

tooling factor as a function of Au thin film thic&ss.
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Kurt J. Lesker PVD 75
An Deposition on Si{111) - Tooling Factor

500.0

—+— Lesker J. Kurt PVD 75 (Sigma 242)
450.0 4— —=— TalyStep (Profilometer)

Tooling Factor

400.0

350.0

300.0

250.0
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200.0
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Sample Number

Figure 72: Thicknesses of Au thin film depositedSi(111), as measured by the crystal
oscillator deposition monitor (Sigma 242) and thalyBtep profilometer, and the
determined tooling factor.

5.2.1.3. Ni film deposition, and determination effative tooling factor
Masked and patterned test structures were usechéodeposition of Ni thin films
with an increasing thickness as indicated in T&bMhich also indicates the value for the
pressure in the D-chamber of the Lesker PVD 75 easored at the beginning and the
end of the Au thin film deposition, and the value the thickness of each of the as-

deposited Au thin films as determined by the ciyssaillator “Sigma 242”.
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Table 6: Ni deposition of Si (111): D-chamber pugsssettings, and Ni thin film
thickness as measured by the crystal oscillatoosigpn monitor (Sigma 242).

D-Chamber Pressure Siama 242

Sample | Sample Pchamber(tOIT) r? ka
Number ID Thickness

Beginning End (KA)

1 NiSi100 1.70x10 1.60x10° 0.560

2 NiSi200 1.30x10 2.00x10° 1.119

3 NiSi400 1.60x10 2.30x10° 2.229

4 NiSi800 2.00x10 8.10x10° 4.446

The thickness of each of the Au thin films depabsiom Si (111) were determined with

the aid of a TalyStep profilometer with a +/- 1 pnecision, and data was used in Table 7

to determined the tooling factor of the Lesker P¥®

Table 7: Ni thin film deposition on Si (111): detenation of the tooling factor of the
Lesker PVD 75.

Au Thin Film Thickness

sampe | sl ) ey | Tl
Sigma 242 TalyStep

1 NiSi100 56.0 11.714 1.458 20.918%

2 NiSi200 111.9 18.582 2.579 16.606%

3 NiSi400 222.9 33.259 2.729 14.921%

4 NiSi800 444.6 68.035 3.195 15.302%

Figure 73 shows the graph of the thicknesses oNthhin film deposited on Si (111) as
measured by the crystal oscillator (Sigma 242) gned TalyStep profilometer, and the

tooling factor as a function of Au thin film thic&ss.
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Kurt J. Lesker PVD 75
Ni Deposition on 8i(111) - Tooling Factor
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Figure 73: Thicknesses of Ni thin film deposited®in111), as measured by the crystal
oscillator deposition monitor (Sigma 242) and thalyBtep profilometer, and the
determined tooling factor.

5.2.1.4. Metal Lift-off Patterning
By using a metal lift-off patterning technique, tphotoresist under the blanketed
metal thin film is removed with solvent, taking timetal thin film with it, and leaving the
areas of the metal thin film that was depositecdbdhe surface of the Si (111) sample.
The metal lift-off patterning procedure is the éoling:
1) Clean glassware and metal tweezers:
a. Sonication with Naugra sonicator (power level 9), Acetone for 2

minutes at a temperature of 35 °C.
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b. Sonication with Naugra sonicator (power level 9), Methanol for 2
minutes at a temperature of 35 °C.
c. Rinse DI-H0 stream (18 M), then rinse in cascading D61 (18 MQ)
for 5 minutes, and dry samples with.N
2) Sonicate samples:
a. Sonication with Naugra sonicator (power level age up in Acetone for 2
minutes at a temperature of 35 °C.
b. Rinse DI-HO stream (18 MR), then rinse in cascading D61 (18 MQ)
for 2 minutes, and dry samples with.N
Figure 74 shows the result of a successfully cotetldft-off patterning of a test
structure consisting of a patterned Au thin film®in(111); moreover, a control structure
consisting of a patterned Ni thin film on Si (11i9ed to validate the lift-off process for
the fabrication of the kind of metal semiconduatoetal (MSM) structure used in this

work is shown.

(a), ~(b)

Figure 74: (a) Test structure consisting of a pa&ée Au thin film on Si (111), and (b) a
control structure used to validate the lift-off pess used to fabricate the kind of metal
semiconductor metal (MSM) structure used in thiskwor
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5.3. Fabrication of Ni-Au Ohmic contacts to Mg:doped Ga ALGa . xN
Ni-Au Ohmic contacts to samples of Mg-doped GaN &idGa.xN having a
dimension up to 1 cfiwere fabricated using the following procedure:
1) Clean glassware and metal tweezers:
a. Sonication with Naugra sonicator (power level 9Atetone for 5 minutes
at a temperature of 35 °C.
b. Sonication with Naugra sonicator (power level 9) Ntethanol for 5
minutes at a temperature of 35 °C.
c. Rinse under DI-ED stream (18 M2), and then rinse in cascading D}&H
(18 MQ) for 20 minutes, and dry samples with. N
2) Clean samples:
a. Sonication with Naugra sonicator (power level age up in Acetone for 5
minutes at a temperature of 35 °C.
b. Sonication with Naugra sonicator (power level axe up in Methanol for
2 minutes at a temperature of 35 °C.
c. Rinse under DI-ED stream (18 M2), and then rinse in cascading D}&H
(18 MQ) for 20 minutes, and dry samples with. N
3) Mask and pattern samples:
a. Spin-coat with a ~1.5 pum thick layer of MicroposiB1B positive
photoresist (photoresist) by using a Brewer Scigbee 200 High Speed
Spin Processor with the following parameters:
i. 3000 RPM spin rate.

il. 70 second spin time frame.
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b. Soft-bake photoresist-covered sample on a quask pliaced on a hot
plate at a temperature of 116 for 70 seconds.

c. Align MSM/CTLM mask to photoresist-covered samplesigsa Quintel
Q 4000-6 1:1 contact mask alignment system, andsxphotoresist to
UV lamp with a total UV dose of 120 mJ/ém

d. Develop photoresist using 100 ml solution prepaséti Microposit 354
positive photoresist developer, and DJBH18 MQ) with a 1:1 ratio for
70 seconds.

e. Rinse under DI-KO (18 MQ) stream, and then rinse in cascading RO-H
(18 MQ) for 5 minutes, and dry samples with.N

f. Descum in oxygen plasma for 20 seconds at 50W.

g. Dip in solution of 37% HCI + 63% DI-}0 (18 MQ) for 5 minutes, rinse
under DI-HO (18 MQ) stream, then rinse in cascading DIBH18 MQ)
for 5 minutes, and dry samples with, Nand place the sample(s) under
vacuum in the D-chamber of the Lesker PVD 75.

4) Ni deposition on patterned samples:

a. Begin the deposition of 100 A of Ni when the presss a D-chamber of
the Lesker PVD 75 is below 2.0x1@orr. Use the following recipe from
the recipe database of the Lekser PVD 75:

i. EB_Recipe_ TP_Stokes_ Ni_100A.
1. The sequence of commands included in the recipe

“EB_Recipe_TP_Stokes_Ni_100A” is shown in Figure 75
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21 Sigma
12 Rigma
23 Rigma
4 Power Supply
13 Power Supply
6 Power Supply
Power Supply
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i Recipe
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Turn On'Open'Cpening
Turn_ O Closed Closing
Turn_ OffClosed Closing

™ Seconds (moor HH:MM :55%

"Informative Meszape”

Order | FEquipment | Equipment Ref Ciperation Valus
1 Recipe 34t Abort Recipe Abort Doposition

2 Power Supply Cru Pos 1 Turn_ OffClosed Closing

i Power Supply Cru Pos 2 Turn_ O Closed Closing

4 Power Supply Cru Pos 3 Turn_ OffClosed Closing

3 Power Supply Cr Pos 4 Turn OFCosed Closing

G Recipe Pwell 5 Seconds

7 Gauge Wide Ramge Gauge PO Check Presswre <= n.nn R ]
B Melotors Flatem Motor On Turn_On'Open/'fpening

9 Recipe Dweell 5 Seconds

1o Mfotors Flaten Motor Jog Velocity 3P ot Value = n.nn 0

11 Motors Flatem Moter Go Continwous + Turn On'Open'Cpening

12 Melotors Flatem Motor Velociny Check Value = n.nn 9

13 Rigma Sigma Shutter Deposin Mapping 1 Set Value = n.nn It

14 Recipe Dwell 5 Seconds

13 Recipe Frause "Informative Meszape” Select Proper Sweep for Nickel
16 Power Supply Cru Pos 3 Turn On'Open'Cpening

17 Imprurs Crucible In Positon 3 Check OnOpenOpening

18 Power Supply EB Orff Turn_ O Closed Closing

19 Power Supply EB On Turn_On/Open/'Cpening

0 Power Supply Ebeam Cuthack Check OffiClosed CLosing

Stokes Ni 1004

10600
Wait Tome for Syvatem o Cool

Figure 75: The sequence of commands included inettipe used to deposit a 100 A
thick Ni film (EB_Recipe_TP_Stokes_Ni_100A).

b. The process called by the recipe “EB_Recipe_ TP &Stddi_100A” is

named “Stokes_Ni_100A”, and its details are shawRigure 76:

i. The deposition rate (SetPt) is set to 0.5 A/s.

ii. The final thickness of the Ni film to be deposiietet to 0.478 K

A, based on the relative tooling factor shown igufe 73.
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Figure 76: Screen shot showing the details of tloegss “Stokes Ni_100A”, which is
called by the recipe “EB_Recipe_TP_Stokes Ni_100dte the deposition rate (SetPt)
which is set at 0.5 A /s, and the final thicknekthe Ni film to be deposited, which is set
to 0.478 kA, based on the tooling factor of theksePVD 75 for Ni deposition.

iii. The details of the film recipe (StokesNi100A) cdlley the process
named “Stokes Ni_100A” are shown in Figure 77:
1. PID controller settings.
2. E-beam power pre-deposition, and post-deposition
conditions.
3. Metal source, and max e-beam power allocated.

4. Error controls.
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Figure 77: Screen shot showing the details of itherecipe (StokesNi100A) called by
the process named “Stokes_Ni_100A". (a) PID coldraettings, (b) e-beam power pre-

deposition, and post-deposition settings, (c) mstalce, and max e-beam power
allocated, and (d) error controls.

5) Au deposition on patterned samples:
a. Following the deposition of 100 A, begin the degiosi of 100 A of Au
when the pressure is a D-chamber of the Lesker P¥3 below 2.0x10

torr. Use the following recipe from the recipe detse of the Lekser PVD

75:
i. EB_Recipe_ TP_Stokes_Au_100A.
1. The sequence of commands included in the recipe

“EB_Recipe_TP_Stokes_Au_100A” is shown in Figure 78
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Figure 78: The sequence of commands included irrgbipe used to deposit a 100 A

thick Au film (EB_Recipe_TP_Stokes_Aul00A).

b. The process called by the recipe “EB_Recipe_ TP &Stoku_100A” is

named “Stokes_au_100A”, and its details are showkigure 79:

i. The deposition rate (SetPt) is set to 1 A/s.

ii. The final thickness of the Ni film to be deposiietet to 1.636 K

A, based on the relative tooling factor shown igufe 72:
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Figure 79: Screen shot showing the details of tloegss “Stokes_Au_100A”, which is
called by the recipe “EB_Recipe_TP_Stokes Au_100gte the deposition rate (SetPt)
which is set at 1 A /s, and the final thicknesshef Ni film to be deposited, which is set
to 1.636 kA, based on the tooling factor of thekeedPVD 75 for Au deposition.

iii. The details of the film recipe (StokesAulOOA) cdlley the
process named “Stokes_Au_100A” are shown in Fig0re
1. PID controller settings.
2. E-beam power pre-deposition, and post-deposition
conditions.
3. Metal source, and max e-beam power allocated.

4. Error controls.
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Figure 80: Screen shot showing the details of ilne fecipe (StokesAul00A) called by

the process named “Stokes_Au_100A". (a) PID colaratettings, (b) e-beam power

pre-deposition, and post-deposition settings, (ejamsource, and max e-beam power
allocated, and (d) error controls.

6) Ni-Au Lift-off patterning:
a. Clean glassware and metal tweezers:
i. Sonication with Naugra sonicator (power level 8)Acetone for 2

minutes at a temperature of 35 °C.

il. Sonication with Naugra sonicator (power level 8)Methanol for
2 minutes at a temperature of 35 °C.

lii. Rinse under DI-BD (18 M water stream, and then rinse in
cascading DI-ED for 5 minutes, and dry samples with. N

b. Sonicate samples:
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Sonication with Naugra sonicator (power level 3¢cd up in
Acetone for 2 minutes at a temperature of 35 °C.
Rinse under DI-pD stream (18 M2) then rinse in cascading DI-

H,0 (18 MQ) for 2 minutes, and dry samples with.N

7) Ni-Au Anneal:

a. Anneal in (80% N+ 20% Q) environment, at a temperature of 650 °C for

10 minutes by means of Surface Science Integrg&®l) Solaris 150

rapid thermal processing system:

The sequence of commands included in the recipe

“GaN_650_N202" used in this work is shown in Fig8de

Step# | Cperstion | Contml Temp | Remp RateSsp Time | REM/ntensity | Crtral Thevies | Nitmgen | AnOwyaen | DVelue | PVaune | 1Vake [TRIP [ R| 110
Purge oo i) 00 Tracy TC 4 1.5 oo o ] 2.0 0.0 Xy
Ramp Lp 6300 5.0 400 Tracy TC €4 14 0. 0 Lo 1000 1000 1000
3 Hold 5500 6000 67 Tracy TC €4 14 0. 000 Z00 1000 1000 100.0
4 famp Low Tee] E) 4 Iracy U .4 1. u uu L ou uu e
5 Finih 100.0 10.0 0.0 Tracy TC €4 1.5 0.0 0.0 e 20 oo oo

Figure 81: The sequence of commands included inr¢bge used to anneal Ni-Au
contacts to Mg-doped GaN, and@k 4N (GaN_650 N202).

Figure 82 shows a screen shot of the “Solaris Riidee®s Page”
with the details of the anneal process used inlugk to obtain
Ohmic contacts to Mg-doped GaN ang®é xN.
1. Recipe, and Calibration files.
2. Over-temperature Setpoint, Power Limit, and PowiemitL
Time.
3. Purge Mass Flow Controller (MFC) set point, Learn klod

and Thermocouple (TC) selection.
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Figure 82: A screen shot of the “Solaris RTP Predeage” with the details of the anneal
process used in this work to obtain Ohmic contactdg-doped GaN and &Ga «N.

lii. The temperature profile of the anneal process us#us work to
obtain Ohmic contacts to Mg-doped GaN angGs «N is shown

in Figure 83.
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Figure 83: Temperature profile of the anneal preeesd in this work to obtain Ohmic
contacts to Mg-doped GaN and&k xN.

Figure 84 shows a set of micrographs of test sirast consisting of Ohmic Ni-Au
contacts (MSM test structures) fabricated onto Mg-dop& 3/ GasdN (PARC), that
were used in this work. Moreover, Figure 84 documehe three crucial steps of the
fabrication process, and the effect of anneal enctintact morphology: 1) patterning by

means of photolithography, 2) metallization, an@)eal.



Figure 84: Ohmic Ni-Au MSM test structure fabricated Mg-doped AJ3/GayedN
(PARC): (a) patterning by means of photolithograpfin) Ni-Au metallization, and (c)
Ni-Au MSM test structure annealed for 10 minutes %@ 6C in a (80% B/ 20% Q)
environment.

Figure 85 shows a graph of the |-V characteristioves determined by probing Ni-
Au CTLM control structures, with a gap spacing vagyfrom 5 pum to 45 um, fabricated
in parallel with the Ni-Au MSM test structures shovwm Figure 84. Such |-V

characteristic curves were determined both befodeadter the anneal process.
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Figure 85: I-V characteristic curves determined fopbing Ni-Au CTLM control
structures having a gap spacing varying from 5 pm3 um, fabricated on Mg-doped
Al 3/Gay e\ before and after the anneal process. These NGAUM control structures
were fabricated in parallel with the Ni-Au MSM testustures shown in Figure 84.
Figure 86 shows a set of micrographs of test sirast consisting of Ohmic Ni-Au
contacts (MSM test structures) fabricated onto Mg-dopaN (TDI), that were used in
this work. Moreover, Figure 86 documents the thraecial steps of the fabrication

process, and the effect of anneal on the contacpmotogy: 1) patterning by means of

photolithography, 2) metallization, and 3) anneal.
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Figure 86: Ohmic Ni-Au MSM test structure fabricatea Mg-doped GaN (TDI): (a)
patterning by means of photolithography, (b) Ni-Awetallization, and (c) Ni-Au MSM
test structure annealed for 10 minutes at 650 &€ (B0% N / 20% Q) environment.

Figure 87 shows a graph of the |-V characteristiocves determined by probing Ni-
Au CTLM control structures, with a gap spacing vagyfrom 5 pm to 45 um, fabricated
in parallel with the Ni-Au MSM test structures showm Figure 86. Such |-V

characteristic curves were determined both befodeadter the anneal process.
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Figure 87: |-V characteristic curves determined fmpbing Ni-Au CTLM control
structures having a gap spacing varying from 5 pm3 um, fabricated on Mg-doped
GaN (TDI), before and after the anneal processs@idi-Au CTLM control structures
were fabricated in parallel with the Ni-Au MSM testustures shown in Figure 86.

8) Packaging:

Upon the successful fabrication of Ohmic contastMy-doped GaN and gBa N,
samples were secured onto TO5 headers, and wirdedass shown in Figure 88. The
TO5 header was chosen because it could be easityraodated within the cavity of a
heat sink, and also because it allowed a safe,rapid exchange of the various test
structures during the experiment. In addition, T header and the heat sink were
mounted on a micro positioner, and this configoratllowed the maximization of the
signal with respect to the relative position of thst structure and the OPO/OPA beam

(Figure 89).
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Figure 88: Diagram schematics showing a packagedteicture used in this work.

Figure 89: (a) Packaged test structure accommodiatide cavity of a micro positioning
optical mount, (b) (c) and details of the cavity.
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5.4. Test Bed Setup
The investigation of the Mg-doped GaN angd@sd «N test structures was carried out

with the unique testing system illustrated by tbleesnatics shown in Figure 90.

 Fi . -
. [T el
1 1 p— - DEESERE: Foho
alww b Maescad A
— — = —_—
YAG Outpurt Turahle Cutput Ga T-Amn
RS 232 GPIB

RS 232

LaserVision® Interfaced PC LabVIEW® Interfaced PC

Figure 90: Schematic diagram of the testing systsed to investigate the Mg-doped
GaN AkGa xN test structures.

A Q-switched Nd:YAG laser (Powerlite 8000, Continuum, Santa Clara, CA)
operating at 1064 nm, and generating 3 ns pulsesuged to pump an Optical Parametric
Oscillator/Optical Parametric Amplifier (OPO/OPAystem (LaserVision, Bellevue,
WA) as shown in Figure 91. The pulse energy outputhe Nd:YAG laser, was
maintained at a constant value of 500 mJ. The OP®@/Qontrolled by LaserVision
software, converted the fundamental wavelengtihh®MNd:YAG laser into a continuously
tunable infrared wavelength by means of non-linearametric processes. And in our
experiments, the output wavelength of the OPO/OPas wystematically tuned with

constant wavelength increments in the Near Infraaede 710 nm to 890 nm (1.75 eV to
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1.40 eV), Intermediate Infrared range 1300 nm t802Am (950 meV to 585 meV), and
Mid Infrared range 2150 nm to 5000 nm (577 meV t8 g&V). A wafer of electronic
grade crystalline Ge crystal (1” in diameter) wagdito block any accidental output of
visible radiation coming from Q-switched Nd:YAG, ai the OPO/OPA was

systematically tuned in the Near Infrared range.

Figure 91: (a) Q-switched Nd:YAG laser (Powefli8000, Continuum) used to pump an
(b) Optical Parametric Oscillator/Optical ParametAmplifier (OPO/OPA) system
(LaserVision, Bellevue, WA), whose details are shamw/(c) and (d).

Transient photocurrent was collected and conveudeal transient voltage signal by a 10
kHz — 5 MHz transimpedence amplifier (Puppy PreRmplectrosolutions, Flemington,
NJ). During each single test, the power irradiatimgtest structures was determined with

an infrared pulse energy meter (Orion PE25Sh Pgotet Detector, Ophir Optronics,
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MA) and the relative data were collected with the ai the digital oscilloscope above
mentioned. An instrument control computer programbl/IEW®, National Instruments,
Austin, TX) was specifically written to interfacedttv both the LaserVision software and
the digital oscilloscope (Model 3054B, Tektronix,aerton, OR) , and also to download
the data from the oscilloscope to a personal coempirS232, and GPIB connections
were used to interface the digital oscilloscope apeérsonal computer.

When conducting temperature dependant Infrared oghiotent spectroscopy,
packaged samples were accommodated within theycatita cryogenic cold finger
(Cryogenic Control Systems, Rancho Santa Fe, CAjtralled by a temperature
controller (Cryo-con 32, Cryogenic Control SysteRancho Santa Fe, CA), as shown in

Figure 92. Typical temperature dependant Infrardmtgcurrent spectroscopy was

conducted in the temperature range 77 °K to 300 °K.

Figure 92: (a) Cryogenic cold finger and relatieenperature controller used to conduct
temperature dependant Infrared photocurrent spadpy in this work. Details of the
cold finger cavity are shown in (b) and (c).
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For the investigation of the effects on forward reat and light output from
commercial ultraviolet lll-nitride LEDs, under IRtimulation provided by the YAG

pumped OPO/OPA system, the test bed set showrgurd-B0 was modified as shown in

Figure 93.

Dugstal Decallozcope 2
LabVIEW® Interfaced PC 2 . )

— ]

e S ] o
A ] rrr;

Wavelength Scanner

1064am M4 T AG Laser OPOMOPA Syetem Crypostal - Sample
-- -
A -
YAG Output Tunable Oumput
Ag TR T T R
LED Power Supply
BE 232
Temperature Confroller
v
e
S g

™ ) )
Dugital Ozcalloscope 1

LabVIEW® Interfaced PC 1

Figure 93: Schematic diagram of the testing sysised to investigate from commercial
ultraviolet lll-nitride LEDs, under IR stimulatiorprovided by the YAG pumped

OPO/OPA system.

Commercial UV LED dice (365 nm — Nitride Semiconttus Co., LTD Japan) were

secured onto TO18 headers, and wire bonded as shdvwgure 94.
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Figure 94: Details of the UV LED packaging

Packaged UV LEDs were positively biased with a tamispositive voltage, and
systematically excited with IR radiation in the M@ range (2150 nm to 5000 nm).
During each single test, the power irradiating téeg structures was determined with an
infrared pulse energy meter (Orion PE25Sh PyroeteDietector, Ophir Optronics, MA)
and the relative data was collected with the aica afigital oscilloscope (Model TDS
524A, Tektronix, Beaverton, OR). An instrument cohtomputer program (LabVIEW
National Instruments, Austin, TX) was specificallyritten to interface with the
LaserVision software, the photo multiplier tube (Mb&pectraPro 275, Acton Research
Corporation, Princeton Instruments, Trenton, N3)d éhe stepping motor wavelength
scan controller (Model SpectraDrive, Acton Resear€orporation, Princeton
Instruments, Trenton, NJ) to a personal comput&232, and GPIB connections were
used to interface the digital oscilloscope andragreal computer.

When conducting temperature dependant Infrared oghiotent spectroscopy,
packaged samples were accommodated within theyca¥ita cryogenic cold finger

(Cryogenic Control Systems, Rancho Santa Fe, CAjtralled by a temperature
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controller (Cryo-con 32, Cryogenic Control SysteRancho Santa Fe, CA), as shown in
Figure 92.

5.5. Origin of Mg-doped GaN, and Mg-doped,&la xN samples

A set of llI-nitride films were grown by Honeywelia MOCVD (Honeywell Labs,
Minneapolis, MN), on an AIN buffer layer (0.05 umdkyj, on c-plane sapphire; three
kinds of films were provided: Mg-doped GaN (3.5 pumck), Mg-doped Ad,0Gay.soN
(3.6 pum thick), and Mg-doped MGasdN (0.71 pum thick). Film thickness was
determined by a Perkin EImer Lambda 19 spectropheter. Annealing of the lll-nitride
films was conducted at 90@ for two minutes. Sheet resistance, mobility aadier
concentration were determined with a Leihighton-nontact resistivity system, and an
in-house built Hall system respectively. Mg-dopedo Gasd)N and Mg-doped
Alos51Gay 4N films resulted to be highly resistive, while Mgpal GaN was determined
to have B=10.9 KOhm/crfi, mobility = 11 cn¥/V-s, and a carrier concentration of
1.60x10" cm-3. Lesker PVD 75.

Highly resistive samples of Mg-doped oAGaysdN (200 nm thick) grown by
MOCVD on freestanding c-plane AIN substrate (epitexy CIS 0314 of 06/24/08), Mg-
doped Ab1:GaysdN grown on AIN buffer/c-plane sapphire substrated aMg-doped
Al 3sGayedN (980 nm thick) MOCVD grown (PARC B3566) on commalcAlGaN
template (TDI HVPE-grown 2 pn u-GaN on c-plane $a@) were made available by
Crystal IS (Crystal IS, Green Island, NY), Epitexp(TEX Advanced Materials and
Devices, University of Texas at Austin), and PAR@rox Palo Alto Research Center,

Palo Alto, CA), respectively. Additional samplelsMg-doped GaN grown on c-plane



140

sapphire were provided by ATMI (ATMI, Danbury, Ca@hd TDI (Technologies and
Devices International, Inc., Silver Spring, MD).
5.5.1. IV Characterization of Mg-doped GaN, and Mg-dopegd>&, N test
structures
IV characterization of Mg-doped GaN, and Mg-dopedGal«N test structures is

listed in Table 8.

Table 8: IV Characterization of Mg-doped GaN, and déged AlGa . «N test structures.

Figure Test Structure
Figure 95 Honeywell Mg-doped M Gay 4N [4a]
Figure 96 Honeywell Mg-doped M Gay 4N [1]
Figure 97 Honeywell Mg-doped M Gay 4N [3]
Figure 98 Honeywell Mg-doped M Gay 4N [6]
Figure 99 Crystal IS Mg-doped AGay sdN [1]
Figure 100 Crystal IS Mg-doped ALGay sdN [2]
Figure 101 Honeywell Mg-doped MdGay sdN [3]
Figure 102 Honeywell Mg-doped MdGay sdN [4]
Figure 103 Epitex Mg-doped MGa s [2]
Figure 104 Epitex Mg-doped MGa s\ [3]
Figure 105 Honeywell Mg-doped GaN [1]
Figure 106 Honeywell Mg-doped GaN [6]
Figure 107 ATMI Mg-doped GaN [1]
Figure 108 ATMI Mg-doped GaN [7]
Figure 109 TDI Mg-doped GaN [1]
Figure 110 TDI Mg-doped GaN [2]
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CHAPTER 6: RESULTS

In this chapter, infrared photocurrent spectrapaesented from a variety of GaN and
Al,Ga 4N test structures, and the effects on forward atrend light output from
commercial ultraviolet Ill-nitride LEDs under IR-&diation are reported.

6.1. Infrared Photocurrent Spectra from Mg-doped 8Ba) 49\ Test Structures

Figure 111 shows the high resolution plot (0.5 niepk of the IR photocurrent
response of a Ni/Au MSM test structure (MSM 4a) faltedeon Honeywell, Mg-doped
AlosGay 4N (“normalized” for each wavelength by the pulsergy at that wavelength),
and the optical power output available for IR ogtisumping provided by the OPO/OPA
system in the Intermediate IR range (1350 nm to018@n). A peak in the IR
photocurrent response is observed at ~1450 nm (&85, which is independent of the

peak of the OPO/OPA system’s power output located 820 nm (~816 meV).



158

Foneywedi - 35% Al MgiAfia™ - 3155 [4a]

FhashoCurrenl - Ermgy Falio, Bsea (AT

O0E+00 0.
1395 1445 1495 1545 1595 TS 16495 1745 1745

“Wavelength, L (nm}

Figure 111: High resolution (0.5 nm step) plotlod iR photocurrent response of a Ni/Au
MSM test structure (MSM 4a) fabricated on Honeywell, dbped AbsGayadN
(“normalized” for each wavelength by the pulse ggeat that wavelength), and the
optical power output available for IR optical pumgiprovided by the OPO/OPA system
in the Intermediate IR range (1350 nm to 1800 nM)eak in the IR photocurrent
response is observed at ~1450 nm (~855 meV), whiahdependent of the peak of the
OPO/OPA system’s power output located at ~1520+8d¢ meV).

Figure 112 shows the “raw” (not “normalized”) higésolution plot (0.5 nm step) of
the IR photocurrent response of a Ni/Au MSM testcitne fabricated on Honeywell,

Mg-doped AbsGaadN, and the optical power output available for IRicgd pumping

provided by the OPO/OPA system in the Intermedi&teange (1350 nm to 1800 nm).
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Figure 112: High resolution (0.5 nm step) plot bé t‘raw” (not “normalized”) IR
photocurrent response of a Ni/Au MSM test structukdSN 4a) fabricated on
Honeywell, Mg-doped Als:Ga 49\, and the optical power output available for IRicgl

pumping provided by the OPO/OPA system in the inegfiate IR range (1350 nm to
1800 nm).

Figure 113 shows the high-resolution plot (0.5 riep) of the IR photocurrent
response of a Ni/Au MSM test structure (MSM 4a) faltedeon Honeywell, Mg-doped

AlosGa 4N (“normalized” for each wavelength by the pulsergy at that wavelength)

shown in Figure 111.
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Figure 113: High-resolution plot (0.5 nm step) bétIR photocurrent response of a
Ni/Au MSM test structure (MSM 4a) fabricated on Honelywdg-doped Abs/Gay g\
(“normalized” for each wavelength by the pulse ggeat that wavelength) shown in

Figure 111.

Figure 114 shows the curve fitting of the obserpedk of the high-resolution plot

(0.5 nm step) of the “normalized” IR photocurreesponse of a Ni/Au MSM test

structure (MSM 4a) fabricated on Honeywell, Mg-dopgddsGay 4N shown in Figure

113.
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Figure 114: Curve fitting (polynomial) of the peaksponse observed in the high-
resolution plot (0.5 nm step) shown in Figure 113.

Figure 115 shows the high-resolution plot (0.5 nteps of the “raw” (not
“normalized”) IR photocurrent response of a Ni/Au MSest structure (MSM 4a)

fabricated on Honeywell, Mg-doped AbGa 4N shown in Figure 112.
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Figure 115: High-resolution plot (0.5 nm step) bk t“raw” (not “normalized”) IR
photocurrent response of a Ni/Au MSM test structukdSN 4a) fabricated on
Honeywell, Mg-doped Als:Ga 49\ shown in Figure 112.

Figure 116 shows the plot (5 nm step) of the IRtptwarrent response of other Ni/Au
MSM test structures (MSM 1, 3, and 6) fabricated on déywrell, Mg-doped
AlosGay 4N (“normalized” for each wavelength by the pulsergy at that wavelength),
and the optical power output available for IR ogitisumping provided by the OPO/OPA
system in the Intermediate IR range (1350 nm td210). Peaks in the IR photocurrent
responses are observed at ~1430 nm (~867 meVghvane independent of the peak of

the OPO/OPA system’s power output located at ~1BAFE~816 meV).
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Figure 116: Plot (5 nm step) of the IR photocurnasponse of other Ni/Au MSM test
structures fabricated on Honeywell (MSM 1, 3, and B)g-doped AbsGaysdN
(“normalized” for each wavelength by the pulse gyeat that wavelength), and the
optical power output available for IR optical pumgiprovided by the OPO/OPA system
in the Intermediate IR range (1350 nm to 2100 nRyaks in the IR photocurrent
responses are observed at ~1430 nm (~867 meVghwhiindependent of the peak of
the OPO/OPA system’s power output located at ~IBAFE~816 meV).

Figure 118 shows the curve fitting of the obserpedks in the plot (5 nm step) of the
“normalized” IR photocurrent response of test ste #1, #3, and #6 fabricated on

Honeywell, Mg-doped Als:Ga 4dN shown in shown in Figure 116.
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Figure 117: Curve fitting (polynomial) of the pea&sponses observed in the high-
resolution plot (0.5 nm step) shown in Figure 116.

Figure 118 shows the plot (5 nm step) of the “rambt “normalized”) IR
photocurrent response of other Ni/Au MSM test stmegty(MSM 1, 3, and 6) fabricated

on Honeywell, Mg-doped AkGay 49N shown in Figure 116.
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Figure 118: Plot (5 nm step) of the “raw” (not “nmalized”) IR photocurrent response of
other Ni/Au MSM test structures (MSM 1, 3, and 6) fehtéd on Honeywell, Mg-doped
Al sGa 49N shown in Figure 116.

Figure 119 shows the plot (5 nm step) of the IRtpbtuarrent response of Ni/Au
MSM test structure #1 fabricated on Honeywell, Mg-abpéy s:Gay 49N (“normalized”
for each wavelength by the pulse energy at thateleagth), and the optical power
output available for IR optical pumping provided by OPO/OPA system in the
Intermediate IR range (1350 nm to 2100 nm). Besmlg®ak in the IR photocurrent
response observed at ~1430 nm (~867 meV), a plaus#zondary peak is observed at
~1840 nm (~674 meV); both IR photocurrent respgesks are independent of the peak

of the OPO/OPA system’s power output located altm (~816 meV).
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Figure 119: Plot (5 nm step) of the IR photocurresgéponse of Ni/Au MSM test
structure #1 fabricated on Honeywell, Mg-dope@d $56a4d\ (“normalized” for each
wavelength by the pulse energy at that wavelengihy] the optical power output
available for IR optical pumping provided by the @BPPA system in the Intermediate
IR range (1350 nm to 2100 nm). Besides a peakenRhphotocurrent response observed
at ~1430 nm (~867 meV), a plausible secondary pealbserved at ~1840 nm (~674
meV); both IR photocurrent response peaks are gmtdgnt of the peak of the OPO/OPA
system’s power output located at ~1520 nm (~816 )neV

6.2. Infrared Photocurrent Spectra from Mg-doped AGaysd\ Test Structures

Figure 120 shows the high resolution plot (0.5 rep)k of the IR photocurrent
response of test structure #1 fabricated on Cry$&l Mg-doped A4 GaysdN
(“normalized” for each wavelength by the pulse ggeat that wavelength), and the
optical power output available for IR optical pumgiprovided by the OPO/OPA system

in the Intermediate IR range (1350 nm to 2100 nM)eak in the IR photocurrent
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response is observed at ~1495 nm (~829 meV), whiahdependent of the peak of the

OPO/OPA system'’s power output located at ~1525+84.3 meV).
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Figure 120: High resolution plot (0.5 nm step) loé IR photocurrent response of test
structure #1 fabricated on Crystal 1S, Mg-doped /&basdN (“normalized” for each
wavelength by the pulse energy at that wavelengihy the optical power output
available for IR optical pumping provided by the @BPPA system in the Intermediate
IR range (1350 nm to 2100 nm). A peak in the IRtpborrent response is observed at
~1495 nm (~829 meV), which is independent of thakpef the OPO/OPA system’s
power output located at ~1525 nm (~813 meV).

Figure 121 shows the “raw” (not “normalized”) higésolution plot (0.5 nm step) of

the IR photocurrent response of test structure afitidated on Crystal 1S, Mg-doped

Alo4GasdN, and the optical power output available for IRicgd pumping provided by

the OPO/OPA system in the Intermediate IR rang&@X8n to 2100 nm).
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Figure 121: High-resolution plot (0.5 nm step) b t‘raw” (not “normalized”) IR

photocurrent response of test structure #1 falmicabn Crystal 1S, Mg-doped
Alo4Ga sdN, and the optical power output available for IRicgd pumping provided by
the OPO/OPA system in the Intermediate IR rang&@X8n to 2100 nm).

Figure 122 shows the high-resolution plot (0.5 riep) of the IR photocurrent
response of test structure #1 fabricated on Crysfal Mg-doped A1 GasdN,
(“normalized” for each wavelength by the pulse ggeat that wavelength) shown in

Figure 120.
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Figure 122: High-resolution plot (0.5 nm step) bé tIR photocurrent response of test
structure #1 fabricated on Crystal 1S, Mg-doped /&basdN (“normalized” for each
wavelength by the pulse energy at that wavelength).

Figure 123 shows curve fitting of the observed pefthe high-resolution plot (0.5
nm step) of the “normalized” IR photocurrent respoiof test structure #1 fabricated on

Crystal IS, Mg-doped Al.Ga sdN shown in Figure 122.



170

23E-DE

| Fimed Curve Peak = 3491 nm
L

a (A

1SE-Di

[RiCE

Plooko Currenat-Ene ey Ratio, B

LA
3
%

0.0E-DD
1300 1350 100 1430 1500 LS50 160D 1650 1700 1750 1800 L850 1900 1950 2000 2050 2100 ZLSD

Wavclength, L (nm)

Figure 123: Curve fitting (polynomial) of the peaksponse observed in the high-
resolution plot (0.5 nm step) shown in Figure 122.

Figure 124 shows the high-resolution plot (0.5 nep}of the raw (not “normalized”)
IR photocurrent response of test structure #1 d¢abed on Crystal IS, Mg-doped

Al.4Ga sdN shown in Figure 121.
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Figure 124: High-resolution plot (0.5 nm step) dfetraw (not “normalized”) IR
photocurrent response of test structure #1 falmicabn Crystal 1S, Mg-doped
Al.4Ga sdN shown in Figure 121.

Figure 125 shows the plot (5 nm step) of the IRtptwrrent response of test
structure #2 fabricated on Crystal 1S, Mg-doped &basdN (“normalized” for each
wavelength by the pulse energy at that wavelengihy] the optical power output
available for IR optical pumping provided by the @BPPA system in the Intermediate
IR range (1350 nm to 2100 nm). A peak in the IRtpborrent response is observed at
~1465 nm (~846 meV), which is independent of thakpef the OPO/OPA system’s

power output located at ~1525 nm (~813 meV).
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Figure 125: Plot (5 nm step) of the IR photocurreesponse of test structure #2
fabricated on Crystal IS, Mg-dopedoAlGaysd\ (“normalized” for each wavelength by
the pulse energy at that wavelength), and the a@igtiower output available for IR optical
pumping provided by the OPO/OPA system in the ineafiate IR range (1350 nm to
2100 nm). A peak in the IR photocurrent responssbserved at ~1465 nm (~846 meV),

which is independent of the peak of the OPO/OPAesys power output located at
~1525 nm (~813 meV).

Figure 126 shows the “raw” (not “normalized”) pl¢d nm step) of the IR
photocurrent response of test structure #2 falmicabn Crystal 1S, Mg-doped
Alo4Ga sdN, and the optical power output available for IRicgd pumping provided by

the OPO/OPA system in the Intermediate IR rang&@X8n to 2100 nm).
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Figure 126: Plot (5 nm step) of the raw (not “nolimed”) IR photocurrent response of
test structure #2 fabricated on Crystal IS, Mg-adbpé +/-GaysdN. A peak in the IR
photocurrent response is observed at ~1465 nm (846, which is independent of the
peak of the OPO/OPA system’s power output located 825 nm (~813 meV).

Figure 127 shows the plot (5 nm step) of the IRtpturrent response of test
structure #2 fabricated on Crystal IS, Mg-doped /Aba sdN, (“normalized” for each

wavelength by the pulse energy at that wavelergltbyvn in Figure 125.
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Figure 127: Plot (5 nm step) of the IR photocurreesponse of test structure #2
fabricated on Crystal IS, Mg-dopedoAlGay sg\N shown in Figure 125.

Figure 128 shows curve fitting of the observed pafathe high-resolution plot (5 nm
step) of the “normalized” IR photocurrent respomdetest structure #2 fabricated on

Crystal IS, Mg-doped Al:Ga sdN shown in Figure 127.
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Figure 128: Curve fitting (polynomial) of the pesdsponse observed in the plot (5 nm
step) shown in Figure 127.

Figure 129 shows the plot (5 nm step) of the ragt {(normalized”) IR photocurrent
response of test structure #2 fabricated on CryStaMg-doped A 4/Ga sdN shown in

Figure 126.
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Figure 129: Plot (5 nm step) of the raw (not “nolimed’) IR photocurrent response of
test structure #2 fabricated on Crystal IS, Mg-abp& 4.Gay sd\N shown in Figure 126.

6.3. Infrared Photocurrent Spectra from Mg-doped ABa) s\ Test Structures

Figure 130 shows the plot (5 nm step) of the IRtpbtuarrent response of Ni/Au
MSM test structure #4 fabricated on Honeywell, Mg-abpédy »dGay sdN (“normalized”
for each wavelength by the pulse energy at thateleagth), and the optical power
output available for IR optical pumping provided thg OPO/OPA system in the Mid IR
range (2100 nm to 4000 nm). A peak in the IR phat@nt response is observed at
~2585 nm (~480 meV), which is independent of thakpef the OPO/OPA system’s

power output located at ~2200 nm (~564 meV).
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Figure 130: Plot (5 nm step) of the IR photocurnegponse photocurrent response of
Ni/Au MSM test structure #4 fabricated on Honeywedlllg-doped Ab2dGasd\
(“normalized” for each wavelength by the pulse gyeat that wavelength), and the
optical power output available for IR optical pumgiprovided by the OPO/OPA system
in the Mid IR range (2100 nm to 4000 nm). A peakha IR photocurrent response is
observed at ~2585 nm (~480 meV), which is independéthe peak of the OPO/OPA
system’s power output located at ~2200 nm (~564 meV

Figure 131 shows the “raw” (not “normalized”) plgd nm step) of the IR
photocurrent response Ni/Au MSM test structure #4i¢abed on Honeywell, Mg-doped
AlodGa.sdN, and the optical power output available for IRicgd pumping provided by

the OPO/OPA system in the Mid IR range (2100 nm0O@04nm).
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Figure 131: Plot (5 nm step) of the “raw” (not “nmalized”) IR photocurrent response
Ni/Au MSM test structure #4 fabricated on Honeywlg-doped Ab .iGa s\, and the

optical power output available for IR optical pumgiprovided by the OPO/OPA system
in the Mid IR range (2100 nm to 4000 nm).

Figure 132 shows the plot (5 nm step) of the IRtpbwarrent response of Ni/Au
MSM test structure #4 fabricated on Honeywell, Mg-abpéy »dGay sdN (“hormalized”

for each wavelength by the pulse energy at thaeleagth) shown in Figure 130.
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Figure 132: Plot (5 nm step) of the IR photocurree¢éponse of Ni/Au MSM test
structure #4 fabricated on Honeywell, Mg-dope@d #6asdN (“normalized” for each
wavelength by the pulse energy at that wavelersjtbyvn in Figure 130.

Figure 133 shows the curve fitting of the obserpedk of the plot (5 nm step) of the
“normalized” IR photocurrent response of test stritee #4 fabricated on Honeywell, Mg-

doped Ab 2dGa sdN shown in Figure 132.
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Figure 133: Curve fitting (polynomial) of the pesdsponse observed in the plot (5 nm
step) shown in Figure 132.

Figure 134 shows the plot (5 nm step) of the IRtpbarrent response of Ni/Au
MSM test structure #3 fabricated on Honeywell, Mg-abpéy >dGay sdN (“hormalized”
for each wavelength by the pulse energy at thateleagth), and the optical power
output available for IR optical pumping provided thg OPO/OPA system in the Mid IR
range (2100 nm to 4000 nm). A peak in the IR phat@nt response is observed at
~2525 nm (~491 meV), which is independent of thakpef the OPO/OPA system’s

power output located at ~2200 nm (~564 meV).
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Figure 134: Plot (5 nm step) of the IR photocurnegponse photocurrent response of
Ni/Au MSM test structure #3 fabricated on Honeywedlllg-doped Ab2dGa.sd\
(“normalized” for each wavelength by the pulse gyeat that wavelength), and the
optical power output available for IR optical pumgiprovided by the OPO/OPA system
in the Mid IR range (2100 nm to 4000 nm). A peakha IR photocurrent response is
observed at ~2525 nm (~491 meV), which is independéthe peak of the OPO/OPA
system’s power output located at ~2200 nm (~564 meV

Figure 135 shows the “raw” (not “normalized”) pl¢d nm step) of the IR
photocurrent response Ni/Au MSM test structure #3i¢abed on Honeywell, Mg-doped
AlodGa.sdN, and the optical power output available for IRicgd pumping provided by

the OPO/OPA system in the Mid IR range (2100 nm0O@04nm).
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Figure 135: Plot (5 nm step) of the “raw” (not “nmalized”) IR photocurrent response
Ni/Au MSM test structure #3 fabricated on HoneywMlj-doped Ab.dGa soN, and the

optical power output available for IR optical pumgiprovided by the OPO/OPA system

in the Mid IR range (2100 nm to 4000 nm).

Figure 136 shows the plot (5 nm step) of the IRtpbarrent response of Ni/Au
MSM test structure #3 fabricated on Honeywell, Mg-abpéy >dGay sdN (“normalized”

for each wavelength by the pulse energy at thaeleagth) shown in Figure 134.
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Figure 136: Plot (5 nm step) of the IR photocurreegéponse of Ni/Au MSM test
structure #3 fabricated on Honeywell, Mg-doped #86a sdN (“hormalized” for each
wavelength by the pulse energy at that wavelergjtbyvn in Figure 134.

Figure 137 shows the curve fitting of the obserpedk of the plot (5 nm step) of the
“normalized” IR photocurrent response of test sticee#3 fabricated on Honeywell, Mg-

doped Ab.dGay.so shown in Figure 136.
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Figure 137: Curve fitting (polynomial) of the pesdsponse observed in the plot (5 nm
step) shown in Figure 136.

6.4. Infrared Photocurrent Spectra from Mg-doped ABa) sd\ Test Structures

Figure 138 shows the plot (5 nm step) of the IRtpbtuarrent response of Ni/Au
MSM test structure #3 fabricated on Epitex, Mg-dopég&a s\ (“normalized” for
each wavelength by the pulse energy at that wagtignand the optical power output
available for IR optical pumping provided by the @PPA system in the Mid IR range
(2100 nm to 4000 nm). A peak in the IR photocurresponse is observed at ~2605 nm
(~476 meV), which is independent of the peak of @O/OPA system’s power output

located at ~2200 nm (~564 meV).
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Figure 138: Plot (5 nm step) of the IR photocurnegponse photocurrent response of
Ni/Au MSM test structure #3 fabricated on Epitex, H§igped Ab1:Gay s\
(“normalized” for each wavelength by the pulse gyeat that wavelength), and the
optical power output available for IR optical pumgiprovided by the OPO/OPA system
in the Mid IR range (2100 nm to 4000 nm). A peakha IR photocurrent response is
observed at ~2605 nm (~476 meV), which is independéthe peak of the OPO/OPA
system’s power output located at ~2200 nm (~564 meV

Figure 139 shows the “raw” (not “normalized”) pl¢d nm step) of the IR
photocurrent response Ni/Au MSM test structure #Ji¢abted on Epitex, Mg-doped
Alo.15Ga sdN, and the optical power output available for IRicgd pumping provided by

the OPO/OPA system in the Mid IR range (2100 nmO@04nm).
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Figure 139: Plot (5 nm step) of the “raw” (not “nmalized”) IR photocurrent response
Ni/Au MSM test structure #3 fabricated on Epitex, Mapdd Ab1:GasdN, and the
optical power output available for IR optical pumgiprovided by the OPO/OPA system
in the Mid IR range (2100 nm to 4000 nm).

Figure 140 shows the plot (5 nm step) of the IRtpbwrrent response of Ni/Au
MSM test structure #3 fabricated on Epitex, Mg-dopég:&a ss\ (“normalized” for

each wavelength by the pulse energy at that wagtigshown in Figure 138.
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Figure 140: Plot (5nm step) of the IR photocurmresponse of Ni/Au MSM test structure
#3 fabricated on Epitex, Mg-dopedoAtGa ssN (“normalized” for each wavelength by
the pulse energy at that wavelength) shown in Eidi38.

Figure 141 shows the curve fitting of the obserpedk of the plot (5 nm step) of the

“normalized” IR photocurrent response of test dtie #3 fabricated on Epitex, Mg-

doped Ab.15Gay gdN shown in Figure 140.
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Figure 141: Curve fitting (polynomial) of the pesdsponse observed in the plot (5 nm
step) shown in Figure 140.

Figure 142 shows the plot (5 nm step) of the IRtpbarrent response of Ni/Au
MSM test structure #2 fabricated on Epitex, Mg-dopég:&a s\ (“normalized” for
each wavelength by the pulse energy at that wagtignand the optical power output
available for IR optical pumping provided by the @PPA system in the Mid IR range
(2100 nm to 4000 nm). A peak in the IR photocurresponse is observed at ~2605 nm

(~476 meV), which is independent of the peak of @O/OPA system’s power output

located at ~2200 nm (~564 meV).
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Figure 142: Plot (5 nm step) of the IR photocurnezgponse photocurrent response of
Ni/Au MSM test structure #2 fabricated on Epitex, Mopdd Ab1Ga s\
(“normalized” for each wavelength by the pulse ggeat that wavelength), and the
optical power output available for IR optical pumgiprovided by the OPO/OPA system
in the Mid IR range (2100 nm to 4000 nm). A peakha IR photocurrent response is
observed at ~2605 nm (~476 meV), which is independéthe peak of the OPO/OPA
system’s power output located at ~2200 nm (~564 y)neV

Figure 143 shows the “raw” (not “normalized”) plgd nm step) of the IR
photocurrent response Ni/Au MSM test structure #Zi¢abked on Epitex, Mg-doped
Alo15Gay gdN, and the optical power output available for IRicgd pumping provided by

the OPO/OPA system in the Mid IR range (2100 nm0@04nm).
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Figure 143: Plot (5 nm step) of the “raw” (not “nmalized”) IR photocurrent response
Ni/Au MSM test structure #2 fabricated on Epitex, Mapdd Ab:1:GasdN, and the
optical power output available for IR optical pumgiprovided by the OPO/OPA system
in the Mid IR range (2100 nm to 4000 nm).

Figure 144 shows the plot (5 nm step) of the IRtpbwrrent response of Ni/Au
MSM test structure #2 fabricated on Epitex, Mg-dopég:&a ss\ (“normalized” for

each wavelength by the pulse energy at that wagtigshown in Figure 142.
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Figure 144: Plot (5nm step) of the IR photocurmresponse of Ni/Au MSM test structure
#2 fabricated on Epitex, Mg-dopedoAtGay ssN (“normalized” for each wavelength by
the pulse energy at that wavelength) shown in eid42.

Figure 145 shows the curve fitting of the obsergedk of the plot (5 nm step) of the
“normalized” IR photocurrent response of test dtie #2 fabricated on Epitex, Mg-

doped Ab.15Gay gdN shown in Figure 144.
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Figure 145: Curve fitting (polynomial) of the pesdsponse observed in the plot (5 nm
step) shown in Figure 144.

6.5. Infrared Photocurrent Spectra from Mg-doped GaN Bé&sictures

Figure 146 shows the plot (5 nm step) of the IRtpbarrent response of Ni/Au
MSM test structure #1 fabricated on Honeywell, Mg-ab@aN (“normalized” for each
wavelength by the pulse energy at that wavelengihy] the optical power output
available for IR optical pumping provided by the @PPA system in the Mid IR range
(2100 nm to 4000 nm). A primary peak in the IR glcotrent response is observed at
~3150 nm (~394 meV), and a secondary peak is obdat/~2670 nm (~464 meV); both
are independent of the peak of the OPO/OPA systpoviger output located at ~2200 nm

(~564 meV).
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Figure 146: Plot (5 nm step) of the IR photocurnegponse photocurrent response of
Ni/Au MSM test structure #1 fabricated on Honeywd&lg-doped GaN (“normalized”
for each wavelength by the pulse energy at thateleagth), and the optical power
output available for IR optical pumping provided e OPO/OPA system in the Mid IR
range (2100 nm to 4000 nm). A primary peak in Rehotocurrent response is observed
at ~3150 nm (~394 meV), and a secondary peak isrobdd at ~2670 nm (~464 meV);
both are independent of the peak of the OPO/OPAesys power output located at
~2200 nm (~564 meV).

Figure 147 shows the “raw” (not “normalized”) pl¢d nm step) of the IR
photocurrent response Ni/Au MSM test structure #i¢abed on Honeywell, Mg-doped
GaN, and the optical power output available fordgical pumping provided by the

OPO/OPA system in the Mid IR range (2100 nm to 4Q0).
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Figure 147: Plot (5 nm step) of the “raw” (not “nmalized”) IR photocurrent response
Ni/Au MSM test structure #1 fabricated on HoneywMlj-doped GaN, and the optical
power output available for IR optical pumping pied by the OPO/OPA system in the
Mid IR range (2100 nm to 4000 nm).

Figure 148 shows the plot (5 nm step) of the IRtpbarrent response of Ni/Au
MSM test structure #1 fabricated on Honeywell, Mg-ab@aN (“normalized” for each

wavelength by the pulse energy at that wavelergjtbyvn in Figure 146
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Figure 148: Plot (5nm step) of the IR photocurresponse of Ni/Au MSM test structure
#1 fabricated on Honeywell, Mg-doped GaN (“normalizéor each wavelength by the
pulse energy at that wavelength) shown in Figui 14

Figure 149 shows the curve fitting of the obsergedk of the plot (5 nm step) of the
“normalized” IR photocurrent response of test sticee#1 fabricated on Honeywell, Mg-

doped GaN shown in Figure 148.
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Figure 149: Curve fitting (polynomial) of the pesdsponse observed in the plot (5 nm
step) shown in Figure 148.

Figure 150 shows the plot (5 nm step) of the IRtpbtuarrent response of Ni/Au
MSM test structure #6 fabricated on Honeywell, Mg-ab@aN (“normalized” for each
wavelength by the pulse energy at that wavelengihy the optical power output
available for IR optical pumping provided by the @PPA system in the Mid IR range
(2100 nm to 4000 nm). A primary peak in the IR glcotrent response is observed at
~3050 nm (~407 meV), and a secondary peak is obdeat/~2700 nm (~459 meV); both
are independent of the peak of the OPO/OPA systpoviger output located at ~2200 nm

(~564 meV).
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Figure 150: Plot (5 nm step) of the IR photocurnegponse photocurrent response of
Ni/Au MSM test structure #6 fabricated on Honeywdlg-doped GaN (“normalized”
for each wavelength by the pulse energy at thateleagth), and the optical power
output available for IR optical pumping provided theeg OPO/OPA system in the Mid IR
range (2100 nm to 4000 nm). A primary peak in Rehotocurrent response is observed
at ~3050 nm (~407 meV), and a secondary peak isrobdd at ~2700 nm (~459 meV);
both are independent of the peak of the OPO/OPAesys power output located at
~2200 nm (~564 meV).

Figure 151 shows the “raw” (not “normalized”) pl¢d nm step) of the IR
photocurrent response Ni/Au MSM test structure #@i¢abed on Honeywell, Mg-doped
GaN, and the optical power output available fordgical pumping provided by the

OPO/OPA system in the Mid IR range (2100 nm to 4Q0).
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Figure 151: Plot (5 nm step) of the “raw” (not “nmalized”) IR photocurrent response
Ni/Au MSM test structure #6 fabricated on HoneywMlj-doped GaN, and the optical
power output available for IR optical pumping pied by the OPO/OPA system in the
Mid IR range (2100 nm to 4000 nm).

Figure 152 shows the plot (5 nm step) of the IRtpbarrent response of Ni/Au
MSM test structure #6 fabricated on Honeywell, Mg-ab@aN (“normalized” for each

wavelength by the pulse energy at that wavelergitbyvn in Figure 150.
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Figure 152: Plot (5nm step) of the IR photocurmresponse of Ni/Au MSM test structure
#6 fabricated on Honeywell, Mg-doped GaN (“normalizéor each wavelength by the
pulse energy at that wavelength) shown in Figu@ 15

Figure 154 shows the curve fitting of the obsergedk of the plot (5 nm step) of the
“normalized” IR photocurrent response of test sticee#6 fabricated on Honeywell, Mg-

doped GaN shown in Figure 152.
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Figure 153: Curve fitting (polynomial) of the peaksponse observed in the high-
resolution plot (5 nm step) shown in Figure 152.

Figure 154 shows the plot (5 nm step) of the IRtpbarrent response of Ni/Au
MSM test structure #7 fabricated on ATMI, Mg-dopedNGé@normalized” for each
wavelength by the pulse energy at that wavelengihy the optical power output
available for IR optical pumping provided by the @PPA system in the Mid IR range
(2100 nm to 4000 nm). A peak in the IR photocurresponse is observed at ~3170 nm
(~391 meV), and a secondary peak is observed a00-26n (~477 meV); both are
independent of the peak of the OPO/OPA system’sepawtput located at ~2200 nm

(~564 meV).
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Figure 154: Plot (5 nm step) of the IR photocurnegponse photocurrent response of
Ni/Au MSM test structure #7 fabricated on ATMI, Mgqed GaN (“normalized” for
each wavelength by the pulse energy at that wagtignand the optical power output
available for IR optical pumping provided by the @PPA system in the Mid IR range
(2100 nm to 4000 nm). A peak in the IR photocurresponse is observed at ~3170 nm
(~476 meV), and a second peak is observed at ~2600(~477 meV); both are
independent of the peak of the OPO/OPA system’sepawitput located at 2200 nm
(~564 meV).

Figure 155 shows the “raw” (not “normalized”) pl¢d nm step) of the IR
photocurrent response Ni/Au MSM test structure ##i¢abed on ATMI, Mg-doped
GaN, and the optical power output available fordgical pumping provided by the

OPO/OPA system in the Mid IR range (2100 nm to 4Q0).
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Figure 155: Plot (5 nm step) of the “raw” (not “naalized”) IR photocurrent response
Ni/Au MSM test structure #7 fabricated on ATMI, Mg-aapGaN, and the optical power

output available for IR optical pumping provided thg OPO/OPA system in the Mid IR
range (2100 nm to 4000 nm).

Figure 156 shows the plot (5 nm step) of the IRtpbwrrent response of Ni/Au
MSM test structure #7 fabricated on ATMI, Mg-dopedNG@normalized” for each

wavelength by the pulse energy at that wavelergjtoyvn in Figure 154.
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Figure 156: Plot (5nm step) of the IR photocurm@sponse of Ni/Au MSM test structure
#2 fabricated on ATMI, Mg-doped GaN (“normalized’t feach wavelength by the pulse
energy at that wavelength) shown in Figure 154.

Figure 157 shows the curve fitting of the obserpedk of the plot (5 nm step) of the
“normalized” IR photocurrent response of test stiee #7 fabricated on ATMI, Mg-

doped GaN shown in Figure 156.
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Figure 157: Curve fitting (polynomial) of the peaksponse observed in the high-
resolution plot (5 nm step) shown in Figure 156.

Figure 158 shows the plot (5 nm step) of the IRtpbtuarrent response of Ni/Au
MSM test structure #1 fabricated on ATMI, Mg-dopedNGé@normalized” for each
wavelength by the pulse energy at that wavelengihy the optical power output
available for IR optical pumping provided by the @PPA system in the Mid IR range
(2100 nm to 4000 nm). A peak in the IR photocurresponse is observed at ~3075 nm
(~403 meV), and a secondary peak is observed a00-26n (~ 477meV); both are
independent of the peak of the OPO/OPA system’sepawtput located at ~2200 nm

(~564 meV).
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Figure 158: Plot (5 nm step) of the IR photocurnegponse photocurrent response of
Ni/Au MSM test structure #1 fabricated on ATMI, Mgqed GaN (“normalized” for
each wavelength by the pulse energy at that wagtignand the optical power output
available for IR optical pumping provided by the @PPA system in the Mid IR range
(2100 nm to 4000 nm). A peak in the IR photocurresponse is observed at ~3075 nm
(~403 meV), and a secondary peak is observed a00-26n (~477 meV); both are
independent of the peak of the OPO/OPA system’sepawtput located at ~2200 nm
(~564 meV).

Figure 159 shows the “raw” (not “normalized”) pl¢d nm step) of the IR
photocurrent response Ni/Au MSM test structure #Ii¢abed on ATMI, Mg-doped
GaN, and the optical power output available fordgical pumping provided by the

OPO/OPA system in the Mid IR range (2100 nm to 4Q0).
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Figure 159: Plot (5 nm step) of the “raw” (not “naalized”) IR photocurrent response
Ni/Au MSM test structure #1 fabricated on ATMI, Mg-agapGaN, and the optical power
output available for IR optical pumping provided thg OPO/OPA system in the Mid IR

range (2100 nm to 4000 nm).

Figure 160 shows the plot (5 nm step) of the IRtpbarrent response of Ni/Au

MSM test structure #1 fabricated on ATMI, Mg-dopedNGé&normalized” for each

wavelength by the pulse energy at that wavelergjtoyvn in Figure 158.
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Figure 160: Plot (5 nm step) of the IR photocurresgponse of Ni/Au MSM test
structure #1 fabricated on ATMI, Mg-doped GaN (‘malized” for each wavelength by
the pulse energy at that wavelength) shown Figbée 1

Figure 162 shows the curve fitting of the obserpedk of the plot (5 nm step) of the

“normalized” IR photocurrent response of test st #7 fabricated on ATMI, Mg-

doped GaN shown in Figure 160.
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Figure 161: Curve fitting (polynomial) of the peaksponse observed in the high-
resolution plot (5 nm step) shown in Figure 160.

Figure 162 shows the plot (5 nm step) of the IRtpbuarrent response of Ni/Au
MSM test structure #1 fabricated on TDI, Mg-doped GgNormalized” for each
wavelength by the pulse energy at that wavelengihy the optical power output
available for IR optical pumping provided by the @PPA system in the Mid IR range
(2100 nm to 4000 nm). A peak in the IR photocurresponse is observed at ~3185 nm
(~389 meV), and a secondary peak is observed a00-26n (~477 meV); both are
independent of the peak of the OPO/OPA system’sepawtput located at ~2200 nm

(~564 meV).
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Figure 162: Plot (5 nm step) of the IR photocurnezgponse photocurrent response of
Ni/Au MSM test structure #1 fabricated on TDI, Mg-ddp@aN (“hormalized” for each
wavelength by the pulse energy at that wavelengihy] the optical power output
available for IR optical pumping provided by the @PPA system in the Mid IR range
(2100 nm to 4000 nm). A peak in the IR photocurresponse is observed at ~3185 nm
(=389 meV), and a secondary peak is observed a00-261 (~477 meV); both are
independent of the peak of the OPO/OPA system’sepawtput located at ~2200 nm
(=564 meV).

Figure 163 shows the “raw” (not “normalized”) plgd nm step) of the IR
photocurrent response Ni/Au MSM test structure #i¢abed on TDI, Mg-doped GaN,
and the optical power output available for IR ogtisumping provided by the OPO/OPA

system in the Mid IR range (2100 nm to 4000 nm).
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Figure 163: Plot (5 nm step) of the “raw” (not “nmalized”) IR photocurrent response
Ni/Au MSM test structure #1 fabricated on TDI, Mg-ddg@aN, and the optical power
output available for IR optical pumping providedthg OPO/OPA system in the Mid IR
range (2100 nm to 4000 nm).

Figure 164 shows the plot (5 nm step) of the IRtpbwrrent response of Ni/Au
MSM test structure #1 fabricated on TDI, Mg-doped GgNormalized” for each

wavelength by the pulse energy at that wavelergjtbyvn Figure 162.
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Figure 164: Plot (5 nm step) of the IR photocurreegéponse of Ni/Au MSM test
structure #1 fabricated on TDI, Mg-doped GaN (“nalimed” for each wavelength by
the pulse energy at that wavelength) shown Figage 1

Figure 165 shows the curve fitting of the obsergedk of the plot (5 nm step) of the
“normalized” IR photocurrent response of test stite#1 fabricated on TDI, Mg-doped

GaN shown in Figure 164.
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Figure 165: Curve fitting (polynomial) of the peaksponse observed in the high-
resolution plot (5 nm step) shown in Figure 164.

Figure 166 shows the plot (5 nm step) of the IRtpbtuarrent response of Ni/Au
MSM test structure #2 fabricated on TDI, Mg-doped GgNormalized” for each
wavelength by the pulse energy at that wavelengihyl the optical power output
available for IR optical pumping provided by the @PPA system in the Mid IR range
(2100 nm to 4000 nm). A peak in the IR photocurresponse is observed at ~3075 nm
(~403 meV), and a secondary peak is observed af5-26n (~464 meV); both are
independent of the peak of the OPO/OPA system’sepawtput located at ~2200 nm

(~564 meV).
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Figure 166: Plot (5 nm step) of the IR photocurnezgponse photocurrent response of
Ni/Au MSM test structure #2 fabricated on TDI, Mg-ddp8aN (“normalized” for each
wavelength by the pulse energy at that wavelengihy] the optical power output
available for IR optical pumping provided by the @PPA system in the Mid IR range
(2100 nm to 4000 nm). A peak in the IR photocurresponse is observed at ~3075 nm
(~403 meV), and a secondary peak is observed ai5-26n (~464 meV); both are
independent of the peak of the OPO/OPA system’sepawtput located at ~2200 nm
(~564 meV).

Figure 167 shows the “raw” (not “normalized”) plgd nm step) of the IR
photocurrent response Ni/Au MSM test structure #Zi¢abked on Epitex, Mg-doped
Alo.15Ga odN, and the optical power output available for IRicgd pumping provided by

the OPO/OPA system in the Mid IR range (2100 nmO@04nm).
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Figure 167: Plot (5 nm step) of the “raw” (not “naalized”) IR photocurrent response
Ni/Au MSM test structure #2 fabricated on TDI, Mg-ddp&aN, and the optical power
output available for IR optical pumping provided thg OPO/OPA system in the Mid IR
range (2100 nm to 4000 nm).

Figure 168 shows the plot (5 nm step) of the IRtpbarrent response of Ni/Au
MSM test structure #2 fabricated on TDI, Mg-doped GgNormalized” for each

wavelength by the pulse energy at that wavelergjtbyvn Figure 166.
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Figure 168: Plot (5 nm step) of the IR photocurresgéponse of Ni/Au MSM test
structure #2 fabricated on TDI, Mg-doped GaN (“nalimed” for each wavelength by
the pulse energy at that wavelength) shown Figée 1

Figure 169 shows the curve fitting of the obsergedk of the plot (5 nm step) of the
“normalized” IR photocurrent response of test stite#1 fabricated on TDI, Mg-doped

GaN shown in Figure 168.
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Figure 169: Curve fitting (polynomial) of the peaksponse observed in the high-
resolution plot (5 nm step) shown in Figure 168.

Figure 170 shows a comprehensive plot (5 nm steff)eolR photocurrent response
of Ni/Au MSM test structures fabricated on HoneywAILMI, and TDI Mg-doped GaN
(“normalized” for each wavelength by the pulse ggyeat that wavelength), and the
optical power output available for IR optical pumgiprovided by the OPO/OPA system

in the Mid IR range (2100 nm to 4000 nm).
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Figure 170: Comprehensive plot (5 nm step) of fRephotocurrent response of Ni/Au
MSM test structures fabricated on Honeywell, ATMI,daiD, Mg-doped GaN
(“normalized” for each wavelength by the pulse gyeat that wavelength), and the
optical power output available for IR optical pumgiprovided by the OPO/OPA system
in the Mid IR range (2100 nm to 4000 nm).

6.6. Comprehensive Plot of the IR Photocurrent RespbBesds

Figure 171 shows a comprehensive plot the IR pliotent response peak of the test

structures as a function of their aluminum moleticm; it includes the peak of the IR

photocurrent response for each of the test strestunvestigated in this work.
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Figure 171: A comprehensive plot of the IR photoent response peak of the test
structures as a function of their aluminum moleticm composition. It includes the peak
of the IR photocurrent response of each of thestiegttures investigated in this work.

6.7. Temperature Dependent Infrared Photocurrent SpfomaMg-doped GaN Test
Structures
Figure 172 shows the plot (5 nm step) of the teatpee dependent IR photocurrent
response of Ni/Au MSM test structure #1 fabricated AfMI, Mg-doped GaN
(“normalized” for each wavelength by the pulse ggeat that wavelength), and the
optical power output available for IR optical pumgiprovided by the OPO/OPA system

in the Mid IR range (2100 nm to 4000 nm).
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Figure 172: Plot (5 nm step) of the temperatureeddpnt IR photocurrent response
photocurrent response of Ni/Au MSM test structurefaidricated on ATMI, Mg-doped

GaN (“normalized” for each wavelength by the pudsergy at that wavelength), and the
optical power output available for IR optical pumgiprovided by the OPO/OPA system

in the Mid IR range (2100 nm to 4000 nm).

Figure 173 shows the “raw” (not “normalized”) p(6tnm step) of the temperature IR

photocurrent response Ni/Au MSM test structure #Ii¢abed on ATMI, Mg-doped

GaN, and the optical power output available fordgical pumping provided by the

OPO/OPA system in the Mid IR range (2100 nm to 4Q®0).
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Figure 173: Plot (5 nm step) of the “raw” (not “nmalized”) temperature dependent IR
photocurrent response Ni/Au MSM test structure #Ii¢abed on ATMI, Mg-doped
GaN, and the optical power output available fordgical pumping provided by the
OPO/OPA system in the Mid IR range (2100 nm to 4Q®0).

Figure 174 shows the time decay of the temperatiegendent IR photocurrent

response of Ni/Au MSM test structure #1 fabricateddiMI, Mg-doped GaN.
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Figure 174: Time decay of the IR photocurrent respoof Ni/Au MSM test structure #1

fabricated on ATMI, Mg-doped GaN.

Figure 175 shows the time decay of the IR phot@rurmresponse of Ni/Au MSM test

structure #1 fabricated on ATMI, Mg-doped GaN, at3B9°K.
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Figure 175: Time decay of the IR photocurrent respoof Ni/Au MSM test structure #1
fabricated on ATMI, Mg-doped GaN at T = 32K.

Figure 176 shows the time decay of the IR phot@rurmresponse of Ni/Au MSM test

structure #1 fabricated on ATMI, Mg-doped GaN, atTB9°K.
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Figure 176: Time decay of the IR photocurrent respoof Ni/Au MSM test structure #1
fabricated on ATMI, Mg-doped GaN at T = 1&K.

Figure 177 shows the time decay of the IR phot@rurmresponse of Ni/Au MSM test

structure #1 fabricated on ATMI, Mg-doped GaN, at7l=K.
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Figure 177: Time decay of the IR photocurrent respoof Ni/Au MSM test structure #1

fabricated on ATMI, Mg-doped GaN at T = 7K.

6.8. Time Decay of the Infrared Photocurrent Spectrenfidg-doped GaN and

Al,Ga.N Test Structures

Figure 178 shows the time decay of the IR phot@rurmresponse of Ni/Au MSM test

structure #1 fabricated on Honeywell, Mg-doped s86&) 4d\, as determined at the IR

photocurrent peak response (1440 nm — 861 meV)ptinmkak response (1820 nm — 681

meV).
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Figure 178: Time decay of the IR photocurrent respoof Ni/Au MSM test structure #1
fabricated on Honeywell, Mg-doped AbGa) 49\, as determined at the IR photocurrent
peak response (1440 nm — 861 meV), and off pegonse (1820 nm — 681 meV).

Figure 179 shows the time decay of the IR phot@turresponse of test structure #1
fabricated on Crystal IS, Mg-dopedAfGaysdN, as determined at the IR photocurrent

peak response (1495 nm — 829 meV), and off pegonse (1800 nm — 689 meV).
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Figure 179: Time decay of the IR photocurrent respoof test structure #1 fabricated on
Crystal IS, Mg-doped Al,sGa sAN, as determined at the IR photocurrent peak resgpon
(1495 nm — 829 meV), and off peak response (1806 B39 meV).

Figure 180 shows the time decay of the IR phot@rurresponse of Ni/Au MSM test
structure #3 fabricated on Honeywell, Mg-doped #6a s\, as determined at the IR
photocurrent peak response (2525 nm — 491 meV)ptinmkak response (3900 nm — 318

meV).
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Figure 180: Time decay of the IR photocurrent respoof Ni/Au MSM test structure #3
fabricated on Honeywell, Mg-doped AbtGay sd\, as determined at the IR photocurrent
peak response (2525 nm — 491 meV), and off pegonse (3900 nm — 318 meV).

Figure 181 shows the time decay of the IR photeturresponse of Ni/Au MSM
test structure #3 fabricated on Epitex, Mg-dopegl:&a sd\, as determined at the IR
photocurrent peak response (2605 nm — 476 meV)ptinmkak response (3900 nm — 318

meV).
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Figure 181: Time decay of the IR photocurrent respoof Ni/Au MSM test structure #3
fabricated on Epitex, Mg-doped AGa siN, as determined at the IR photocurrent peak
response (2605 nm — 476 meV), and off peak resp@9€® nm — 318 meV).

Figure 182 shows the time decay of the IR photerurresponse of Ni/Au MSM test
structure #1 fabricated on Honeywell, Mg-doped Gald, determined at the IR

photocurrent peak response (3050 nm — 407 meV)ptinmkak response (3900 nm — 318

meV).
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Figure 182: Time decay of the IR photocurrent respoof Ni/Au MSM test structure #1
fabricated on Honeywell, Mg-doped GaN, as determiaethe IR photocurrent peak
response (3050 nm — 407 meV), and off peak resp@9€® nm — 318 meV).

Figure 183 shows the time decay of the IR phot@rurresponse of Ni/Au MSM test
structure #7 fabricated on ATMI, Mg-doped GaN, atednined at the IR photocurrent

peak response (3075 nm — 403 meV), and off pegonse (3950 nm — 314 meV).
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Figure 183: Time decay of the IR photocurrent respoof Ni/Au MSM test structure #7
fabricated on ATMI, Mg-doped GaN, as determinethatIR photocurrent peak response
(3075 nm — 403 meV), and off peak response (3956 314 meV).

Figure 183 shows the time decay of the IR phot@rurresponse of Ni/Au MSM test
structure #2 fabricated on TDI, Mg-doped GaN, atmeined at the IR photocurrent

peak response (3075 nm — 403 meV), and off pegonse (3900 nm — 318 meV).



231

o Ge Crystal NOT Fﬁ;’::f‘;i:%‘"i?%%;?iﬁf Rcd Filter Prosent .
—— IR Photocurrent @ 3075 nm \ + soio
2.00E-06 —— IR Photocurrent @ 3900 m ‘—

g 10016 T e g
g 'g "\ r - 3.00E-07 -§
3.00E-07 !===__J= Li ] "' 200E-07

—Hlﬂ I IJHJH“WHH]]IUJWM IP"‘WHM{'HW JHWNIWBH h’ﬂm %lh-' 3 4.q0t1 00
o [T LI ”Mj iy HMWMI s

Figure 184: Time decay of the IR photocurrent respoof Ni/Au MSM test structure #2
fabricated on TDI, Mg-doped GaN, as determinechatIR photocurrent peak response
(3075 nm — 403 meV), and off peak response (3906 318 meV).

6.9. Effects on Forward Current and Light Output frorm@oercial UV llI-nitride
LEDs under IR Irradiation
Figure 185 shows a screenshot of the oscilloscbpmd¢l TDS 524A, Tektronix,
Beaverton, OR) with the transient enhanced UV donsqgCh2), and transient
photocurrent (Chl) of a Mid-IR pumped 365nm UV LEDhe delay between

photocurrent and light-pulse is due to transit timéhe photomultiplier tube (PMT).
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Figure 185: Screenshot of the oscilloscope (ModeBTR24A, Tektronix, Beaverton,
OR) showing the transient enhanced UV emission Ch&d transient photocurrent
(Ch1) of a Mid-IR pumped 365nm UV LED. The delayvibetn photocurrent and light-
pulse is due to transit time in the photomultipti#dse (PMT).

Figure 186 shows the OPO/OPA pulse energy avail@blenid-IR pumping of UV

LEDs.
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Figure 186: OPO/OPA pulse energy available for iRiggumping of UV LEDs.

Figure 187 shows emission spectra of a Mid-IR pummedmercial UV at nominal

DC bias current over the temperature range 27 0°K/t°K.
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Figure 187: Emission spectra of a Mid-IR pumped cemumal UV at nominal DC bias
current over the temperature range 277 °K to 77 °K.

Figure 187 shows emission spectra of a Mid-IR pummedmercial UV at nominal

DC bias current over the temperature range 27 0°K/t°K.
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Figure 188: 277°K and 77°K spectra Emission speufra Mid-IR pumped commercial
UV at nominal DC bias current, and dependence ak pamission photon energy on

temperature.



CHAPTER 7: DISCUSSION AND CONCLUSIONS

In this work, IR photocurrent spectroscopy in Mgdd GaN, and Mg-doped & a;-

«N (0.15 < x < 0.52) was conducted by means of a YA@Gped OPO/OPA system
tunable from 250 meV to 1.75 eV with the goal oketving and identifying energy
levels associated with acceptor atoms of Mg in Gald ALGa.xN. The results of the
experiments performed in this work indicated tHabathe Mg-doped GaN and £Ga;.-

«N test structures responded to IR irradiation | Wavelength range 1250 nm to 4000
nm with a photocurrent response; more preciselyamasient increase in photocurrent.
Also, a non-zero photocurrent background was oleseat all wavelengths. In other
words, a photocurrent background response was alwessent, and never had a “zero
magnitude”. Two phenomena might explain the phemmmeof the transient, increased
conductivity in the test structures investigatedthis work. The first phenomenon is
related to a transient, increased carrier densitytd sample heating upon IR irradiation.
The second phenomenon is related to a transietrgdsed carrier density due to IR-
carrier optical pumping.

From a qualitative point of view, it is not likethat the Mg-doped GaN, and Mg-
doped AlGa N test structures will absorb the IR radiation iaggrom 750 nm (1.65
eV) to 5000 nm (248 meV) because the GaN an&GalN films, as well as sapphire
(the substrate on which the llI-nitride films wespitaxially grown) are virtually

transparent to the range of wavelengths above-ored; in addition, the OPO radiation
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pulse duration is limited to only 3 ns with a reperof 10Hz and therefore a duty cycle of
30 parts per billion to avoid unintentional heatwifgthe test structures. Moreover, TO5
headers (the special samples holders shown in &8y were used to package the test
structures; such sample holders are plated with, gshich is known to have good IR
reflective properties. From a quantitative poinwigw, LeBoeufet al demonstrated that
thermal activation of carriers, assuming thermatdeation into the GaN film by IR
absorption in the sapphire substrate, is highlyrobpble, and that the absorbance in
GaN is mostly due to doparits.

The presence of a non-zero photocurrent backgraesgonse to incoming IR
radiation in the Mg-doped GaN, and Mg-dopedG¢ 4N investigated in this work can
be associated with the presence of non-radiativallasv native defects, and extrinsic
impurities. Atoms of oxygen, which function as alébw donors, or atoms of carbon,
which function as shallow acceptols?*? are the kinds of extrinsic impurities that are
most commonly observed; however, it might be pdsdibat other kinds of elemental
impurities are introduced during the epi-grown s@urce contamination. Unintentional
incorporation of atoms of oxygen, and carbon typycaccurs from a graphite
component (crucibles, or susceptors to cite tworgtas) of an epitaxial growth reactor
chamber, traces of oxygen in nitrogen plasma ssuand/or nitrogen rich gas carrieéfs
In addition, a continuum of shallow levels with ipation energy ranging from 50 meV
to 100 meV, as indicated by Seghéral*?® can be considered the cause of the above
mentioned non zero photocurrent background resptmgecoming IR radiation in the
Mg-doped GaN, and Mg-doped ,&a.xN investigated in this work. Given that the

OPO/OPA system used in this experiment allows amum photon energy of ~250
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meV for IR photocurrent spectroscopy, no photocurresponse peaks relative to said
shallow levels could be resolved.

The analysis of the data that plotted, made aMailebFigure 171, and organized in
Table 9, suggested that the observed IR photodupesik response(s) for each of the
Mg-doped GaN and Mg-doped ,&a N test structures possibly showed a dependence
on aluminum mole fraction in AGaxN; more precisely, we hypothesize that the data
seemed to indicate that the energy depth of theraed IR photocurrent peak responses

increase with increasing aluminum mole faction 1RG®; «N.
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Table 9: IR photocurrent response peak of eacheofdst structures as a function of their
aluminum mole fraction composition.

Sample AII:Or/;(mglr? IR Photocurrent| IR Photocurrent
ID Peak (nm) Peak (meV)

TDI MSM [1] 0% 3175 391
ATMI MSM [7] 0% 3160 392
Honeywell MSM [1] 0% 3150 394
TDI MSM [2] 0% 3075 403
ATMI [1] 0% 3065 405
Honeywell MSM [6] 0% 3035 409
Honeywell MSM [6] 0% 2705 458
TDI MSM [2] 0% 2680 463
Honeywell MSM [1] 0% 2665 465
ATMI MSM [7] 0% 2605 476
TDI MSM [1] 0% 2605 476
ATMI MSM [1] 0% 2595 478
Epitex MSM [2] 15% 2605 476
Epitex MSM [3] 15% 2605 476
Honeywell MSM [4] 20% 2580 481
Honeywell MSM [3] 20% 2550 486
Crystal IS [D151X 1] 42% 1491 832
Crystal IS [D151X 2] 42% 1465 846
Honeywell [4a] 52% 1453 853
Honeywell [1] 52% 1430 867
Honeywell [6] 52% 1428 868
Honeywell [3] 52% 1426 870
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Aluminum mole fraction dependent deep level centenge been observed by means
of CV profiling, and/or cathodoluminescence spesitopy by various groups, and
reported in the literaturé®?*® *¥For the sake of this discussion, said aluminum mole
fraction dependence deep levels centers were ceahpeith the energy depth of the IR
photocurrent response peaks observed in this expetj and made available in the plot

shown in Figure 189.
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Figure 189: Comparison between the energy deptheofR photocurrent response peaks
observed in this experiment, and the energy defptiiecAl mole fraction dependent deep
centers observed by means of CV profiling and/dhadoluminescence spectroscopy
and reported in the literatuf& #9129

Again, the data comparison shown in Figure 189 ccontlicate that the observed IR
photocurrent peak response(s) for each of the MgpddsaN and Mg-doped &a N

test structures possibly shows a dependence oniralommole fraction in AlGa xN.
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Data suggest that the energy depth of the obselRedhotocurrent peak responses
increase with increasing aluminum mole fraction AhGa N, but it cannot be
ascertained that this is a linear relationship té# structure was fabricated on Mg-doped
Al,Ga xN with an aluminum mole fraction ranging from 208042%, nor was such a test
structure available to be tested in terms of phatent spectroscopy, and so a more
accurate model of the dependency cannot be cordiahé¢his time. Furthermore, in the
graph shown in Figure 190, which plotted and comggrhotocurrent response peaks
from test structures investigated in this experimem observed a peak broadening
relative to the photocurrent response of low alwminmole fraction (0% to 20%) test
structures could be observed; in contrast, the pealative to the high aluminum mole
fraction (42% to 52%) were observed to be muchpsraihis observation suggested the
plausible existence of two kinds of deep levelse anthe low aluminum mole fraction,

and another one in high aluminum mole fraction $&sictures.
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Figure 190: Comparison of photocurrent respons&pfam test structures investigated
in this experiment.

It is not possible at this time to determine tierical nature of the deep centers

observed in this work, although it is speculateat guch deep centers can be associated

with the concentration of Mg atoms incorporated iRG&.xN, and the concentration of

Mg-H complexes that survive ad-hoc anneal proce€s&uch speculation finds some

support in this thesis in light of the fact thalt @i the Mg-doped GaN, and Mg-doped

Al Ga N films were grown epitaxially via MOCVD, which is growth methodology
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affected by hydrogen passivation of Mg atoms, aeddhmation of Mg-H complexes. In
the effort to understand the electronic naturehefdeep center observed in this work, a
further analysis was however conducted on the tesiithe temperature dependent time
decay of the IR photocurrent response shown inrEidgid4. The graph shown in Figure
191, which plots the natural logarithm of the saide decay as a function of 1/KT,
indicated that the slope of the obtained Arrhemloed has a value of approximately 23
meV; such value is exactly that of the exciton bigdenergy’?> Hence it must be
assumed that the observed photocurrent respomkse it electrons, considering that the

Mg:GaN material is p-type and that holes are abunidain

—— Photocurrent Time: Decay

Linear {Photocurrent Time Dezay)

1T

Figure 191: Arrhenius plot of the natural logarithof temperature dependent IR
photocurrent response of Ni/Au MSM test structurefaidricated on ATMI, Mg-doped
GaN as a function of 1/KkT.
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From the analysis of Figure 174 through Figure 1¥7%yas observed that at low
temperature (77 °K), the photocurrent backgroundsignificantly lower than the
photocurrent background at high temperature (300 fikthermore, it was observed that
at low temperature, the magnitude of the photoegditansient current is lower than the
transient photoexcited current at high temperatlreaddition, it was observed that at
low temperature, time decay is of the order of ndPwhich is around the reported value
of the minority carrier lifetim&>, whereas at high temperature the time decay then
order of ~1000 ns, which is the value determinedVigtanab&* for excess carrier
lifetime. Assuming that IR photons excite deep denat ~400 meV, it can be
hypothesized that at 77 °K, ~400 meV photons iodieep traps at an energy depth E
photoexcited electrons combine with abundant hwlgs-GaN to form deep trap donor
bound excitons. Carrying a net +e charge, theserdoound excitons have a large cross
section, and hence short lifetime. At 300 °K, ~406V photons ionize deep traps at an
energy depth £ however, since exciton energy is in the orde2@to 30 meV, excitons
do not form, ionized donors are screened by freetens, and so donors have a smaller
cross section, and a larger photocurrent lifetiSwech hypothesis is illustrated in Figure

192.
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Figure 192: Schematics illustrating the proposedcharism that explains the
observations relative to results of the temperatependent time decay of the IR
photocurrent response shown in Figure 174 througinr& 177.

From the analysis of Figure 178 through Figure 1i84s observed that the room
temperature time decay of the photocurrent respimeseased with decreasing aluminum
mole fraction in AlGa,«N; more precisely, from ~40 ns for the 52%, up {osifor GaN.
Such phenomenon is very likely to be dominatedhw®y talue of the carrier mobility,
which is known to decrease in llI-nitride semicoattus as a function of increasing
aluminum mole fraction. An increasing Al mole friact is known to negatively affect the
crystalline quality of AlGa«N, and hence reduce the carrier mobility.

In this experiment, no enhanced photocurrent wagmied at Mg acceptor energies;

in fact, the observed energy levels of the IR pbatent peak responses are significantly
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larger than those of the Mg acceptor atoms ixG&l.xN, which have been cited in the

literature, and plotted for the sake of the readleomprehension in Figure 193.
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Figure 193: Plot of the IR photocurrent responsekpe each of the Mg-doped GaN, and
Mg-doped AlGaN test structures, and the Mg acceptargy as a function of Al mole
fraction as a extrapolated from Johngbn

As shown in Figure 193, the observed energy levélthe IR photocurrent peak
responses are ~ 50% larger than the energy lebwskrved at Mg acceptor energies, and
this fact should be considered as indication tiet observed deep levels are not
associated with acceptor ionization in Mg:GaN, ara optical ionization of Mg
acceptors is observed in this experiment.

Experimental results relative to the IR optical gumg of commercial 365 nm UV

LEDs however suggest that high intensity infrareah cenhance conductivity and
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electroluminescence,, as a transient enhancemehlVins observed in IR optically

pumped, commercial 365 nm UV LEDs. In these suppldgal experiments, commercial
UV LEDs (NS365B - Nitride Semiconductor Co., Japarere positively biased at a
constant voltage of approximately 2.9V, and weradiated with 2300 nm IR pulses;
transient photocurrent, and UV optical output wiasutaneously determined according

following the schematics shown in Figure 194.
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Figure 194: Schematics illustrating the test beédipaused to investigate the effects of IR
optical pumping on commercial IlI-nitride 365nm WEDs.

As shown in Figure 185, both a transient IR photamt response, and enhanced UV
optical output were observed in the IR opticallynped device; the screenshot of the
oscilloscope (Model TDS 524A, Tektronix, Beavert@R) taken during the experiment,
shows both a peak associated with the transient dtifssion (Ch2), and a peak
associated with the transient photocurrent (Chhg peak associated with the transient

UV emission is delayed with respect to that of tifamsient photocurrent; this delay was



248

caused by the transit time in the photomultipligbe. The experimental result of this
supplemental experiment is significant, as it iatkd that the transient UV emission
could be plausibly caused by a transient excessdwicentration in under IR irradiation.
In fact, the emission of IlI-nitride heterostruaulJV (and Deep UV LEDs for that
matter) is limited by low-hole concentration of pistype layers; not by the electron
concentration of its n-type layers.

Experimental results relative to the temperatur@eddent study of transient,
enhanced UV emission from IR optically pumped, caroial 365 nm UV LEDs (shown
in Figure 187) indicates that a transient, enhamog#ital output is achieved even at very
low temperature (77°K). This observation also sstgthat thermal activation of carrier,
or generation of electron-hole pairs is not likelythis experiment. In addition, as shown
in Figure 188, a blue shift is observed in the srant UV output peak of optically
pumped, commercial 365 nm UV LEDs at (77°K); tenapare induced blueshift/redshift
behavior is typical of all heterostructure basedkE

In conclusion, IR photocurrent spectroscopy is reggbon test structures fabricated
on Mg-doped GaN, and Mg-doped,&la N (0.15 < x < 0.52) by using a YAG-pumped
OPO/OPA tunable from 250 meV to 1.75 eV, with thiemtion of identify energy levels
associated with Mg in magnesium-doped GaN angsalN. Infrared photocurrent
spectra are presented, and a non-zero backgrospdnge was associated with shallow
extrinsic impurities and/or a continuum of shall@vels with ionization energy ranging
from 50 meV to 100 meV. In addition, peaks in th®tocurrent response obtained from
test structures are observed and associated wip tbevel donors. No evidence of

acceptor ionization in magnesium-doped GaN angsalN were observed. Finally,
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experimental results on IR pumping of commercigbr86 UV LEDs indicate that an
infrared enhanced UV optical output can be achieved

7.1.Future Work

In this dissertation, photocurrent spectroscopyg wanducted with the intention of
observing and identifying energy levels associatéd acceptor atoms of magnesium in
Mg-doped AlGa.xN with an aluminum mole fraction ranging 0% to 52Photocurrent
response peaks at Mg energy levels in Mg-doped @adll ALGa, N would be expected
to indicate transient optical ionization of acceptioms in lll-nitride, and enable
improved device performance through IR optical pungpn heterostructure LEDs and
other p-n junction based devices. Furthermore, Woslld enable the creation of new
class of optically pumped optoelectronic devicethwnhanced performance, one extra
degree of freedom, and the capability of contrgliamd modulating doping levels in wide
bandgap materials, by generating transient exaasers. However, the results of these
experiments were not conclusive, as no photocupeak response was observed at Mg
energy levels in Mg-doped GaN, and@& «N.

The properties of llI-nitrides, and GaN,&a xN in particular, can vary greatly as a
function of the epi-growth methodology; MOCVD, MBH, ldVPE to cite a few of them.
In addition, properties of said compound semicotmigcare affected by both technical,
and human factors even when the same epi-growthadelogy is used; in other words,
no two reactors are created equal, nor are thergpneers that operate such reactors.
Hence, future photocurrent spectroscopy should dredwcted on homogeneous test
structures; more precisely, test structures fateccan Mg-doped GaN and ,&a 4N

films grown with the same exact condition, with te@me epi-reactor. This kind of
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experiment could be accomplished at UNC Charlotthe near future in light of the fact
that new lll-nitride epi-growth reactors have beecently installed, or are in the process
being installed. Granted that there is an estaddistapability of growing ad-hoc IlI-
nitride films, or the opportunity of having them deaavailable by a collaborating third
party, future work should deepen the investigatibrihe deep levels observed in this
work, and verify their dependence on Al mole frawti

Further work is also needed in order to understdred mechanism that enables
transient, enhanced UV emission in heterostrudiased UV LEDs, which was observed
in this experiment, but which are not fully undewst. This finding in particular may
have a tremendous potential in terms of developrathtV and Deep UV emitters and
sensors, which is currently curbed by a lack ofratieg devices, and/or devices that
operate at an unsatisfactory level in terms ofaabtpower output or detection. Future
investigations of IR pumping based lll-nitride LEDsith a well-defined and fully
characterized heterostructure, should hence beuctedl Currently, a fundamental
drawback of investigating the effects of IR pumporgforward biased commercial UV
LEDs is that the information of their heterostruetis adamantly protected by either a
trade secret, or intellectual property rights; with having access to this kind of
information, attempts at modeling and predicting thechanism that leads to the IR
pumped, transient, enhanced UV emission would keally futile. Having stated that,
future work on IR pumping on heterostructure LEDswd involve the fabrication of
such devices preferably on campus, or by courtésyoollaborating research group, if it

can be arranged.
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Finally, further work is necessary to determine itinaimum level of IR optical input
required by llI-nitride heterostructure based LEAD&l other p-n junction based devices
to enable enhanced performance. This task will ireqthe understanding of the

phenomenon, and its modeling so that it will besgue to predict it.
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