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Concern for man himself and his fate must always form the chief
objective of all technological endeavors . .. in order that the creations
of our minds shall be a blessing and not a curse to mankind. Never
forget this in the midst of your diagrams and equations.

—~ From an address entitled “Science and Happiness,’
presented at the California Institute of Technology,

Feb. 16, 1931. Quoted in the New York Times,

Feb. 17 and 22, 1931. Einstein Archives 36-320

Moenie eers skryf en dan dink nie.

Dink liewer eers en skryf dan.

Skryfwoorde is nie mondwoorde wat wegwaai nie.
Of wat jy later kan oorstry nie.

—~ C.J. Langenhoven

Your standard of excellence is what will separate you from others.
The greatest enemy of excellence is compromise: whatever it takes
to get by at the time. Consistency is the foundation for excellence. If
you are consistent in the application of excellence in all things, then
this will become instinctive. Creating a culture of excellence is a huge
win for any leader. Since we have learned that culture is difficult to
learn, then it must be a part of who we are at all times.

~ Dave Dungan
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Abstract

Development and characterization of a tuneable AlGaN-based solar-blind
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tronic, photodiode, Schottky, solar-blind, ultraviolet, UV-to-
visible rejection ratio

Several applications require the detection of terrestrial UV-C signatures. Effi-
ciency, compactness, environmentally friendly and cost-effective requirements
for UV-C—detectors resulted in a research interest in wide-bandgap (WBG)
semiconductor-based photovoltaic diodes with a 280 nm cut-off wavelength. Ad-
vances in producing group-llI-nitride materials allowed the growth of high quality
Al,Ga;_,N, a direct-WBG ternary semiconductor in which the Al mole fraction (x)
could be varied, allowing for a tuneable bandgap that made the semiconductor
intrinsically ‘blind’ to longer wavelengths and responsive to selected wavelengths

shorter than 360 nm.

This dissertation reports on the development and characterization of a tuneable
AlGaN-based solar-blind UV-sensitive Schottky photodiode. A fabrication pro-
cedure was established using optimized metallization techniques derived from
literature. This included metallization schemes, metal thicknesses and annealing
methods for metallization of both the ohmic and Schottky contacts for a front-

irradiated photodiode.

Characterization was done with a newly constructed optoelectronic characteriz-

ation system. Electrical characterization was performed inside a light-tight shiel-
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ded enclosure and a software routine aided in applying current-voltage and
capacitance—voltage measurements on a Schottky diode. Spectral characteriz-
ation made use of either a UV source or a visible-to-near-infrared source that
was coupled to a monochromator that allowed for wavelength selection. The
monochromatic electromagnetic radiation was guided by an optical fibre from
the monochromator into the enclosure where the photodiode was irradiated. An
additional software routine was developed that allowed for the automation of the
spectral characterization. The system was calibrated against standards trace-
able to the National Institute of Standards and Technology (NIST) by following

the photodetector substitution method.

The study concluded with the manufacturing of an epoxy wire-bonded front-
irradiated four-quadrant detector that was mounted on a commercial microchip
carrier. Metal depositions were done through physical contact masks. The quad-
rants were surrounded with optimized layered ohmic contacts and a quadrant
consisted of a thin-film iridium(IV) oxide (IrO,) as Schottky contact that is UV

transmissive with a Au contact on top to which a wire was bonded.

Optoelectronic characterization verified that the four-quadrant detector was in-
trinsically solar-blind and showed good uniformity across the quadrants. Elec-
trical parameters obtained included an average ideality factor of 1.97 + 0.09, a
Schottky barrier height of (1.22 + 0.08) eV, a reverse leakage current density
of (2.1 £3.3) nA - cm~2 and a series resistance of (120 + 30) 2. Spectral para-
meters obtained included a (275 + 5) nm cut-off wavelength, an average cur-
rent responsivity at 250 nm of (28 + 1.0) mA - W~ with a quantum efficiency
of (14 £ 0.5) % and an UV-to-visible and near-infrared rejection ratio between
10°® and 10° for 400 nm to 1100 nm wavelengths. These characteristics allowed
for the detector to be used in demonstrating a working solar-blind UV-sensitive

electro-optic device.
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Samevatting

Ontwikkeling en karakterisering van ’'n gedefinieerde AlGaN-gebaseerde
sonblinde UV-sensitiewe Schottky-fotodiode

deur
Louwrens van Schalkwyk

Studieleier: Prof. W.E. Meyer

Medestudieleier:  Prof. F.D. Auret

Graad: Magister Scientiae

Sleutelwoorde: aluminium gallium nitried, iridium(lV)-oksied, op-

toélektronies, fotodiode, Schottky, sonblind, ultraviolet,
UV-tot-sigbare onderdrukkingsverhouding

Verskeie toepassings vereis die opsporing van aardse UV-C—seine. Doeltref-
fendheid, kompaktheid, omgewingsvriendelike en koste-effektiewe vereistes vir
UV-C—detektors het aanleiding gegee tot 'n belangstelling in navorsing van wye-
bandgaping (WBG) halfgeleiergebaseerde fotovoltaiese diodes met 'n 280 nm
afsnygolflengte. Vooruitgang in die vervaardiging van groep-Ill-nitried mater-
iale het gelei tot die groei van hoégehalte Al,Ga;_,N, 'n direkte-WBG dri-
eledige halfgeleier waarin die molbreuk Al (x) sodanig verander kon word, dat
'n gedefinieerde bandgaping die halfgeleier wesenlik ‘blind’ maak vir langer
golflengtes en die golflengtesensitiwiteit tot bepaalde goflengtes korter as

360 nm beperk.

Hierdie verhandeling doen verslag rakende die ontwikkeling en karakteriser-
ing van 'n gedefinieerde AlGaN-gebaseerde sonblinde UV-sensitiewe Schottky-
fotodiode. 'n Vervaardigingsprosedure is gevestig met behulp van geoptimal-
iseerde metalliseringstegnieke wat uit literatuur afgelei is. Dit het metallisering-
skemas, metaaldiktes en uitgloeiingsmetodes vir die metallisering van beide die

ohmiese en Schottky-kontakte vir ’'n frontbestraalde fotodiode ingesluit.

Karakterisering is gedoen met 'n nuutgeboude optoélektroniese karakterisering-

v
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stelsel. Elektroniese karakterisering is binne ’n ligdigte afgeskermde hok uit-
gevoer, en 'n sagtewareroetine is vir die uitvoering van stroom- en kapasitan-
siespanningsmetings op 'n Schottky-diode aangewend. Spektraalkarakterisering
het gebruik gemaak van 6f 'n UV-bron, 6f 'n sigbare-tot-naby-infrarooi bron wat
aan 'n monochromator gekoppel was om bepaalde golflengtes te selekteer. Die
monochromatiese elektromagnetiese straling is deur 'n optiese vesel gelei vanaf
die monochromator tot in die afgeskermde hok na binne waar die fotodiode be-
straal is. 'n Bykomende sagtewareroetine is ontwikkel wat die outomatisering van
die spektraalkarakteriseringstegnieke moontlik gemaak het. Verder is die stelsel
deur die aanwending van die fotodetektor-vervangingsmetode teen standaarde
gekalibreer wat na die Nationale Instituut vir Standaade en Tegnologie (NIST)

spoorbaar is.

Die studie is afgehandel met die vervaardiging van ’'n epoksie-draad-verbinde
frontbestraalde vierkwadrant-detektor wat op 'n kommersiéle mikroskyfiedraer
gemonteer is. Metaalneerslag is deur middel van fisiese kontakmaskers bew-
erkstellig. Die kwadrante is met geoptimaliseerde ohmiese kontakte omring, en’n
kwadrant het bestaan uit 'n dun-lagie iridium(IV)-oksied (IrO,) as Schottky-kontak
wat UV deurlatend is, en met 'n Au-kontak daarop waaraan 'n draad verbind kon

word.

Optoélektroniese karakterisering het bewys gelewer dat die vierkwadrant-
detektor wesenlik sonblind was, en die kwadrante het goeie eenvormigheid
getoon. Die bepaalde elektiese parameters wat verkry is, was 'n gemiddelde
idealiteitsfaktor van 1.97 £ 0.09, 'n Schottky walhoogte van (1.22 + 0.08) eV,
'n lekstroomdigtheid van (2.1 +3.3) nA-cm~2 by 1 V truvoorspanning en 'n
serieweerstand van (120 + 30) 2. Die bepaalde spektraalparameters was ’'n
(275 + 5) nm afsnygolflengte, '’n gemiddelde stroom-responsievermoé by 250 nm

van (28 £ 1.0) mA - W~ met 'n kwantumdoeltreffendheid van (14 + 0.5) %, en’'n
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UV-tot-sigbare en naby-infrarooi onderdrukkingsvermoé van tussen 10% en 10°
vir 400 nm tot 1100 nm golflengtes. Hierdie eienskappe het dit moontlik gemaak

om die detektor in die demonstrasie van 'n werkende sonblinde UV-sensitiewe

elektro-optiese toestel te gebruik.

VI
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Chapter 1

Introduction

1.1 Background

Research and development of electro-optic systems sensitive to specific electro-
magnetic radiation (EMR) spectra are a high priority. These systems are used
to observe and characterize objects that radiate at specific wavelengths, may it
be in the infrared (IR, 760 nm to 1.00 mm), visible (VIS, 380 nm to 760 nm) or
ultraviolet (UV, 10.0 nm to 400 nm) regions [ISO, 2007:9]. Electro-optic systems
use a variety of sensors that normally consist of photomultiplier tubes (PMTs)

and Si-based photodetectors [Munoz, 2007:2859].

Electro-optic systems have been well researched and developed for use in both
the IR and VIS spectral regions. UV radiation (UVR) research only began in the
latter half of the 19th century. Great interest in the development of electro-optic
systems for studying objects radiating in the UV region was stimulated after World
War |, because of their military, industrial and scientific applications [Goldberg,

1999:R41-R42; Monroy et al., 2003:R34; Razeghi and Rogalski, 1996:7434].

Although the Sun radiates over the entire UVR spectrum, the Earth’s atmo-
sphere absorbs strongly in specific regions of the UVR spectrum. Specifically,

wavelengths between 200 nm and 350 nm are mainly absorbed by molecular
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oxygen and stratospheric ozone [Andrews, 2010:73-74; Goldberg, 1999:R41;
Haigh, 2007:27-29; Razeghi and Rogalski, 1996:7434]. Solar-blind UV-sensitive
detectors are photodetectors sensitive only to wavelengths in the UV-C region
(200 nm to 280 nm). These photodetectors can therefore only respond to ter-

restrial sources radiating in the UV-C region [van Schalkwyk et al., 2012:1529].

The broad wavelength response of PMTs and Si-based photodetectors have the
disadvantage that electro-optic systems based on these technologies require ad-
ditional filters to obtain wavelength selectivity [Mufoz, 2007:2860; Razeghi and
Rogalski, 1996:7457]. These filters do not only lower efficiency, but also reduce
the signal-to-noise ratio, which requires additional electronics to correct [Mufioz,
2007:2860]. Where high photosensitivity is required, PMTs are needed, which re-
quire high-voltage power supplies and result in expensive bulky systems [Muioz,
2007:2860]. Furthermore, for military, industrial and scientific applications, UV-
sensitive systems and their components need to be robust, efficient, withstand
UVR and have good signal-to-noise ratios. They are also required to be compact,

environmentally friendly and cost effective.

Advances in material growth techniques and processing of group-Ill-nitrides res-
ulted in a unique direct wide-bandgap (WBG) semiconductor system [Razeghi
and McClintock, 2009:3067; Razeghi, 2011:263]. The Al,-, Ga(1_x_y)-, and In,)N
semiconductors offer a direct WBG that is tuneable over a broad spectral range
by varying the Al (x) and In (y) mole fractions, in the alloy composition [Mufioz,
2007:2860]. This tuneability allows the manufacture of photodetectors that do not
respond to certain (longer) wavelengths, making them intrinsically ‘blind’ to spe-
cific wavelengths. Moreover, this may eliminate the need for expensive filters in
systems. Indium nitride (InN) has its absorption edge in the IR region at about
1.8 mm (bandgap of 0.7 V), gallium nitride (GaN) at 360 nm (3.44 ¢V) and

aluminium nitride (AIN) at 200 nm (6.2 eV) [Mufoz, 2007:2860].
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Group-llI-nitride optoelectronic devices promise to be more reliable, have higher
efficiencies, are environmentally friendly and robust and furthermore, being com-
pact, will diversify their application [Razeghi, 2011:263]. The ternary aluminium
gallium nitride (AlGaN) semiconductor has proven to be an excellent photonic
material for use as a tuneable solar-blind UV-sensitive material in sensors

[Razeghi, 2011:264].

1.2 Research problem

International interest in the research and development of intrinsically solar-
blind UV-sensitive sensors motivated this research study. The purpose of the
study was to realize an optimized tuneable front-irradiated AlGaN-based solar-
blind UV-sensitive Schottky photodiode. Also, as fundamental optical-to-electrical
transducers, their feasibility for implementation in future UV-sensitive electro-

optic systems are discussed in this dissertation.

1.2.1 Aims

The first aim of the study was to establish a fabrication procedure for Schottky
photodiodes on AlGaN semiconductors. The second, was to develop an optim-
ized four-quadrant detector to complete a joint initiative with the Sensor Science
& Technology (SST) competence area of the Council for Scientific and Industrial
Research (CSIR) Materials Science and Manufacturing (MSM) unit. They aimed
to integrate the four-quadrant detector in a housing with electronics and UV op-

tics and demonstrate a working solar-blind UV-sensitive electro-optic device.
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1.2.2 Objectives

The first objective was to construct an optoelectronic characterization system
for electrical and spectral characterization of the UV-sensitive photodiodes. A
system for electrical characterization was already well established for current—
voltage (/-V) and capacitance—voltage (C—V) measurements in a light-tight shiel-
ded enclosure that minimized electromagnetic interference (EMI) from external
noise sources. The optoelectronic characterization system was envisaged to
be developed by adding radiating sources, together with a monochromator for

wavelength selection and filters, onto the existing system.

The second objective was to calibrate the optoelectronic characterization system
against standards traceable to the National Institute of Standards and Techno-
logy (NIST). This could be done using the photodetector substitution method that
required the use of a standard detector with an absolute responsivity calibration.
In addition, a computer program was written to automate the spectral charac-
terization part of the optoelectronic characterization system. This routine aided
in recording, incorporating and saving the standard detector calibration data to-

gether with the measured spectral irradiation data of the photodiode.

The third objective was to establish a fabrication procedure for tuneable front-
irradiated AlGaN-based solar-blind UV-sensitive Schottky photodiodes. Front-
irradiated photodiodes required the use of materials with high optical transmit-
tance in the UV region as Schottky contacts. Kim et al. [2002] showed the effect-
ive use of iridium(lV) oxide (IrO,) as a Schottky barrier material for GaN metal—
semiconductor—-metal UV-sensitive photodetectors. Therefore, a fabrication pro-
cedure was investigated by using metallization techniques found in literature and
investigating the effects of each fabrication step on the optoelectronic character-

istics.
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The final objective was to realize an optimized metallization technique for the
ohmic and Schottky contacts to fabricate a four-quadrant detector once a tune-
able front-irradiated AlGaN-based solar-blind UV-sensitive Schottky photodiode
has been developed and characterized. The feasibility for the implementation of
the four-quadrant detector in future UV-sensitive electro-optic systems could then

be considered.

1.3 Layout of the dissertation

Chapter 1 provides some background on electro-optic systems and their short
comings as solar-blind UV-sensitive devices. There is also a brief look at how

group-llI-nitrides can potentially address some of the short comings.

Chapter 2 focusses on EMR and introduces some fundamental concepts in ra-
diometry that are relevant in this study to familiarise the reader with the termin-
ology and notation. This is needed to further understand the methodology be-
hind the spectral characterization technique discussed later in Chapter 3 and the
calibration theory and method of the optoelectronic characterization system in
Chapter 4. Furthermore, sources of EMR are discussed and the solar irradiance
spectrum presented to help position the solar-blind UV region. The chapter also
looks at the detail around UVR classification, important applications, some detec-
tion methods and how WBG semiconductors can be advantageous for solar-blind

UV-sensitive devices.

Chapter 3 considers the physics of AlGaN-based Schottky photodiodes. First,
the three typical categories of solids with respect to their electron energy-band
structures are discussed and a fourth category, being WBG semiconductors, is
introduced. Then, the differences between direct and indirect bandgap semicon-

ductors are discussed together with the band-to-band optical transitions that are
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possible within them. With that in mind, the idea and benefits of a tuneable AlGaN
semiconductor that is intrinsically solar-blind is briefly looked at. Because Schot-
tky photodiodes are of interest, the Schottky diode and its electrical characteriza-
tion is discussed. Lastly, the photocurrent generation processes and the spectral

characterization of a Schottky photodiode are covered.

In Chapter 4 the construction, calibration and technical details of the optoelec-
tronic characterization system are discussed. The system was calibrated by fol-
lowing the photodetector substitution method and the theory behind the calib-
ration is derived from a radiometric foundation. The system was used to opto-
electronically characterise Schottky photodiodes and is unique in that it uses an
optical fibre to irradiate the photodiodes. Therefore, the chapter also looks at the
properties of a step-index optical fibre and its experimental set-up. The spot-size
and spatial irradiation distribution (SID) are experimentally measured and com-
pared to that expected theoretically. Finally, typical calibrated spectral irradiances

of the deuterium and tungsten-halogen lamps are considered.

The initial development and characterization of a tuneable AlGaN-based solar-
blind UV-sensitive Schottky photodiode is covered in Chapter 5. Here, the tech-
nical details of the sourced AlGaN semiconductor wafer on which the Schot-
tky photodiodes were to be fabricated, are presented. Then, the fabrication pro-
cedure and the optoelectronic characterization together with the results are dis-

cussed that led to a publication which has been included in Appendix E.

Once the Schottky photodiode fabrication procedure was established, Chapter 6
describes the continuation of the work toward the development and characteriz-
ation of two UV-sensitive four-quadrant detectors. Moreover, through additional
literature the metallization techniques for the fabrication of optimized ohmic con-
tacts and UV transmissive Schottky contacts are discussed. The technical de-

tails of the two sourced AlGaN semiconductor wafers on which the four-quadrant
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detectors were to be fabricated are presented and the deposition techniques
explained to obtain the envisioned layout of the detectors. The second four-
quadrant detector was mounted onto a commercial microchip carrier, epoxy wire-
bonded and then optoelectonically characterized. The results obtained for the
second four-quadrant detector that led to another publication, which has been in-
cluded in Appendix E, is covered. In addition, how the second four-quadrant de-
tector was used to demonstrate a working solar-blind UV-sensitive electro-optic

device is also discussed.

Finally, Chapter 7 concludes the study in terms of the objectives and aims set out

in the previous section 1.2 and considers some further research.
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Chapter 2

Electromagnetic radiation

2.1 Nature of electromagnetic radiation

The form of electromagnetic radiation (EMR) to which the human eye is sensit-
ive and on which our visual awareness of the universe and its contents relies, is
known as (visible) light [Isaacs, 2003:264—265]. Sir Isaac Newton was the first
to regard rays of light as very small particles travelling in straight lines, emitted
in streams from a light source and became the most famous advocate of the
particle (corpuscular) theory of light during the seventeenth century [Pedrotti and
Pedrotti, 1993:2]. Later, Christiaan Huygens’ wave theory of light allowed him to
derive the laws of reflection and refraction, championing Newton’s corpuscular
theory [Pedrotti and Pedrotti, 1993:2]. Huygens described the propagation of the
light wave with the concept of a wave front, defined as “the locus of all adjacent
points at which the phase of vibration of a physical quantity associated with the
wave is the same” [Young and Freedman, 2004:1249]. Furthermore, a vector can
be constructed such that it is perpendicular to the wave front, hence represent-
ing an optical ray which is “an imaginary line along the direction of travel of the
wave” [Young and Freedman, 2004:1249]. James Clerk Maxwell predicted the

electromagnetic wave (EMW) nature of light and calculated its speed of propaga-
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tion in 1873 [Young and Freedman, 2004:1248]. Heinrich Hertz started in 1887
with experimental work that confirmed that light is EMWSs [Young and Freedman,
2004:1248]. By the nineteenth century, EMR has been shown to be either con-
sidered as particles moving, or as waves with electric and magnetic components

propagating through a medium.

In 1900, Max Planck was able to mathematically derive the correct blackbody
radiation spectrum by making the assumption that atoms radiate energy in dis-
crete bundles called quanta or photons [Pedrotti and Pedrotti, 1993:3; Young
and Freedman, 2004:1248]. In modelling EMR as photons, Planck showed that a
photon has discrete energy E that is proportional to the frequency of the radiation

v or inversely proportional to the wavelength of that radiation A,

E=hv= 3 (2.1)
where h is Planck’s constant and ¢ the speed of the EMWs in the medium [Ped-
rotti and Pedrotti, 1993:3]. In 1905, Albert Einstein showed that the photoelectric
effect’ could only be explained by considering EMR as a stream of photons
whose energy is related to frequency as by Planck’s equation [Isaacs, 2003:360;
Pedrotti and Pedrotti, 1993:3]. The photon model is best used for understanding
radiant energy interaction with media and therefore used in radiometry where the
photon flux of an optical field is considered [Young and Freedman, 2004:1248].
In modelling EMR as a wave propagating through a medium, the concepts of
wavelength and frequency are considered. In the planning of an optical system

the wave front and ray models are mostly used in aberration calculations.

"“The liberation of electrons from a substance exposed to EMR. [Isaacs, 2003:359]
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2.2 Introductory radiometry

Radiometry is the science of the measurement of EMR [Pedrotti and Pedrotti,
1993:10]. The Optical Technology Division of the NIST have published the Self-
Study Manual on Optical Radiation Measurements that describes the fundament-
als of radiometry [Nicodemus et al., 1976]. The units and homenclature that are
used depend on the experiment performed, as explained by Nicodemus et al.

[1976:7],

A mechanical engineer, concerned with dissipating frictional heat,
wants to know how much energy flows away from an exposed hot
surface as optical (heat) radiation. He is concerned with the rate of
energy flow — the power — in the radiation beam, usually expressed
in watts. An atomic physicist, studying the light emitted by individual
particle interactions, wants to know the number of photons flowing in
a beam, the number of quanta per second. An illumination engineer,
trying to provide adequate lighting on a desk for comfortable and
efficient reading and writing, measures light in terms of its effect upon
the average human eye, using lumens? for units. Thus, there are
different ways of stating the amount of optical radiation determined
by a measurement; we can use different units of flux, the general
term for the quantity of radiation per unit time flowing in a beam.

One of the most difficult physical quantities to measure accurately is EMR, be-
cause of the varying parameters of direction, polarization, position, time and
wavelength. Furthermore, the responsivity of most radiometers may not only
vary because of the same latter parameters, but also environmental and instru-
mental parameters. Therefore, it is common to have a disagreement of between
10 % and 50 % in measurements obtained by different instruments or techniques

[Nicodemus et al., 1976:iii].

2Photometry use lumen and is the measurement of optical radiation with detectors having a
specified spectral responsivity related to that of the human eye [Nicodemus et al., 1976:7-8].

10
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Radiometric terms can be defined in radiant (watt), photon (quanta per second)
or photometric (lumen) quantities [Nicodemus et al., 1976:7; Pedrotti and Ped-
rotti, 1993:10]. Therefore, subscripts e (radiant), p (photon) and v (phofometric)
are denoted to distinguish between the nature of the quantities [Nicodemus et al.,
1976:7; Pedrotti and Pedrotti, 1993:10,15]. It should be noted that the underlying
concepts are the same, irrespective of the nature of the quantities [Nicodemus
et al., 1976:7]. This study mainly considers radiant quantities and in some in-
stances may utilise photon quantities where interactions between radiation and

matter is considered.

The following subsections first look at the concept of a solid angle, which is im-
portant to understand before any radiometry can be performed. Secondly, a num-
ber of radiometric terms are defined to better understand the differences between
them. Thirdly, the interaction of EMR with media is discussed briefly. Finally, a
mathematical equation that is similar to the measurement equation is derived to

address radiometric problems in this research study.

2.2.1 The solid angle

The solid angle is a two-dimensional extension on the concept of the plane angle
and is expressed as the ratio of an area and the square of a length with unit
m?/m? = 1, called a steradian [sr] [Thompson and Taylor, 2008:77]. Palmer and
Grant [2009:15] defines one steradian as “the solid angle that, having its vertex
in the center of a sphere, cuts off an area on the surface of the sphere equal to
that of the square with sides of length equal to the radius of the sphere.” Solid
angles are fundamental in describing how sources radiate and how receivers at
a distance observe the radiation. The two types of solid angles that are used in

solving radiometric problems are illustrated in Figure 2.1.

11
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(a) The geometric solid angle is the ratio of a surface area P’ of the
projection of an arbitrary surface P onto the surface of the hemisphere
of radius z, as seen from a point at the center of the hemisphere.

Q=] M[sr]z[

2
z2

(b) The projected solid angle is the geometric solid angle weighted
with a factor cos 8, because of the dependence of the projected area
with respect to the surface area at the center of the hemisphere.

Figure 2.1: lllustrations of the geometric and the projected solid angles used in solving radiometric
problems.

12
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The geometric solid angle (w), illustrated in Figure 2.1(a), is the ratio of the sur-
face area P’ in [mﬁ] of the projection of an arbitrary surface P onto the surface
of a hemisphere of radius z,, [m,] (along the optical axis) as seen from a point
at the center of the hemisphere. An infinitesimal portion of the projected area P’

can be described in spherical coordinates, such that

dP’ = 2Zz,d X z, sin0dp

= z,fr sin 6 dfdop.

Therefore, the geometric solid angle subtended at the center of the hemisphere

(origin) by the infinitesimal portion of the projected area P’ is given by

W://Z_p::// sin 6 dO . (2.2)

The geometric solid angle can be calculated by integrating over 0 < # < © and

0 < ¢ <2minEq. 2.2, such that

w = 47 sin® (9). (2.3)
2

Here, © is the half apex angle of a cone with its apex at the center of the hemi-
sphere. If © = /2 sr the cone covers the whole hemisphere and w = 27 sr.
When © = 27 sr, the cone covers a whole sphere and w = 47 sr [Nicodemus

et al., 1976:62—70; Pedrotti and Pedrotti, 1993:11].

The projected solid angle (£2), illustrated in Figure 2.1(b), is the ratio of the sur-
face area P’in [mﬁ] of the projection of an arbitrary surface P onto the surface of
a hemisphere of radius z,, [mg], as seen from the surface dA at the center of the

hemisphere, multiplied by a weighting factor cos 6, where 6 is the angle between

13
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the normal vector i of dA and the line from the center of the hemisphere to where
the projected area P’ is located on the hemisphere. The weighting factor of cos ¢
is required, because the contribution of the projected area P’ to the solid angle
(2 depends on where P’ is located on the hemisphere, relative to the normal vec-
tor i of the area dA. An infinitesimal portion of the area P’ can be described in
spherical coordinates as

dP’ = ZzZ,sin 0 dfdo.

Therefore, the projected solid angle subtended at the surface dA by the infinites-

imal portion of the projected area P’ is given by

Q= //dPZ;zosH — // sin 0 cos 6 dd. (2.4)
pr

The projected solid angle can now be calculated by evaluating the integral for
0<60<0O,0< ¢ <21 and weighting dP’ with a factor cosf in Eq. 2.4, such
that

Q = 7sin?0. (2.5)

Here, © is still the half apex angle of a cone. If © = /2 sr, the cone covers
the whole hemisphere, but with 2 = 7 sr. Hence, the projected solid angle in
this case is only half that of the geometric solid angle, because of the weighting
factor cosf. The projected solid angle is particularly used when the radiance
from the source is independent of direction, that is a Lambertian source [Palmer
and Grant, 2009:32,58]. The geometric solid angle can be used when the range
between the source and receiver are large enough, such that the half apex angle

is very small and cos 6 ~ 1 [Nicodemus et al., 1976:70-77].

14
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2.2.2 Radiometric terms

This section covers the main radiometric terms, that include the radiant flux, ra-
diance, radiant intensity, radiant exitance and irradiance as well as a summary of

their International System of Units (Sl) in Table 2.1 and illustrations in Figure 2.2.

Radiant flux is the rate at which energy of EMR (radiant energy) flows from a
source to a receiver. As illustrated in Figure 2.2(a), consider an infinitesimal por-
tion of the (directed) surface area dAs of a source and similarly that of a receiver
dA,, adistance z,, apart in an optical system. The radiant flux (¥,) is the amount
of radiant energy (Qe) [J] flowing over time (t) [s|] from the source to the receiver

and is therefore measured in watt [W] [Nicodemus et al., 1976:23-25].

Radiance is the radiant flux per unit surface area (radiant-flux density) of the
source and projected solid angle. In Figure 2.2(b), a radiating source is con-
sidered that is either self emitting, reflecting or both. The radiance is therefore, the
radiant flux d?®,, per unit surface area dA, of the source and projected solid angle
dQQ, of that source. The projected solid angle is subtended at dA, by the cross-
sectional area da of a spherical element at a distance z,, from the source. The

symbol used for radiance is L in [W - m~2 - sr'| [Nicodemus et al., 1976:19-23].

Radiant intensity is the radiant flux per geometric solid angle. Figure 2.2(c) illus-
trates a point source where the radiant flux flows outward from the point source
per unit of geometric solid angle dw, subtended at the source origin by the cross-
sectional area da of a spherical element at a distance z,, from the source. The

radiant intensity symbol is /, in [W - sr~'] [Nicodemus and Kostkowski, 1978:9].

Radiant exitance is defined as the radiant-flux density flowing outward from the
surface area of a source, as in Figure 2.2(d). The symbol M, is used for radiant

exitance in [W - m~2] [Nicodemus and Kostkowski, 1978:9-14].
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dde
Me = “ga: Ee = “ma;
W2 W
Zy [Mgr] Zy [Mgr]
(d) Radiant exitance (e) Irradiance

Figure 2.2: lllustrations of the radiometric terms. (a) illustrates the rate at which radiant energy
flows from a source to a receiver, (b) the radiant flux per unit surface area and projected solid
angle, (c) the radiant flux per geometric solid angle flowing outward from a point source, (d) the
radiant-flux density flowing outward from the surface of a source and (e) the radiant-flux density
incident on the surface of a receiver from a distant source.
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Table 2.1: The radiometric terms and their S| derived units.

Term Symbol Defining equation Sl units
Radiant energy Q. J]

Radiant flux P, . (W]

Radiance Le e (W-m=2.sr]
Radiant intensity le e (W - sr]
Radiant exitance M, o (W - m~2]
Irradiance E. dre (W m~2]

dAr

Irradiance is the radiant-flux density incident on the area of a receiver from a
source at a distance, as in Figure 2.2(e). Here E, is used for irradiance, also in

[W - m~2] [Nicodemus and Kostkowski, 1978:9-14].

2.2.3 Radiant energy interaction with media

A medium can reflect, absorb and transmit radiant energy incident on it. The

incident radiant energy Q; can therefore be related as follows

Qi=Q +Q+Q. (2.6)

Furthermore, by dividing Eq. 2.6 by the incident radiant energy value, one has

that

a _o.,a. a
Q Q @ Q
1 = pt+a+r, (2.7)

where p is the fraction of incident radiant energy being reflected (radiant or spec-
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tral reflectance), « is the absorbed fraction (absorptivity or attenuation coefficient
of the medium) and 7 the transmitted fraction (transmission coefficient) [Isaacs,

2003:2,414,507].

2.2.4 Geometrical invariance of radiance

Radiant flux transfer between two arbitrary objects can be derived, starting with
a graphical illustration as presented in Figure 2.2(a). Consider an infinitesimal
portion of the source area dAs and receiver area dA, separated by a distance
Z.. The angles 6 and 0, are the angles between the line-of-sight and the normal
unit vectors fis and i, to the two infinitesimal areas. Radiant energy flows from
the source to the receiver through a lossless optical medium. The source and

receiver radiance is given by

d?o,
=" 2.8
dA, cos 0, d2, (2.8)
and
ad’o,
LL=————. 2.
dA, cos 6, d ) (29)
Here, the projected solid angle df2, subtended at dAs by dA, is defined as
dA, cos 0,
dQ, = 20 (2.10)
ZSF

and the projected solid angle d€) subtended at dA, by dAs as

_ dAscosbs

2
Zsr

d (2.11)

Substituting Eqg. 2.10 into Eq. 2.8, and Eqg. 2.11 into Eq. 2.9, shows that L = L,,
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hence, proving that radiance is conserved. Now

d?d, 22
L. = 2t 2.12
® dA cos b dA, cos b, ( )
and solving for d?®,, gives
Lo dAs 0, dA, 0,
2o, = - °0522 costr. (2.13)

Equation 2.13 is used to calculate the monochromatic radiant flux transferred
between two arbitrary objects in a lossless medium [Nicodemus et al., 1976:23—

44; Pedrotti and Pedrotti, 1993:11-13].

In a more general format, Eq. 2.13 can be multiplied with the transmittance coeffi-
cient for a lossy medium 7 between the two objects for a small spectral bandwidth

d), such that
Lo dA; cos 0, dA, cos 8, T d\
z2 ’

P, =

(2.14)

Equation 2.14 provides the total radiant flux in a beam of small spectral band-
width at its intersection with a reference surface, after passing through a lossy
medium [Nicodemus and Kostkowski, 1978:65]. Figure 2.2(a) together with
Eqg. 2.14 is fundamental in solving radiometric problems and deriving all ra-

diometric terms.

“The measurement equation is the mathematical expression that quantitatively
relates the output of a measuring instrument to the radiometric quantity that is
being measured taking into account all of the pertinent factors contributing to the
measurement result” [Nicodemus et al., 1976:4]. The measurement equation is
similar to Eq. 2.14, but is different in that each radiant flux element is ‘weighted’

by a corresponding responsivity value [Nicodemus and Kostkowski, 1978:65—67].
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2.3 Sources of EMR

Charged particles in accelerated motion are the fundamental sources of all EMR.
Any object at a non-zero temperature radiates EMR, which is called thermal ra-
diation and is a mixture of various wavelengths. Thermal radiation is EMR emit-
ted by an object, because of the accelerated motion of charged particles under
thermal agitation. The level of accelerated motion of charged particles depends

on their thermal energy [Young and Freedman, 2004:1248].

The thermal radiation spectrum is mathematically described by Planck’s radi-
ation law for a blackbody, which is an ideal surface that radiates (and absorbs)
all wavelengths of EMR [Pedrotti and Pedrotti, 1993:15; Young and Freedman,
2004:1248]. The spectral radiant exitance for a thermal radiator at temperature T
[K] as a function of wavelength (1)) is given by Planck’s blackbody radiation law
as

Mo (A, T) = 21hc?/ [AS <eT - 1)}

where ¢ and k represents the speed of EMWSs and the Boltzmann constant,
respectively [Pedrotti and Pedrotti, 1993:15]. When using the known values of

these constants and A in [nm], the radiant exitance result is

x 7
Mo (AT) =3.742 x 102/ [A° ("5 —1)| [W-m2.0m~"].  (215)
Sources of EMR may be natural thermal radiators, such as solar radiation from
the Sun, or artificial, as with incandescent or discharge lamps. Furthermore, ra-

diating sources may be classified as continuous, spectral line or monochromatic

[Pedrotti and Pedrotti, 1993:17].
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2.3.1 The Sun

Solar radiation from the Sun can be classified basically as extraterrestrial and
terrestrial solar irradiance. Terrestrial solar irradiance is commonly referred to as
daylight and experienced as a combination of sunlight and skylight. Skylight has
a predominantly blue hue, where direct sunlight has a distinctly different spectral
distribution that is modified by absorption in the atmosphere of the earth. Extra-
terrestrial solar irradiance is the solar irradiance experienced above the Earth’s

atmosphere [Pedrotti and Pedrotti, 1993:18].

The reference spectral solar irradiance generated by the Simple Model of the
Atmospheric Radiative Transfer of Sunshine (SMARTS) version 2.9.2 for ex-
traterrestrial (E490-00) and direct normal terrestrial irradiance (G173-03) are
presented in the top graph of Figure 2.3 for wavelengths ranging from 100 nm
to 2000 nm. The National Renewable Energy Laboratory (NREL) uses SMARTS
to predict clear-sky spectral solar irradiance, as developed by Dr. C. Gueymard
[NREL, 2010]. The model is implemented to generate the extraterrestrial and the
terrestrial reference solar spectra at sea-level for the American Society for Testing
and Materials (ASTM) [NREL, 2010]. The ASTM developed the standard extra-
terrestrial spectrum reference E-490-00 in 2000 for use by the aerospace com-
munity and the reference was reapproved in 2006 [ASTM Standard E490-00a,
2006]. They also developed the standard terrestrial spectrum reference G173-03
for use by the photovoltaic industry in 2003 that was reapproved in 2012 [ASTM
Standard G173-03, 2012].

The extraterrestrial spectral solar irradiance indicates that the behaviour of the
Sun is approximately that of a 5770 K blackbody [Pedrotti and Pedrotti, 1993:18;
Woan, 2000:176]. For comparison, the ideal terrestrial spectral solar irradiance

of the Sun modelled as a 5770 K blackbody is also plotted in Figure 2.3.
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Figure 2.3: Top Graph: The ASTM E490-00 extraterrestrial, ASTM G173-03 (direct normal) ter-
restrial and ideal 5770 K blackbody terrestrial spectral solar irradiance of the Sun [NREL, 2010].
Bottom Graph: Magnified UV region of spectral solar irradiance from the Sun. VUV is absorbed
by O.. The Sun does radiate deleterious UV-C, but UV-C is absorbed by O, and stratospheric
ozone. UVR reaching the Earth’s surface consists of 10 % carcinogenic UV-B, partially absorbed
by stratospheric ozone, and 90 % UV-A that stimulates photosynthesis and pigmentation.
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2.3.2 Incandescent lamps

Incandescent lamps produce EMR by heating a material to incandescence using
an electric current. The de-excitation of the atoms or molecules of the material
after they have been thermally excited results in radiation over a broad continuum
of wavelengths. The most popular source for continuous radiation in the VIS and
into the IR region is the tungsten-halogen lamp [Pedrotti and Pedrotti, 1993:18—
19].

2.3.3 Discharge lamps

Discharge lamps produce EMR dependent on the gas, ionized by accelerated
electrons in the electric field between two electrodes through which a current
is passed. Radiant energy is released by the de-excitation of the excited vapour
atoms. Deuterium arc lamps are, for instance, ideal for UV spectroscopy because
they produce a continuous background in the UV region with high radiant energy

[Pedrotti and Pedrotti, 1993:20-22].

2.4 UV radiation
2.4.1 Classification

The UV radiation (UVR) spectrum is commonly defined as EMR with wavelengths
ranging from 10 nm (long X-rays) to 400 nm (violet light) and is a highly ionising
radiation, activating many chemical processes [Goldberg, 1999:R41; Isaacs,
2003:516; Monroy et al., 2003:R33; Razeghi and Rogalski, 1996:7434]. The UVR
spectrum can be subdivided in a number of ways according to definition and bor-
der wavelengths between the regions [Envall et al., 2006:063110-1]. In this dis-

sertation, the UVR is classified into four subdivided spectral ranges presented
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in the lower graph of Figure 2.3 and summarized in Table 2.2, together with the
main absorber. The ranges were chosen in conjunction with the International Or-
ganization for Standardization (ISO)’s 21348:2007(E) standard on determining
solar irradiances, which classifies UVR wavelength ranges [ISO, 2007:9]. The
first three ranges are classified according to their main biological action or effect
on human skin, and the last according to the required experimental environment

for its useful detection in the laboratory.

UV-A (315 nm to 400 nm) stimulates photosynthesis, and is involved in the syn-
thesis of basic biochemical compounds and some vitamins, such as vitamin D
[Isaacs, 2003:516; Monroy et al., 2003:R34]. UV-A is also pigmentational radi-
ation, i.e. causing skin tanning [Goldberg, 1999:R41].

UV-B (280 nm to 315 nm) is mainly carcinogenic radiation and excessive expos-
ure is dangerous to human beings, causing skin cancer, cataracts, burns etc.
[Goldberg, 1999:R41; Isaacs, 2003:516; Monroy et al., 2003:R34]. UV-B is par-
tially absorbed by the stratospheric ozone (O3) layer and contributes to 10 % of

the total UVR reaching the surface of the Earth [Monroy et al., 2003:R34].

UV-C (200 nm to 280 nm) is mainly used for its bactericidal properties in water,
air and food as a disinfectant [Goldberg, 1999:R41]. Although the Sun radiates in
the more deleterious UV-C region, this EMR is also almost completely absorbed
by atmospheric molecular oxygen (O,) and the stratospheric O3 layer [Andrews,
2010:73-74; Haigh, 2007:27-29; Monroy et al., 2003:R34; Razeghi and Rogal-
ski, 1996:7434].

Vacuum UV (VUV) ranges from 10 nm to 200 nm and is called VUV because,
due to absorption by air, detecting this EMR requires the use of a vacuum
chamber [lsaacs, 2003:516; Monroy et al., 2003:R34; Razeghi and Rogalski,
1996:7434]. Wavelengths shorter than 100 nm are absorbed by atomic oxy-
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Table 2.2: Classification of the UVR spectrum, subdivided into four ranges according to their main
biological effect on the human skin or required experimental environment for its useful detection.
The ISO 21348:2007(E) standard on determining solar irradiances describes the wavelength
ranges [ISO, 2007:9].

Wavelength  Photon energy

Classification Absorber
range [nm] range [eV]

Ultraviolet-A (UV-A) 315 to 400 3.94 10 3.10

(pigmentational radiation)

Ultraviolet-B (UV-B) 280 to 315 4.43103.94 O,

(carcinogenic radiation)

Ultraviolet-C (UV-C) 200 to 280 6.20104.43 O, & O;

(bactericidal radiation)

Vacuum UV (VUV) 10 to 200 124106.20 O, O, & Np

gen (O), O, and molecular nitrogen (N,) [Andrews, 2010:73-74; Haigh, 2007:27—
29]. Also, wavelengths between 100 nm and 200 nm are predominately absorbed
by O,, hence requiring experimentation in vacuum [Andrews, 2010:73—74; Haigh,

2007:27-29; Monroy et al., 2003:R34; Razeghi and Rogalski, 1996:7434].

2.4.2 Applications

UVR was discovered by W. Ritter and W.H. Wollaston in 1801, and during
the last two centuries numerous applications and measuring instruments have
been found in civil, industrial, military, medical and scientific fields [Goldberg,
1999:R41; Monroy et al., 2003:R34]. UV-sensitive sensor applications can be
summarized as biological, chemical and combustion sensors, optical communic-

ations and UV-emitter calibration [Monroy et al., 2001:537].
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Biological

In biological applications, UV sensors can be in the form of personal solar UV-B
exposure dosimeters, monitors of UV-B and C exposure in food, air disinfec-
tion processes for long term storage solutions and in personal water purific-
ation systems [Goldberg, 1999:R41; Munoz, 2007:2859; Razeghi and Rogal-
ski, 1996:7453]. Agricultural industries may want to monitor UV-A and B ex-
posure in hotbed and hothouse agrotechnics [Goldberg, 1999:R41]. Biological
agents (such as anthrax and the plague) and organic compounds can be de-
tected through UV luminescence (after UV irradiation) and analysed by studying
UV absorption lines [Monroy et al., 2001:537; Monroy et al., 2003:R34; Mufoz,
2007:2859; Razeghi, 2011:263—-264]. In the medical and scientific fields, biolo-
gical sensors can monitor UV-B and C disinfection methods of blood intended
for transfusion, or UV-B usage in physiotherapeutics by dermatologists in the
treatment of certain diseases [Envall et al., 2006:063110-1; Goldberg, 1999:R41;
Mufoz, 2007:2859]. UV-B is used for vitamin-synthesis (such as D, and D) as
part of biotechnology and in photobiology, to study the photobiological effects
of the human skin, both areas in need of UV-sensitive sensors [Envall et al.,

2006:063110-1; Goldberg, 1999:R41].

Chemical

Chemical application for UV sensors are to detect and analize chemical agents by
studying UV absorption lines [Monroy et al., 2001:537; Monroy et al., 2003:R34].
Photochemistry research requires chemical sensors to monitor both UVR and
chemical changes and can so be used in, for example, industrial resin curing of

polymeric materials [Envall et al., 2006:063110-1; Mufoz, 2007:2859].
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Combustion

UV combustion sensors aim to detect specific UV signatures in combustion pro-
cesses, where UVR is a natural by-product in hostile high temperature environ-
ments, such as in the aerospace, automotive and petroleum industries [Razeghi
and Rogalski, 1996:7453,7471]. Interior and outdoor fire alarms can use these
sensors in conjunction with IR fire sensors as flame safeguard systems [Mon-
roy et al., 2000:2081; Monroy et al., 2001:537; Monroy et al., 2003:R34; Mufioz,
2007:2859; Razeghi and Rogalski, 1996:7435]. For fire control purposes, gas
supply to large high temperature furnace and boiler systems can be controlled
with combustion sensors monitoring UV signatures in the presence of hot back-
grounds and help advance combustion engineering [Monroy et al., 2001:537;
Monroy et al., 2003:R34; Mufoz, 2007:2859; Razeghi and Rogalski, 1996:7435].
In the military field, key UV signatures can aid in missile plume detection and
UV location (in addition to IR location) of objects [Goldberg, 1999:R41; Mon-
roy et al., 2000:2081; Monroy et al., 2001:537; Monroy et al., 2003:R34; Mufoz,
2007:2859; Razeghi and Rogalski, 1996:7453].

Optical communication

In optical communication applications, secure short range non-line-of-sight
ground-based optical space communication technologies are made possible be-
cause of the fact that below the atmosphere any UV source with A\ < 280 nm has
to have a human origin [Mufioz, 2007:2859; Razeghi, 2011:264]. Furthermore,
UV-sensitive sensor applications for secure space-to-space (or free space) trans-
mission (particularly inter-satellite communication) and astronavigation can also
become possible [Goldberg, 1999:R41; Monroy et al., 2000:2081; Monroy et al.,
2001:537; Monroy et al., 2003:R34; Mufoz, 2007:2859; Razeghi and Rogalski,
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1996:7471; Razeghi, 2011:264].

Applications for UV-emitter calibration

UV-emitter calibration applications have to do with measurement comparisons.
Industries can apply UV-emitter calibration techniques as a means to study art,
detect faults, non-destructive testing and investigation of materials, detect and
monitor pollution, UV lithography and large area sterilization using, for instance,
UV luminescences or absorption line analyses [Envall et al., 2006:063110-1;
Goldberg, 1999:R41-R42; Monroy et al., 2003:R34; Mufoz, 2007:2859]. Sci-
entific space and astronomical research studies use the UV emission ability of
objects to study solar and stellar spectra in an effort to monitor solar UV and
thus calibrate sources [Envall et al., 2006:063110-1; Goldberg, 1999:R41; Mon-
roy et al., 2000:2081; Monroy et al., 2001:537; Monroy et al., 2003:R34; Mufoz,
2007:2859; Razeghi, 2011:264]. Other scientific fields can use UV-emitter cal-
ibration in scintillator registration of nuclear particles, investigating the electron
structure of matter, ozone layer and plasma research [Envall et al., 2006:063110-
1; Goldberg, 1999:R41; Monroy et al., 2001:537; Monroy et al., 2003:R34;
Munoz, 2007:2859].

2.4.3 Detection

Photomultiplier tubes and Si-based electro-optic systems

UVR can be selectively detected with UV-sensitive electro-optic systems that
fall into two classes, namely ‘visible-blind’ and ‘solar-blind’ systems. Visible-blind
systems are defined as systems operating on UV-sensitive sensors with a cut-

off wavelength® shorter than 400 nm [Schiihle and Hochedez, 2013:467]. |.e.

3The cut-off wavelength is defined as the wavelength at which photosensitivity is less than half
that of the maximum photosensitivity.
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referring back to Figure 2.3, visible-blind systems only respond to wavelengths
shorter than 400 nm and are ‘blind’ to the longer wavelengths in the ‘visible’

region of the terrestrial solar irradiance spectrum.

Solar-blind systems are defined as systems operating on UV-sensitive sensors
with a cut-off wavelength shorter than 280 nm [Schihle and Hochedez,
2013:468]. l.e. referring back to Figure 2.3 again, solar-blind systems only
respond to wavelengths shorter than 280 nm and are ‘blind’ to the longer

wavelengths of ‘solar’ radiation that can penetrate the atmosphere of the Earth.

Because of the strong absorption of UV-C by the Earth’s stratospheric ozone
layer, a solar-blind system on the surface of the Earth is effectively ‘blind’ to solar
UV-C, unless it originates from a terrestrial source. This opens the door to a num-
ber of terrestrial applications, whereby sources radiating in the UV-C region can
be observed with minimum background interference originating from terrestrial
solar irradiation. Therefore, international interest grew in the research and devel-
opment of solar-blind UV-sensitive electro-optic systems, however, as explained
by Mufioz [2007:2859-2860], the solar-blind UV-sensitive electro-optic systems
based on photomultiplier tube (PMT) and Si-based photodetector technology
end-up being expensive and bulky, particularly due to the high-voltage power
supplies needed for the PMTs. UV-sensitive systems consisting of PMTs and
Si-based photodetectors require additional filters to allow for the transmission of
specific UV wavelength ranges to these photodetectors because of their broad

wavelength response [Mufoz, 2007:2860; Razeghi and Rogalski, 1996:7457].

Consider an electro-optic system aimed at observing the UV-C signature of a
source radiating over a broad spectral range (UV, VIS and IR). This is a typical
example of a solar-blind UV-sensitive electro-optic system. Figure 2.4 illustrates
how two types of solar-blind UV-sensitive electro-optic systems can function and

what they require to detect UV-C radiation.
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(a) A typical UV-C—sensitive electro-optic system observing a source radiating over a broad
spectral range. The sensor is based on PMT and Si-based photodetector technologies, there-
fore it requires the use of a UV lens, an UV-C filter, an image intensifier and additional elec-
tronics to improve signal-to-noise ratios.

UV-C—sensitive sensor

uv !
AN AN '

VIS VIS | UV-C !
AN AN ' NN
R R | (only UV-C

; ! detected)

! (WBG material-based photodetector)

|
(b) The future UV-C—sensitive electro-optic system with a sensor based on WBG material

technology only requires the use of a UV lens and less additional electronics to improve
signal-to-noise ratios.

Figure 2.4: lllustrations of how UV-C—sensitive electro-optic systems with (a) PMT & Si-based
and (b) WBG material-based sensors can function and what they require to be solar-blind.

The system illustrated in Figure 2.4(a) requires a quartz lens for focusing since
glass strongly absorbs UV wavelengths shorter than 300 nm. A filter is then
needed to filter UV-C from the broad range of wavelengths that passed through
from the lens. The filtering process results in an intensity loss of UV-C radiation.
An image intensifier using, for instance, a PMT can amplify the UV-C signal and
in the process of doing so, transform the signal to a VIS wavelength range. These
wavelengths are then detectable by readily available Si-based photodetectors. To
complete the sensor, additional electronics may aid in improving signal-to-noise
ratios. In the end, the UV-C-sensitive sensor consists of a UV-C filter, an image

intensifier, a Si-based photodetector and additional electronics.
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WBG-based photodetector electro-optic systems

The drive to develop more compact and cost effective solar-blind UV-sensitive
electro-optic systems inspired renewed research efforts on the photodetector
component of the sensor. The photodetector is constructed from arrays of optical-
to-electrical transducers (such as microchannel array plates, charge coupled
devices or photodiodes) that absorb incident photons that interact with electrons
and this interaction is observed as an electrical signal. Photodetectors have a se-
lective wavelength of maximum spectral sensitivity per unit incident radiant flux

and measure the arrival rate of quanta [Razeghi and Rogalski, 1996:7435].

Photoelectric and thermal detectors are two classes of photodetectors. Photo-
electric detectors have greater response stability, are more sensitive and provide
better linearity. Photoelectric detectors can be subdivided according to their elec-
tric signal generation process. These include external photoemissive, internal
photoemissive, photovoltaic and photoconductive detectors [Razeghi and Rogal-

ski, 1996:7435].

External photoemissive detectors generate an electric signal through the external
photoelectric effect, i.e. electrons are excited with energies higher than the va-
cuum energy-level and the wavelength range of sensitivity is related to the work

function of the surface thin-film material [Razeghi and Rogalski, 1996:7436].

Internal photoemissive detectors generate an electric signal through the internal
photoelectric effect. l.e. incident photons with radiant energy greater than the
bandgap energy of the semiconductor are absorbed in the bulk of the semicon-
ductor. Electrons can then be raised to the conduction band producing electron-
hole pairs that are separated by an applied electrical field. The wavelength range
of sensitivity is related to the bandgap energy of the semiconductor [Razeghi and

Rogalski, 1996:7436].
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The photovoltaic detector generates an electrical signal similar to that of the in-
ternal photoelectric effect. The difference is that the electron-hole pairs are sep-
arated by the built-in electric field of the p-n junction, Schottky barrier, or metal—

insulator—-semiconductor photocapacitor [Razeghi and Rogalski, 1996:7436].

Lastly, a photoconductive detector is essentially a radiation-sensitive resistor. In
this case, an incident photon with energy greater than the bandgap energy of
a semiconductor is absorbed to produce an electron-hole pair and the electrical

conductivity of the semiconductor changes [Razeghi and Rogalski, 1996:7439].

The last decade has seen a number of studies in UV-sensitive photodetectors
based on wide-bandgap (WBG) materials [Mufoz, 2007:2860]. If photodetectors
are based on WBG materials, the photodetector can then selectively respond to
incident photons with radiant energy greater than the WBG energy, or shorter
UV wavelengths. This may result in improved cost and size of future solar-blind

UV-sensitive electro-optic systems.

Consider the UV-C—sensitive system illustrated in Figure 2.4(b). The system still
requires a quartz lens for focusing. But, the need for a filter and image intensi-
fier can be eliminated, because of the WBG material-based photodetector. With
increased efficiency less additional electronics are required to improve signal-to-
noise ratios. In this case, the UV-C—sensitive sensor consists only of a WBG-
based photodetector and some additional electronics.

The advances in growth techniques and processing of, especially, group-Ill-
nitrides launched the material from being promising to a unique realized WBG
semiconductor system [Mufioz, 2007:2860; Razeghi and Rogalski, 1996:7453—
7454, 7462—-7471; Razeghi and McClintock, 2009:3067; Razeghi, 2011:263]. As
a fundamental optical-to-electrical transducer in sensors, the fabrication of Schot-

tky photodiodes on one of these WBG materials will be investigated.
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Chapter 3

Optoelectronics

Several fields of science and technology have identified numerous studies and
applications that require the detection and observation of UV-C signatures. These
signatures usually originate from terrestrial sources radiating EMR over a broad
spectral range. The detection of wavelengths in only the UV-C region (200 nm
to 280 nm) demands the development of solar-blind UV-sensitive electro-optic
systems, with sensors that have a cut-off wavelength of shorter than 280 nm.
Furthermore, these systems and their components need to withstand UVR, be
robust, efficient, compact, environmentally friendly, cost-effective and have good

signal-to-noise ratios.

The sensor in an electro-optic system may use a particular class of photode-
tector, depending on the application. The fundamental elements of a photoelec-
tric class detector are optoelectronic devices. Optoelectronics is a field of study
concerned with the ability of electronic devices, especially solid-state devices,
to generate, transmit, modulate and detect EMR [Isaacs, 2003:338]. Optoelec-
tronic devices are either optical-to-electrical or electrical-to-optical transducers,
that are fabricated in various forms and produce signals through a number of

different processes.
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Fundamentally, optoelectronics requires an understanding of solid-state phys-
ics. One form of an optical-to-electrical transducer is the semiconductor-based
photovoltaic diode, or just photodiode. Photodiodes produce an electrical signal
through either the internal photoemissive or photovoltaic processes, whereby in-

cident photons interact with the semiconductor to generate a photocurrent.

To understand the interaction processes of EMR with photodiodes, the physical
differences between the types of solid-state materials are discussed by consid-
ering their electron energy-band structures. Then, it is determined what a semi-
conductor is and, moreover, where WBG semiconductors fit in, followed by a
summary of the relevant semiconductor physics. Thereafter, the AlGaN semi-

conductor is briefly looked at.

3.1 Solid-state physics
3.1.1 Electron energy-band structures

The magnitude of the electrical conductivity of a solid-state material depends
on the number of electrons that are ‘free’ to participate in the conduction pro-
cess. In single isolated atoms, electrons are configured in discrete energy levels.
Electrons occupy or fill energy states, starting with the levels having the lowest
energies, in accordance with the Pauli exclusion principle. With the forming of
solids, the atoms are brought closer together and electrons are acted upon, or
perturbed, by the electrons and nuclei of adjacent atoms. Discrete energy levels
start to overlap and a series of closely spaced discrete energy levels develop.
This forms what is termed an electron energy-band. Furthermore, between adja-
cent energy-bands there can exist forbidden energy-bands that are not available
for electrons to fill, referred to as bandgaps. The electron energy-band structure

of a solid-state material accounts for its electrical properties [Callister, 2003:614—
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Figure 3.1: The four possible electron band structures in solids at 0 K. (a) The electron band
structure for metals, where in the same band available electron states are above and adjacent
to filled states (e.g. Au). (b) The electron band structure for metals, wherein the filled and empty
outer bands overlap (e.g. Ir). (c) The electron band structure found in semiconductors, where the
filled valence band is separated from the empty conduction band by a relatively narrow bandgap
(Eg < 3 eV, e.g. Si). Here, electrons can be thermally excited from the highest possible valence
band energy-level Ey to the lowest possible conduction band energy-level Ec. (d) The electron
band structure in WBG semiconductors and insulators are similar to semiconductors, but the filled
valence band is separated from the empty conduction band by a relatively wide bandgap. The
bandgap energy for WBG semiconductors canbe 3 eV < E; < 8 eV (e.g. GaN) andis E; > 8 eV
for insulators (e.g. SiO,). Adapted from Callister [2003:616].

616].

At zero Kelvin, four different types of electron energy-band structures are pos-
sible, as illustrated in Figure 3.1. An important energy-level is present in each of
these structures, known as the Fermi level (Eg) and is defined to be the highest
energy-level at which the occupation probability of a quantum state by an electron
(fermion) is 0.5 at 0 K. When the Fermi level is such that an electron can change
form one quantum state to another empty quantum state of the same energy,
then electrons can move freely through a solid. That is, conduction can only oc-

cur when a valence energy-band is partially filled or an empty conduction energy-
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band is available to be filled. Electrons cannot change quantum states in the
same filled valence energy-band, because there are no empty quantum states of
the same energy available. The relative positioning of the Fermi level in the two
outermost energy-bands divides solids into four categories, namely metals, semi-
conductors, WBG semiconductors and insulators [Callister, 2003:616; Isaacs,

2003:155-156,169].

Metals

Metals can have two electron energy-band structures. Figure 3.1(a) illustrates the
first structure that is typical for metals that have a single s-subshell valence elec-
tron, such as Au. Individual Au atoms have one 6s valence electron, but in the
solid state the Au metal is comprised of N atoms. The 6s valence energy-band
can therefore accommodate 2N electrons, hence, only filling half of the available
electron energy states in the valence energy-band. The second structure is illus-
trated in Figure 3.1(b). Here there is an overlap of a filled valence energy-band
and an empty conduction energy-band. This occurs in metals where two valence
electrons are found in the s-subshell, as in Ir. An individual Ir atom has two 6s
valence electrons, but in the solid state the 6s and 6p energy-bands overlap. The
Fermi level in metals lies either within the partially filled valence band or it lies
within the overlapping region of the valence and conduction bands. This allows
electrons to move around freely within and between these energy-bands, giving
metals their high electrical conductivity properties (up to the order of 10° S - m~")

[Callister, 2003:614,616].

Semiconductors, WBG semiconductors and insulators

The last two energy-band structures, (c) and (d) in Figure 3.1, are similar in that at

0 K the completely filled valence band is separated by a bandgap from the empty
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conduction band. The difference between the two energy-band structures is the
magnitude of the bandgap [Callister, 2003:616-617]. This magnitude or bandgap
energy E, is the minimum energy required to excite an electron from the highest
possible valence band energy-level Ey to the lowest possible conduction band

energy-level Ec [Sze and Ng, 2007:13]. Thus, the bandgap energy is given by

E, = Ec — Ev. (3.1)

Semiconductors have a narrow bandgap between the valence and conduction
band, as illustrated in Figure 3.1(c). The bandgap energy is usually defined to
be 0 eV < E; < 3eV. The valence band is completely filled with electrons and
there are no free electrons in the conduction band. However, electrons can be
excited from Ey to Ec because the bandgap energies for semiconductors are
usually less than 3 eV, such as for Si with a bandgap energy of 1.12 eV at 300 K.
Therefore, semiconductors are said to have intermediate electrical conductivities

(between the orders of 1078 S - m~'and 10* S - m~") [Callister, 2003:614,6186].

In 1973, Strehlow and Cook published a compilation of energy bandgaps in ele-
mental and binary compound semiconductors and insulators. By their definition,
if 0eV < E; < 3 eV the material is considered to be a semiconductor and if
3eV < E; < 12eV itis considered to be a insulator. During the 1990’s and into
the 21st century, advances in the growth of WBG semiconductors made fabrica-
tion of various solid-state devices possible. Therefore, the WBG semiconductors

as a category of solid-state materials is introduced in this dissertation.

WBG semiconductors differ from standard semiconductors by the fact that their
bandgaps are much wider, usually 3 eV < E; < 8 eV, as comparatively illus-
trated in Figure 3.1(d). Some materials, such as GaN and AIN, would earlier

have been classified as insulators, but have found their way into a number of
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optoelectronic applications as WBG semiconductors.

Insulators have an even wider bandgap between the valence and conduction
bands, compared to WBG semiconductors, but the electron energy-band struc-
ture will be similar to that illustrated in Figure 3.1(d). Electrons in an insulator will
require excitation energies of between 8 eV and 12 eV to move from the valence
band to the conduction band. Therefore, the electrical conductivity of insulators

is lower than 107'° S . m~" [Callister, 2003:614,616].

3.1.2 Semiconductor physics

In very pure (intrinsic) semiconductors the Fermi level lies close to the middle of
the bandgap (forbidden energy-band) at 0 K. Because of this Fermi level position-
ing there are fewer free carriers and these solid-state materials can only conduct
electrically under specific conditions. Electrons can only move into the empty
conduction band, if they are excited from the filled valence band by some min-
imum amount of energy to overcome the bandgap energy. This property opened
the door to various applications, whereby electron excitations can be triggered by
various sources in a number of ways, including thermal excitation, by exposure
to high energy particles (electrons, protons, alpha particles, etc.) or by incident
photons with energies greater than or equal to the bandgap energy. The process
involving photons forms part of what is referred to as optical transitions within

semiconductors.

Direct and indirect bandgaps

Semiconductors can either have direct or indirect bandgaps, depending on their
energy-band structure in energy—momentum (E—p) space. Simplified energy-

level diagrams are drawn in Figure 3.2 to illustrate the difference between most
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E%Y Empty conduction band

© denotes electron in conduction band

Filled valence band QO denotes hole in valence band _
T > D
0
(a) The threshold (1) and an arbitrary (2) direct-transition in a direct-bandgap semicon-
ductor.
EY Empty conduction band

© denotes electron in conduction band

Filled valence band QO denotes hole in valence band N
T > D
0
(b) The threshold indirect (1) and a direct transition (2) in an indirect-bandgap semicon-

ductor.

Figure 3.2: Energy—momentum (E-p) space diagrams of (a) direct- and (b) indirect-bandgap
semiconductors together with illustrated band-to-band optical transitions.
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direct- and indirect-bandgap semiconductors and the way in which optical trans-
itions can occur. The E—p relationship for the band edges near the maximum in
the valence band and minimum in the conduction band, can be approximated by

a quadratic equation
=2

_ P
om*’

(3.2)

where m* is the relevant effective mass' and p the crystal momentum [Sze,

1985:13—-14; Sze and Ng, 2007:12—-13].

A direct-bandgap semiconductor has both the maximum in the valence band and
minimum in the conduction band at the same p value, and for mostitisatp = 0,
as illustrated in Figure 3.2(a). Therefore, when an electron makes an energy
transition from the valence band maximum to conduction band minimum, there is
no significant change in crystal momentum required. An indirect-bandgap semi-
conductor, however, has its maximum in the valence band and minimum in the
conduction band at different p values. For most indirect-bandgap semiconduct-
ors, the maximum in the valence band is still at p = 0, but the minimum in the
conduction band is at some different p # 0 value, as drawn in Figure 3.2(b). Here
an electron requires a change in crystal momentum for a threshold transition to

occur [Streetman and Banerjee, 2006:69—-70; Sze and Ng, 2007:14-15].

Band-to-band optical transitions

There essentially exist two types of band-to-band optical transitions, that is, a
direct and an indirect transition. The direct transition is an (almost) vertical trans-
ition between the valence and conduction bands at the same p value. Therefore,
when an electron makes a direct transition from the valence band to conduction

band, there is no change needed in crystal momentum and this only involves

"The concept of effective-mass allows for the treating of holes and electrons essentially as clas-
sical charged particles [Sze, 1985:13].

40

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

;%
<

Optoelectronics Solid-state physics

a photon. The threshold direct transition, which requires the least energy, oc-
curs between the maximum in the valence band and minimum in the conduction
band for a direct-bandgap semiconductor. Figure 3.2(a) illustrates two different
direct transitions in a typical direct-bandgap semiconductor. The threshold direct
transition, labelled (1), occurs for an incident photon of hv = E, and is used in
determining the bandgap energy experimentally. The other possible direct trans-
itions require incident photons of higher energies (hv > E;), as illustrated by (2)
in Figure 3.2(a). [Grundmann, 2010:272—-274; Kittel, 2005:188—-190; Sze and Ng,
2007:52].

The indirect transition between the valence and conduction bands is a trans-
ition from one p value to a different p value. Therefore, when an electron makes
an indirect transition from the valence band to the conduction band, a change
in crystal momentum is needed and, apart from a photon, a second particle
is required to provided the missing difference to conserve momentum. The in-
volvement of a phonon? can provide the momentum and also some amount of
energy E,. In indirect-bandgap semiconductors, the threshold transition is indir-
ect and the transition energy is equal or greater than the true bandgap energy.
Figure 3.2(b) illustrates the threshold indirect and a direct transition in a typical
indirect-bandgap semiconductor, labelled (1) and (2) respectively. The threshold
indirect transition starts with an electron being excited from the maximum in the
valence band by an incident photon of some energy hv. Depending on the en-
ergy transferred to the electron and the crystal temperature, the transition to the
minimum in the conduction band can be completed by either the emission or ab-
sorption of a phonon. The resulting total transition energy is then hv + E,. The

other direct transitions that are possible in an indirect-bandgap semiconductor

2Thermal energy in the crystal lattice give rise to quanta of lattice vibrations called phonons [Sze
and Ng, 2007:50].
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require, once again, incident photons of higher energies [Grundmann, 2010:272—

274; Kittel, 2005:188—190; Sze and Ng, 2007:52].

Intrinsic and extrinsic semiconductors

The intrinsic semiconductor is undoped and has equal concentrations of elec-
trons and holes equal to the intrinsic carrier concentration per unit volume in
[cm™2] (n;) and is determined by the density of states and the bandgap of the
material, and the temperature. Extrinsic semiconductors, on the other hand, are
semiconductors in which the type of free carrier concentration Ny was manipu-
lated by the addition of controlled amounts of specific impurity atoms through a
process called doping. Doping can either increase the free hole concentration
p to form what is called a p-type semiconductor, or increase the free electron
concentration n to form what is called an n-type semiconductor. Since an n-type
semiconductor was used in this study, the focus is on this type [Isaacs, 2003:444;

Pierret, 1989:30-36].

n-type semiconductor

An n-type semiconductor has excess electrons in the conduction band, contrib-
uted by donor impurities, making conduction possible by majority negative (n)
carriers (electrons). Moreover, impurities are ionized, because their electrons are
donated to the conduction band, resulting in ionized donor sites just below the
lowest possible conduction band energy-level. Therefore, impurity energy-levels
are introduced that lie within the bandgap. For an extrinsic semiconductor, the
free carrier concentration is the difference between the donor impurity concentra-

tion Np and the acceptor impurity concentration Ny [Taylor et al., 2004:458—-460].
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Intrinsic direct-WBG semiconductors

Morkoc et al. [1994] discusses how research in each of the intrinsic direct-WBG
semiconductors, SiC, GaN and ZnSe, has led to major advances for realizing
device applications. The need for optoelectronic devices that are active in the
blue and UV wavelength ranges is one of a number of reasons for the interest in

these types of semiconductors, especially the (Al,Ga,In)N semiconductors.

The group-lll-nitrides have always had the potential of promising compact opto-
electronic devices that are more reliable, have higher efficiencies, are environ-
mentally friendly and robust thus diversifying their application due to their fun-
damental physical and electronic properties. However, development of group-IlI-
nitride-based materials was mainly held back by the lack of an ideal substrate
material and growth infrastructure, compared to SiC and ZnSe. This changed
with the development of the Aixtron 200-4/HT metal-organic chemical vapour de-
position (MOCVD) system during 1994 through a collaboration between Prof.
M. Razeghi and Aixtron, as a World first in commercial reactors designed for
the growth of GaN [Morkog et al., 1994:1379; Razeghi, 2011:263; Razeghi and
Rogalski, 1996:7462].

Normally, GaN crystallizes in the wurtzite (hexagonal) crystal structure, but has
also been known to have a zinc-blende (cubic) polytype [Razeghi and Rogalski,
1996:7463]. The small lattice mismatch between GaN and AIN permits flexibil-
ity in heterostructure design over a great range. Moreover, as a property of the
wurtzite nitride polytypes, a continuous ternary alloy system can be formed so
that the direct-WBG ranges from 6.20 eV in AIN to 3.44 eV in GaN [Morkog et al.,
1994:1379].

The direct-WBG of the AIGaN semiconductor can therefore in principle be engin-

eered to any value between 6.20 eV and 3.44 eV, by varying the Al and Ga mole
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fractions in the alloy composition. Moreover, this material is then also sensitive to
EMR ranging from 200 nm to 360 nm and takes advantage of the direct-transition
process, making it suitable for optoelectronic devices that are active in the UV re-

gion.

3.2 The AlGaN semiconductor

A tuneable semiconductor is simply a material in which the bandgap can be
engineered by varying the mole fractions of the constituents and, in doing so,
changing the bandgap and making the material sensitive (responsive) to spe-
cific wavelengths. Furthermore, if the semiconductor does not respond to certain
(longer) wavelengths, then the material is referred to as being intrinsically ‘blind’

to specific wavelengths.

The direct-bandgap of the ternary AlGaN semiconductor alloy material can be
varied by changing the Al mole fraction (x) in the Al,Ga;_ N compound. Om-
nés et al. [1999:5287-5288] related the variation of the bandgap at 300 K as a

function of the Al mole fraction in the solid phase to

E; (Al,Ga;_«N) = 3.42(1 — x) + 6.2x — bx(1 — x). (3.3)

Here, b is the bowing parameter with a determined value of (0.8 = 0.1) eV and
is plotted in Figure 3.3, showing the relationship to the wavelengths as well. The
relation was determined from samples grown in AIN nucleation on c-orientated
sapphire (Al,O3). The bandgap was measured by photothermal deflection spec-
troscopy (PDS) as a function of the Al fraction, which was measured by a calib-

rated energy-dispersion spectroscopy (EDS) system.

This study investigates tuneable AlGaN-based solar-blind UV-sensitive Schottky
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Figure 3.3: Variation of the bandgap at 300 K for the Al,Ga;_,N semiconductor. The relation
was determined from samples grown in AIN nucleation (measured by PDS) as a function of
the Al fraction in the solid phase (measured by calibrated EDS). Adapted from Omnés et al.
[1999:5288].

photodiodes. Therefore, the next section looks at the physics of the Schottky
diode and its electrical characterization. Thereafter, the photocurrent generation

processes and the spectral characterization thereof are explained.
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3.3 Schottky diodes

Metal-semiconductor rectifiers are the oldest solid-state devices used in elec-
tronics and were first investigated by Braun who published his observations
in 1874 [Rhoderick, 1970:1153; Sze and Ng, 2007:134]. The theory that mod-
elled the suggested potential barrier for the ideal metal-semiconductor diode
was described by Schottky during the 1930s [Schroder, 2006:127; Sze and Ng,
2007:134]. To honour Schottky’s contribution, Schottky barrier diodes or just
Schottky diodes refer to metal-semiconductor diodes and the metal that forms
the potential barrier, a Schottky contact. Schottky contacts display distinctly non-
linear /-V characteristics. For electronic measurements, a second metal contact
is fabricated which displays linear or quasi-linear /-V characteristics, called an

ohmic contact [Schroder, 2006:127].

The purpose of this section is to discuss the physics around Schottky diodes
based on an n-type semiconductor. Subsection 3.3.1 describes the potential bar-
rier formation in a Schottky diode and 3.3.2 the electrical characterization thereof.
Section 3.4 considers the photovoltaic diode and explains two photocurrent gen-

eration processes and the spectral characterization of the Schottky photodiode.

3.3.1 The ideal Schottky diode

Historically, the rectifying properties of a Schottky barrier became clear with the
evaporation of metal films onto single-crystal semiconductor surfaces under very
clean conditions. Because these metal—n-type semiconductor contacts displayed
near ideal rectification characteristics, the physics of Schottky barriers can be
explained by considering the ideal metal-n-type semiconductor contact without
surface states or other anomalies [Rhoderick, 1970:1153-1154; Sze and Ng,

2007:135-139].
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Metal and n-type semiconductor as separate systems

Consider the energy-level diagrams in Figure 3.4(a) for a metal and an n-type
semiconductor, both electrically neutral and in separate isolated systems. The
metal has a high work function® denoted by g¢.,. The work function is the en-
ergy difference between the vacuum energy-level (Ey) and the Fermi level. The
Fermi levels of the metal and semiconductor are indicated with Eg,, and Eg., re-
spectively. As in Sze and Ng [2007], the value of ¢y, is in units of volt [V]. By
multiplying ¢, by the unit electronic elementary charge (q), the value of g¢,, is
in units of electron-volt* [eV]. Also, the values of the energy-levels are in units of
eV and therefore

Qom = Eo — Epm  [eV]. (3.4)

The donor energy-level, the energy of the donor levels below the conduction band
egde, is indicted by Ep in Figure 3.4(a). The n-type semiconductor is electrically
neutral, since for every positive donor ion a free electron resides in the conduction
band. For an n-type semiconductor Np > Na and therefore Ny ~ Np [Sze and

Ng, 2007:21-27].

The bandgap energy for a semiconductor is given by Eqg. 3.1 and in Figure 3.4(a)
the highest possible valence band energy-level is again denoted by Ey, and Ec

denotes the lowest possible conduction band energy-level.

The intrinsic Fermi level of an intrinsic semiconductor lies close to the middle of

the bandgap and is given by

E,

Ec+E/ KT, (N
==+ (—V> (3.5)

—In
2 2 Nc

3Energy required to liberate electrons from a material to the vacuum energy-level.
“Energy equal to the work done on an electron in moving it through a potential difference of 1 V
[Isaacs, 2003:146].
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(b) Metal-n-semiconductor contact with an interfacial layer of atomic dimensions.

Figure 3.4: The energy-level diagrams of a metal and an n-type semiconductor with q¢m > qos.
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Here Ny is the effective density of states in the valence band, given by

3
2 KT\ 2
M =2 (””h—‘;h) , (3.6)

with myy, the density-of-state effective mass for holes in the valence band,

3
2

i = [(mrh> " <mﬁh>3] ’ 3.7)

where the subscripts refer to ‘light’ and ‘heavy’ hole masses. N¢ is the effective

density of states in the conduction band given by

3
2T MykT \ 2
Nc =2 (h—‘;) Me, (3.8)

with Mc the number of equivalent minima in the conduction band and my. the

density-of-state effective mass for electrons in the conduction band, where

W=

Mge = (Mymymy)3. (3.9)

Here, mj{, m; and mj; are the effective masses along the principle axes of the

ellipsoidal energy surface.

The Fermi level for extrinsic semiconductors depends on the doping type and
the donor or acceptor impurity concentration. For a nondegenerate n-type semi-
conductor with the dopants totally ionized, the Fermi level as a function of free

electron concentration is given by

Er. — E + kTln (ﬂ) (3.10)
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where n is the free electron concentration,

E — E
n:NCexp( ' C), (3.11)

kT

and n; is the intrinsic carrier concentration obtained from

E,
=N ——= . 3.12
n c Ny exp ( 2kT) (3.12)
Therefore, since Np > Na and n = Np,
Np
Ers = E +KkTIn | — |. (3.13)

Equations 3.5 and 3.13 show that the Fermi level is dependent on the temperat-
ure, and at T= 0K it lies in the middle of the bandgap. For n-type semiconduct-
ors, Eqg. 3.13 shows that as the donor impurity concentration Np increases, the
Fermi level Egs moves systematically upward in energy from the intrinsic Fermi
level E; and hence the reason for drawing Ers closer to E¢ in Figure 3.4(a) [Pier-

ret, 1989:42-54; Sze and Ng, 2007:17—-19].

The energy difference between E, and Eg, of the n-type semiconductor in Fig-
ure 3.4(a), is its work function denoted by g¢, but depends on Np, since the pos-
ition of Egs depends on Np. The energy difference between E, and Ec, however,
is independent of Np. Therefore, a fundamental property of a semiconductor is

its electron affinity® indicated by gy, and the work function of the semiconductor

SEnergy released for the electron-attachment reaction, when an atom or molecule gains an elec-
tron to form a negative ion [Isaacs, 2003:141].
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is given by

q¢s = Qgxs+ (EC - EFs)

= q(Xs+ &) [eV], (3.14)

where q¢, is the energy difference between Ec and Er.

For the formation of a Schottky barrier, the work function of the metal must be
greater than that of the n-type semiconductor. The difference between the work
functions, ¢m — (Xs + ¢n), is referred to as the contact potential. Therefore, if
the materials are separated and there is no electric field between the materials
with gon, > qos, then the Fermi level of the n-type semiconductor Eg, is greater
in energy than the Fermi level of the metal Ef,,, as shown in Figure 3.4(a). As
a result, the average energy of electrons in the n-type semiconductor is greater
than the average energy of the electrons in the metal. Hence, it is expected that
when the two materials are connected electrically, there is a transfer of electrons
from the n-type semiconductor to the metal. The electron transfer continues until
the average electron energies are equal and the system has returned to thermal

equilibrium [Neudeck, 1989:127-128].

Metal and n-type semiconductor brought into contact

When a metal and a semiconductor are brought into contact, an electrostatic
barrier is created, which gives the Schottky diode its rectifying properties [Rho-
derick, 1970:1153]. To understand how this arises, imagine that the metal and
n-type semiconductor illustrated in Figure 3.4(a) are brought closer together and
connected electrically, as in Figure 3.4(b). The gap between the metal and n-
type semiconductor represents an interfacial layer of atomic dimensions and has

thickness ¢ with permittivity «;.
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In this approach to the ideal Schottky diode, the region within the gap is con-
sidered to be a perfect vacuum and has permittivity equal to one. Furthermore,
the gap is considered very small compared to the inter-atomic distances, so that
it is transparent to electrons (connected electrically) and can still have a potential

difference across the gap [Sze and Ng, 2007:139-140].

As the two materials are brought closer, negative charge is built up at the metal
surface as electrons (with greater energy) flow from the semiconductor to the
metal, due to the difference in Fermi levels. At the same time, a built-in elec-
tric field 5develops between the metal and n-type semiconductor. The electron
transfer continues until the Fermi levels on both sides line up (the average elec-
tron energies are equal) and the system has returned to thermal equilibrium. The
total negative surface-charge density on the metal Q,, is in equilibrium with the
same amount of positive space-charge density in the semiconductor Q.. The
positive space-charge density in the n-type semiconductor results from the ion-
ized donor atoms. The alignment process of the Fermi levels causes an upward
bending of the conduction and valence energy bands, because the balancing
positive donor ions occupy a layer of substantial thickness. This is due to the
donor impurity concentration being many orders of magnitude less than the elec-
tron concentration in the metal. The energy bands become constant deeper into
the neutral bulk region of the semiconductor, where for every positive donor ion a
free electron resides in the conduction band. The metal work function and elec-
tron affinity of the semiconductor do not change as the metal and semiconductor
are brought into contact [Neudeck, 1989:128—-129; Rhoderick, 1970:1153—-1154;
Sze and Ng, 2007:135].

The built-in electric field is directed from the bulk of the semiconductor to the
metal surface, i.e. from right to left as indicated in Figure 3.4(b), increasing in

strength toward the interface and opposing the flow of electrons. The electric field

52

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

%
g

Optoelectronics Schottky diodes

within the vacuum gap is constant. The electrostatic potential A across the gap
is obtained by applying Gauss’ law to the surface-charge density on the metal,
yielding

A=-——"T) (8.15)

and therefore the magnitude of the electric field within the gap is given by

A n
d —Q—. (3.16)

|5!5=%: -

The built-in electric field causes the formation of a region next to the interface
within the semiconductor that is depleted of electrons (and holes). This region is

called the depletion region with depletion width Wp.

In Figure 3.4(b) the Schottky barrier is indicated by g¢g and the Schottky barrier
height (SBH) is measured in units of eV. This particular illustration is similar to
those in which unavoidable interface layers and interface states are taken into
account when describing the SBH. Therefore, also considering Bardeen’s theory,
which shows that the SBH for an n-type semiconductor can be approximately

expressed in the form

E,
¢B:7(¢m_Xs)+<1 _7) (Eg_ﬁbo), (3-17)
where
7= &+ q20D;

Here ¢, is the so-called neutral level® and D;. is the interface-trap density
per eV per unit area in the bandgap of the semiconductor surface [Rhoderick,

1970:1154-1155; Sze and Ng, 2007:142].

5The neutral level, ¢ is the level at which the surface states are occupied up to ¢o and empty
above ¢y, the surface is electrically neutral [Rhoderick, 1970:1154].
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The ideal Schottky barrier diode electrostatics

The ideal metal—n-type semiconductor contact is formed when the gap between
the two materials becomes truly zero (0 = 0 m) and the electrostatic potential
across the gap becomes zero as well (A = 0 V). Hence, there is no interface

layer and no interface (surface) states.

Figure 3.5 illustrates the ideal intimate contact made between a metal and an
n-type semiconductor at thermal equilibrium. First and foremost, if there is no
interface layer and interface states, then v = 1 in Eq. 3.17 and the SBH is de-

scribed by the relationship

qos = q(dm — Xs), (3.18)

as derived by Schottky [Rhoderick, 1970:1154—1155].

The one-dimensional Poisson equation relates the charge to the electric field and
is one of the most important electrostatic equations. The electrostatic equations
are one of the three groups of basic equations that describe the static and dy-
namic behaviour of carriers in semiconductors under external influences. These
external influences can be applied fields or optical excitations that cause devi-
ations from thermal-equilibrium conditions. The one-dimensional Poisson equa-
tion is given in a more useful form as
dz?ﬂi__ﬁz p _q(n—p+ Na— Np)

- P , 3.19
dx? dx Es Es (3.19)

where ) (= —E;/q) is the semiconductor potential, ¢, the permittivity of the
semiconductor and p the free hole concentration. The distance from the con-
tact point into the bulk of the semiconductor is denoted by x. Poisson’s equation

is solved to determine the built-in electric field |5] and semiconductor potential v;
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Wp = depletion region width e = electron flow from semiconductor to metal (or vice versa)
“sm (ms)
¢m = work function of metal E = built-in electric field vector
¢g = Schottky barrier height Qsc = space-charge density in semiconductor [C - cm~2]
xs = electron affinity of semiconductor Qm = surface-charge density on metal [C . cmfz}
pi = built-in potential p = charge density in depletion region [C - cm %]
~+ denotes positive donor ion © denotes electron in conduction band

Figure 3.5: Detailed energy-level diagram of an ideal metal-n-semiconductor contact at thermal
equilibrium (without an interfacial layer and interface states). Also illustrated are the depletion
approximation (a) charge density, (b) built-in electric field and (c) potential.
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caused by a charge density p within the depletion region [Sze and Ng, 2007:62].

The depletion region of the ideal metal-n-type semiconductor contact can be
considered as an one-sided abrupt junction. Because, within the depletion re-
gion, the ionized donor impurity concentration N7 is many orders greater than
the electron concentration n, in an n-type semiconductor. Therefore, the deple-
tion approximation is used for obtaining an explicit solution of Poisson’s equation

[Neudeck, 1989:28—-29; Sze and Ng, 2007:80,136].

Under the depletion approximation, the following results are obtained within the
depletion region of an n-type semiconductor. Because, in the depletion region

N3 > n, and Np = N3, the charge density is obtained as

alNp if0 < x< Wp
p(x) ~ _ ) (3.20)
0 if x> Wp

Applying Eq. 3.20, implies that the charge density drops abruptly at the depletion
edge, as illustrated in Figure 3.5(a). Integrating equation 3.20 over 0 < x < Wp,

the space-charge density in the semiconductor is obtained,
Wp
Qe = / P (X) ax = qND Wp. (321)
0

The space-charge density in the semiconductor Q. is positive (we are using a
negative test charge in this derivation). The negative surface-charge density on

the metal Q,, is equal to Q... Furthermore, from Eq. 3.20 it follows that Eq. 3.19

simplifies to
1), d|€] aNp
- _ E— . 3.22
dx? dx Es (3-22)
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The built-in electric field is obtained by integrating Eq. 3.22 as follows,

. X aN
) = - [ oo

Wp € S

N, — W Ny (Wp —
_ _q D(); D):q D(ED X). (323)

Figure 3.5(b) illustrates Eq. 3.23, from which is seen that the built-in electric
field has a maximum strength at the interface (x = 0 cm) and decreases linearly
to zero for x > Wp. By integrating Eq. 3.23 a second time, the semiconductor

potential is obtained as

Gi(x) = — [ [E](x)ax
Wo
2
- —qND(';‘f_X) . (3.24)

Equation 3.24 demonstrates that the semiconductor potential is a parabolic func-
tion and is illustrated in Figure 3.5(c). Therefore, the bending of the conduction
and valence bands is parabolic in shape within the depletion region. However,
deep into the neutral bulk region of the semiconductor the energy bands become
constant again. Moreover, an electron will experience a maximum electric poten-
tial of vy,; relative to the conduction band edge in the bulk of the semiconductor
when placed at the interface. This maximum electric potential, called the built-in
potential, is the amount by which the Fermi level of the semiconductor was shif-

ted at the interface to reach equilibrium. This is simply the ideal contact potential
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and is also equal to the area under the built-in electric field, that yields

Vb = bm — (Xs + &) (3.25)
= ¢+ ¢n (3.26)
= ¢+ KTIn (%) (3.27)

The depletion width is obtained by solving for Wy in Eq. 3.24 at x = 0 cm, yielding

2‘C’:slpbi
Wo =/ . (3.28)
P aNp

The preceding discussion made use of the depletion approximation. If the con-

tributions from majority carriers in addition to the impurity concentration are con-
sidered in the Poisson equation, then the properties obtained in the depletion re-
gion are more accurate, i.e. in the n-type semiconductor p (x) ~ q[Np — n(x)]
and a correction factor kT/q is introduced in Eq. 3.28, because of the majority

carrier distribution tail near the edge of the depletion region,

2¢ kT
Wo = ° (¢bi - — ) (3.29)
\/qND q
Furthermore, the depletion width as a function of the applied voltage V is given
by
2¢, kT
Wo = (%a —V-— ) (3.30)
\/qND q

because the total electrostatic potential change across the junction is given by
(vwi — V), where the applied voltage is positive for forward biasing and negative

for reverse biasing [Sze and Ng, 2007:83].
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3.3.2 Electrical characteristics

Electrical characterization allows for the understanding of the current transport
processes and quantifying of the quality of the rectifying properties of a Schottky
diode. The current transport processes and the associated theory are reviewed
in an article by Rhoderick [1982] and covered in detail by Sze and Ng [2007:153—
170]. The I~V and C-V measurements are important electrical characterization
techniques. Parameters, such as the ideality factor (), SBH (q¢g), reverse leak-
age current density (Jg) at 1 V reverse biasing and series resistance (Rs) are
obtained from the /-V relationship. From the C—V relationship the donor impurity

concentration and, also, the SBH can be obtained.

The thermionic-emission J-V relationship with series resistance

Consider the ideal Schottky diode on an n-type semiconductor at thermal equi-
librium, as illustrated in Figure 3.5. The current transport process in this ideal
case is the emission of electrons from the semiconductor over the top of the bar-
rier into the metal, called the thermionic-emission current [Rhoderick, 1982:4].
The thermionic-emission theory assumes that (1) the SBH is much greater than
kT, (2) the Fermi level is horizontal throughout the depletion region, because
the current is limited to the emission process and (3) the electron flow from the
semiconductor to the metal (e_,,) would be equal to that flowing from the metal
to the semiconductor (e,,), i.e. the net current is in equilibrium so that the two
currents can be superimposed. Therefore, under these assumptions the current

only depends on the SBH [Rhoderick, 1982:4; Sze and Ng, 2007:154—155].

When forward biasing the Schottky diode, only electrons with energy greater than

the SBH contribute to the forward current and the free electron concentration is
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then given by

n= Ncexp (—W). (3.31)

Here, V; is the diode voltage across the depletion region exclusively and does not
include any voltage drops across the metal—n-type semiconductor quasi-neutral
regions [Schroder, 2006:186]. Furthermore, the average thermal velocity for ran-
domly moving carriers across a plane (semiconductor to metal) follows a Max-

wellian velocity distribution, therefore

Vavg = ) (3.32)

and the current density (current per unit Schottky contact area A. in cm?) from

the random motion of carriers across a plane is

Jo = nq%. (3.33)

Assuming that Mc = 1 and mye = m* for the ideal Schottky diode, Egs. 3.8, 3.31
and 3.32 can be substituted into Eq. 3.33. The thermionic-emission current dens-

ity is then given by

Jum (V4) = A*T? exp (—%) [exp <qk—‘$ )] (3.34)

where A* is known as the effective Richardson constant, which can be theoretic-

ally calculated from

4 *k2 *
A= g0 (1) [A-em2 K2, (3.35)
h mq

where (m*/myg) is the effective electron mass. The effective Richardson con-
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stant for thermionic emission neglects the effects of optical-phonon scattering

and quantum mechanical reflection [Sze and Ng, 2007:156—158].

The SBH ¢g depends on the biasing for several reasons. One significant factor,
particularly for highly doped semiconductors, is the image force experienced
by electrons close to the metal contact. Sze and Ng [2007:146—150] discusses

image-force lowering that causes the SBH to be reduced by

ql€]

ey’

Ao = (3.36)

Another such reduction can be due to the presence of interfacial layers between
the metal and the semiconductor that results in a voltage drop across the interfa-

cial layers [Schroder, 2006:231].

However, when supposing that the ideal SBH depends linearly on the biasing,

which is true for small potential differences, then the SBH is given by

¢8 = ¢Bo + [ V4, (3.37)

where the [ coefficient is positive, because ¢g always increases with increased
forward bias and ¢gg is the SBH without image-force lowering [Rhoderick,

1982:5; Schroder, 2006:231].

Since the SBH remains the same for electrons moving from the metal to the
semiconductor under reverse bias, the applied voltage does not affect the current
into the semiconductor. Therefore, when a Schottky diode is zero-biased, the

current density J,,s is obtained from Eq. 3.34 by setting V4 = 0V, so that

e = —Jms (0) = —A* T2 exp (—%). (3.38)
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The total thermionic-emission current density is the sum of Egs. 3.34 and 3.38.
The current density—voltage (J-V) relationship for the ideal Schottky diode is

therefore expressed as

A TPexp [ 9%® Ve _
J—ATexp( kT>[EXp(kT) 1]. (3.39)

Substituting Eq. 3.37 into Eq. 3.39 yields

s fon (P [ e (5)] s

%:AW%m<—%?), (3.41)

where

referred to as the saturation current density [Schroder, 2006:157-158; Sze and

Ng, 2007:157].

A real Schottky contact is rarely uniform over its entire area. This can lead to
other current transport processes, such as thermionic-field emission. In addition,
there can be interface damage and interface layers [Schroder, 2006:158, 232].
Therefore, the ideality factor 7 is introduced to account for these and other (un-

known) effects that occur in real Schottky diodes and is defined as

_ 098

42
A7 (342)

]
—=1-8=1
n

allowing Eq. 3.40 to be written as

4 v
J= U [exp (%)] {1 — exp (—% ﬂ . (3.43)

The ideality factor is constant, when 0¢g/0Vy is constant [Rhoderick, 1982:5].
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Also, Eqg. 3.43 not only considers deviations from the ideal case when forward
biased, but also when it is reverse biased. This is important because image-
force lowering affects the electron flow from the semiconductor to the metal and

vice versa [Rhoderick, 1982:5; Schroder, 2006:231].

The performance of a Schottky diode is generally degraded by a very large series
resistance. The series resistance depends on the contact resistance, semicon-
ductor resistivity and on geometric factors. For a reverse-biased photodiode with
a photocurrent in the nA range, the series resistance is of minor concern, how-
ever, the aim is to have the series resistance as low as possible [Schroder,
2006:183].

Figure 3.6 is the equivalent circuit of a Schottky diode. The circuit consists of
an ideal diode with a voltage drop V, across it, a capacitor Cp that models the
depletion-region capacitance and a resistor Rp, all in parallel. These three com-
ponents are connected in series with a resistor Rs. For a (forward) current /

through the circuit, the applied voltage V across the whole circuit is given by

V=V, +IRs. (3.44)

The thermionic-emission J—V relationship for a Schottky diode with series resist-

ance then becomes

e fon (AN (AT

Theoretical plots of two J-V characteristics are presented in Figure 3.7 for an
arbitrary Schottky diode. The Schottky diode is forward and reverse biased up
to 1 V at 300 K, with A. =1cm?, A*=120A-cm2-K™2 and ¢gy = 1.2 eV.

The solid (gray) line shows the thermionic-emission current for the ideal case

63

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

%
g

Optoelectronics Schottky diodes

/ + Vy — Rs

———Pp—\W\—
Rp

 J  J
+ v -

Figure 3.6: The equivalent circuit of a Schottky diode, consisting of an ideal diode with a voltage
drop V4 across it, together with a capacitor Cp that models the depletion-region capacitance and
a resistor Rp, all in parallel. The three compononts are connected in series with resistor Rs.
Applying a voltage V across the whole circuit results in a current / through the circuit.
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Figure 3.7: Two theoretical J-V characteristics for an arbitrary Schottky diode when forward and
reverse biased upto 1V at 300 K, with Ac = 1 cm?, A* = 120 A-cm~2 - K~2 and ¢go = 1.2 eV.
The solid (gray) line shows the thermionic-emission current for the ideal case. The dashed (red)

line shows the current characteristic for a series resistance of 1 m€2. Inset: The deviation from
linearity at high current is clearly seen for forward biasing from (0.8 to 1.0) V.
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(Eq. 3.43). The dashed (red) line shows the J—V curve for a series resistance of

1 m(2 (Eq. 3.45) and as a result, the curve deviates from linearity at high current.

Parameters extracted from the J-V relationship

The ideality factor and SBH are determined from the /-V measurements where
the logarithm of the current depends linearly on the forward-bias voltage. This
linear region is typically found where 3kT/q < V < I Rs, such that Eq. 3.45 be-

comes

qV
= ~ ). 4
J= Jpexp (nkT) (3.46)

Equation 3.46 can be transformed to a straight-line equation by taking the logar-

ithm 7, resulting in
q

logJ = logdy + —1— V.
08 = 198t T In10

(3.47)

The ideality factor is determined from the slope of logJ versus V and is inversely

proportional to it, that is

_ g [d(log/)]™
”_kﬂmo[ av } ' (3.48)

The logd, is the intercept value on the logJ-axis at zero biasing and used to de-
termine the saturation current density, Jy. Using the determined saturation cur-
rent density together with the (known) effective Richardson constant obtained

through Eq. 3.35, the SBH without image-force lowering is calculated from

KT A*T?
PBo = r] log ( 0 ) (3.49)

"The logarithm to base 10 (log) is used instead of the natural logarithm (In), because usually
experimental data is plotted on a logarithmic scale of base 10 [Schroder, 2006:186].
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The series resistance can be determined from the deviation in linearity of the
logJ—V curve at high forward bias currents, as shown by the the inset in Fig-
ure 3.7. A number of methods can be used to determine the series resistance
and more detail can be found in Schroder [2006:187—-188,190-192] and Sze
and Ng [2007:181-187]. One typical method is to obtain the difference between
the measured voltage drop and the expected voltage across the ideal diode
(AV =V —V,) at each current density J, followed by plotting AV versus / on
a linear scale. The series resistance Rs is then obtained from the slope [Neu-

deck, 1989:86-87].

The C-V relationship

The metal to the depletion region to the bulk semiconductor form a parallel
plate like capacitor with the depletion region acting as the insulator [Neudeck,
1989:140]. Moreover, the depletion width is voltage dependent and broadens
with an increase in reverse biasing, as described by Eq. 3.30. By superimposing
a small-voltage sinusoidal AC signal upon a DC bias, incremental charges are in-
duced on the metal surface of one sign and, thus, the surface-charge density on
the metal changes by dQ,,. Simultaneously, charges of opposite sign are induced
in the semiconductor, changing the space-charge density in the semiconductor
by dQ... Therefore, the small-signal (differential) depletion-region capacitance

over a Schottky contact area A. can be defined as

aQn, aQs.
=-A—=A . .50
Co av av (3.50)

The amplitude of the small-voltage sinusoidal AC signal can vary between (10
and 20) mV for frequencies ranging from 10 kHz to 1 MHz. However, other small-

voltage amplitudes and frequencies can also be considered [Schroder, 2006:62]
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Differentiating Eq. 3.21 and substituting Eq. 3.30, the C-V relationship is ob-

tained as

gcs Np Ag

" 2(¢bi—V—%T>.

(3.51)

Equation 3.51 is plotted by the solid (black) line for an arbitrary Schottky diode in
Figure 3.8. The Schottky diode is biased from (—1 to 0) V at 300 K, with K; = 10,

Np =10 cm™3 A. =1 cm? Nc = 10" cm™2 and ¢gy = 1.2 eV.

In some instances, the capacitance is measured for a forward bias. These meas-
urements can deviate from linearity, because of the existence of a diffusion ca-

pacitance in addition to the depletion-region capacitance [Sze and Ng, 2007:85].
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Figure 3.8: The theoretical C—V characteristics for an arbitrary Schottky diode when biased
from (—1 to 0) V at 300 K, with K, = 10, Np = 10" ecm™3, A. = 1 cm?, Nc = 10"® cm~2 and
(;530 =1.2eV.
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Parameters extracted from the C-V relationship

To determine the donor impurity concentration and SBH from C-V measure-

ments, Eqg. 3.51 can be inverted to obtain a straight-line equation, that is,
1 2 KT
5 = o iV —
CD qgs ND A q

2 2 kT
= —(—— )V ——— (i — — ), 3.52
Qa%&)*ﬁ&%£<% q) (3.52)

which is also plotted in Figure 3.8, as the dashed (red) line.

The slope of 1/C[2) versus V is negative, because an n-type semiconductor is
being considered and its majority carriers are electrons. The donor impurity con-

centration is inversely proportional to the slope, such that

Np

2 [d(1/C§) 553

T ge A | av

The projection to where 1/C5 = 0 yields an intercept on the V-axis, such that

KT
Vi =ty — —. (3.54)
q
Substituting Eq. 3.54 into Eq. 3.27, yields
KT Nc
=Vi+ —+kTIn{ — |, 3.55
b0 = Vit 4 4TI (1) (3.55)

from which the SBH is determined (without image-force lowering) [Neudeck,

1989:141; Schroder, 2006:63,161; Sze and Ng, 2007:85,175].
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3.4 Photovoltaic diodes

Schottky photodiodes are of particular interest, because of their advantages
over p-n junction photodiodes. Such as, simpler fabrication techniques, the ab-
sence of high-temperature diffusion processes, higher short-wavelength sensit-
ivity (electron-hole pair generation occurs in the depletion region, separated by
a built-in electric field) and faster response (transport of majority charge carri-
ers generates the photocurrent and not through a recombination-generation pro-
cess). However, some disadvantages are lower breakdown voltages and large re-

verse leakage currents [Goldberg, 1999:R51; Razeghi and Rogalski, 1996:7450].

The Schottky photodiode is part of a family of photovoltaic diodes, which include
p-i-n, p-n, and heterojunction photodiodes [Sze and Ng, 2007:671]. The photo-
diode falls under the photoelectric class of detectors and generates an electrical
signal through either the internal photoemissive process or the photovoltaic pro-
cess. The photocurrent generation in Schottky photodiodes depends on the en-
ergy of the incident photons that can either interact with the metal contact or
the direct-bandgap n-type semiconductor [Razeghi and Rogalski, 1996:7435—
7436,7442].

3.4.1 Photocurrent generation

Internal photoemissive process

If an incident photon has an energy greater than the SBH, but less than the
bandgap energy of the semiconductor (qos < hv < E;), then an electron can
be excited from the metal. This photoexcited electron can overcome the barrier

and be collected by the semiconductor, generating a photocurrent through the

internal photoelectric effect [Goldberg, 1999:R51-R52; Sze and Ng, 2007:681].
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(a) Internal photoemissive process, whereby a photon is absorbed in the metal,
exciting an electron with energy greater than the SBH (internal photoelectric effect).
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(b) Photovoltaic process, whereby a direct band-to-band photoexcited electron-hole
pair in the depletion region is separated by the built-in electric field.

Figure 3.9: The energy-level diagrams illustrating photocurrent generation in Schottky photodi-
odes.
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Figure 3.9(a) is an energy-level diagram that illustrates the internal photoemissive
process, whereby the internal photoelectric effect generates the photocurrent.
This process has been used as an accurate and direct method of determining the
SBH in photoelectric measurements. It was also used to study hot-electron trans-
port processes in metal films. These photoexcited electrons, however, have mo-
mentum in random directions. Hence, only electrons with excess energy greater
than the SBH and momentum toward the semiconductor contribute to the photo-
current. This is therefore a very inefficient process with quantum efficiencies that
are typically lower than 1 % [Goldberg, 1999:R51-R52; Sze and Ng, 2007:176—
178,681-682].

Photovoltaic process

If an incident photon has an energy greater or equal to the bandgap energy of a
direct-bandgap n-type semiconductor (hv > E;), then an electron can undergo
a direct band-to-band transition. This results in an electron-hole pair within the
depletion region that is then separated by the built-in electric field and, thus,
generating a photocurrent [Goldberg, 1999:R51-R52; Sze and Ng, 2007:680—
681].

Figure 3.9(b) is an energy-level diagram that illustrates the photovoltaic process,
whereby a photoexcited electron-hole pair results after a direct band-to-band
transition in the depletion region and is then separated by the built-in electric
field. The electron moves to the bulk of the semiconductor and the hole is ab-
sorbed by the Schottky barrier material. The generated photocurrent is in the
reverse current direction and can, therefore, be operated as an avalanche pho-
todiode at high reverse-bias voltages. Moreover, because the photocurrent is in
the reverse current direction, small dark (when zero biased) and reverse leak-

age currents would be advantageous for sensitive photodiodes. Furthermore, for
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front-irradiation, the metal has to be very thin (< 10 nm) and the Schottky bar-
rier material should have a high work function for minimum absorption. Lastly,
the photovoltaic process is usually more efficient than the internal photoemissive

process [Goldberg, 1999:R51-R52; Sze and Ng, 2007:682].

3.4.2 Spectral characteristics

Through spectral characterization, the quality of the electrical signal generated
by the interaction of photons with a photodiode can be quantified. The three main
quantifying parameters considered include the spectral responsivity, quantum ef-
ficiency and the UV-to-VIS and NIR (UV-to-VIS/NIR) rejection ratios with respect

to a desired wavelength.

Current responsivity

The spectral responsivity is the ratio of the electrical signal from a photodiode
to the spectral radiant flux incident on the photodiode [Larason and Houston,
2008:1]. The electrical signal can either be a generated photocurrent in the pho-

todiode, or a potential difference across the photodiode.

The spectral characteristics of a photodiode can be investigated at zero bias,
operating it in the photovoltaic mode and, hence, the current responsivity is con-
sidered. The current responsivity is the ratio between the short-circuit photocur-
rent density (PCD) J, in [A - cm~?] and the irradiance (E,) in [W - cm~2] from a
monochromatic EMR source [Goldberg, 1999:R44]. The current responsivity at

a specific wavelength can be calculated from

[A-WT]. (3.56)

The cut-off wavelength (Acut.off) Was defined as the wavelength at which the cur-
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rent responsivity (R) dropped to less than 50 % of its maximum value.

Quantum efficiency

The quantum efficiency is the ratio between the number of electron-hole pairs
generated and the number of incident photons [Goldberg, 1999:R44]. The PCD is
a direct measure of the number of electron-hole pairs generated per unit time per
photosensitive area. Irradiance is proportional to the number of incident photons

per unit time per photosensitive area (photon-flux density).

The number of photons (Qp) is in unit of quantum [q] and is the quotient between
the radiant energy (Q,) of the EMR and the discrete energy (E, Eq. 2.1 in
Chapter 2) of a single photon that is proportional to the wavelength at which

that photon is travelling, so that

Q) = Z=(ho)"A-Q g (3.57)

= (5.034x 10" [q-J7"-nm~"]) - A[nm]- Q. [J].  (3.58)

The number of photons in a ray of radiation is frequently regarded as a pure (di-
mensionless) number. However, this number is in fact a measure of the ‘amount
of radiation’ in a ray. Accordingly, the useful quantity of quanta per second [q - s7]

is assigned as the unit of photon flux (®,) [Nicodemus et al., 1976:61].

It follows from Eq. 3.57 that the incident photon-flux density (E,) in [q - s™' - cm™2]

can be related to the irradiance by

E,(\) = (hc) " XN Es (). (3.59)
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The quantum efficiency for a specific wavelength can then be derived as follows:

" TR

= — Jo , (3.60)
(he) ™"+ A+ Eo (N)

substituting for J, from Eq. 3.56 shows that the quantum efficiency is associated

with the current responsivity by

he

m = TR/\' (3.61)
Furthermore, it can be shown that

hc 1240

A A[nm]’

and, hence, that the quantum efficiency for a specific wavelength in [nm] is de-

termined from
1240

= — R, 3.62
=5 fm] (3.62)
UV-to-VIS/NIR rejection ratio
The UV-to-VIS/NIR rejection ratio is defined by
I (As)
J /\s Jo (A > )\s - 4 , 3.63
P( )/P( ) |Jp()\|)_Jd ( )

where Jq is the dark current density (or noise). J, () is the measured PCD while
being irradiated by an unwanted wavelength )\; for which the rejection needs to
be determined. The rejection ratio is determined with respect to the PCD J, ()

that was measured at a desired specified wavelength A.
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Chapter 4

The optoelectronic characterization
system

4.1 Construction overview

An optoelectronic characterization system was constructed with the purpose to
characterize optoelectronic devices. In particular, the system had to electrically
and spectrally characterize UV-sensitive photodiodes. A system for the electrical
characterization of Schottky diodes was already established. Electrical charac-
terization was being performed inside a light-tight shielded enclosure to minimize
EMI from external noise sources. A desktop computer running a National Instru-
ments (NI) LabVIEW routine controlled a programmable pA meter/DC voltage
source and a low frequency (LF) impedance analyzer for the application of /-V

and C-V techniques, respectively on Schottky diodes.

Spectral characterization, however, requires the ability to select wavelengths of
EMR to which the photosensitive area of the Schottky diode was exposed to,
while measuring the photocurrent generated at each selected wavelength. The
programmable pA meter/DC voltage source could be used to measure photocur-

rents, with or without biasing the photodiode. Only a radiating source was still
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needed that could irradiate the photodiode.

The addition of radiating sources and a Czerny-Turner type monochromator out-
side of the already established electrical characterization system, allowed for
different wavelength selection. An optical fibre was chosen for use in leading the
selected wavelength of EMR, or just monochromatic EMR, from the monochro-
mator to the photodiode inside the enclosure. This only required the making of a
small (approx. 10 mm-diameter) hole through which the fibre could pass into the
enclosure, without compromising the ability to shield EMI. Inside the enclosure
the fibre was positioned perpendicular to the photodiode and fixed at a distance,
such that the diameter of the irradiated area was large enough to ensure cover-

age of the whole photosensitive area of the photodiode.

Dark and irradiated electrical characterization is possible. Spectral characteriz-
ation is done by measuring photocurrents generated in a photodiode, while it
is irradiated with photons of specific energy that corresponds to the selected

wavelength of EMR.

Figure 4.1 is a schematic illustration of the constructed optoelectronic character-
ization system and Figure 4.2 is a photograph of the system that was set-up in
the laboratory of the Electronic Materials and Thin Film Research Group. From
the schematic illustration it is seen that the EMR source radiates over a range
of wavelengths producing a total radiant flux ®, that enters the monochromator.
An NI LabVIEW routine was used to control the monochromator and allow a se-
lected wavelength A to exit. The monochromatic EMR exits with a corresponding
radiant flux ®,. Hereafter, the monochromatic EMR can pass through filters (as
required), optics and the fibre, that leads to the inside of the shielded enclosure.
The fibre irradiates the photodiode with monochromatic EMR for a total irradi-
ance E) at the specific wavelength. The NI LabVIEW routine also controlled the

programmable pA meter/DC voltage source to measure and record the gener-
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Figure 4.1: Schematic illustration of optoelectronic characterization system used for the electrical
and spectral characterization of UV-sensitive photodiodes. The lamp radiates over a range of
wavelengths producing a total radiant flux @, that enters the monochromator. A desktop computer
running an NI LabVIEW routine controls the monochromator and allows for a selected wavelength
A to exit. The monochromatic EMR exits with a corresponding radiant flux ®,. Hereafter, the
monochromatic EMR can pass through filters (as required), optics and the fibre, that leads to the
inside of the shielded enclosure. The fibre irradiates the photodiode with monochromatic EMR
for a total irradiance E) at the specific wavelength. The NI LabVIEW routine also controls the
programmable pA meter/DC voltage source to measure and record the generated photocurrents
(o), with or without biasing the photodiode, at each of the selected wavelengths.

ated photocurrents (1), with or without biasing the photodiode, at each of the

selected wavelengths.

The PCD is the fundamental measurement in spectral characterization. The
rest of the parameters are calculated from the measured PCD. The PCD J, in
[A - cm™2] is obtained by dividing the photocurrent by the known photosensitive
area A, of the photodiode. The first parameter is the current responsivity, that
helps us quantify the quality of a photodiode. The current responsivity can, how-
ever, only be determined if the irradiance at the specific wavelength is also known

and hence requires calibration of the radiating source.

This study considered a calibrated radiating source that was calibrated by fol-

lowing the photodetector substitution method. This method requires the use of
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a standard detector with an absolute responsivity calibration and allows for the
calibration of the optoelectronic characterization system against standards trace-
able to the NIST. The following sections discuss the calibration theory, calibration
method and the technical specifications of the equipment used in the construc-
tion of the optoelectronic characterization system. Lastly, because a step-index
multi-mode optical fibre was used to irradiate the photodiodes, its relevant prop-

erties and experimental set-up are discussed.

4.2 Calibration theory and method

The optoelectronic characterization system radiates monochromatic EMR from
the optical fibre end. This EMR originates from a lamp and passes through the
monochromator with its mirrors and grating, then a fibre adapter and the fibre
itself. Each of these optical elements have their own wavelength dependent at-
tenuation curves. Hence, the calculation of the final radiant exitance at the fibre
end is a difficult task. Moreover, to determine the spectral current responsivity
of a photodiode requires the radiometric calibration of the irradiance, which is
the radiant-flux density incident on the photosensitive area of a photodiode from
a monochromatic radiating source. One solution is to use a radiometric meas-
urement tool that measures the irradiance with a detector calibrated beforehand.
Here, standard EMR sources would have been used to determine the absolute
spectral responsivity of a detector with a known photosensitive area. This de-
tector is then used as a reference standard on other systems that require calib-

ration.
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Figure 4.3: Schematic illustration of a radiating source and an irradiated receiver. The radiating
source has an infinitesimal surface area dAs and irradiates an infinitesimal surface area dA, of a
receiver. The line-of-sight distance from the source to the receiver is z,. The two angles 65 and
0, are between the line-of-sight and the normal unit vectors fis and fi, to the source and receiver
surfaces, respectively.

4.2.1 Radiometric calibration theory

The theory of the radiometric approach behind the calibration method is ex-
plained with the help of the schematic illustration in Figure 4.3. The illustration
shows an infinitesimal surface area dA, of a radiating source, irradiating an infin-
itesimal surface area dA, of a receiver. The line-of-sight distance from the source
to the receiver is indicated by z,. The two angles 65 and 6, are between the line-
of-sight and the normal unit vectors ns and n, to the source and receiver surfaces,

respectively.

Let the source radiate monochromatic EMR. The infinitesimal portion of mono-
chromatic radiant flux d®, flows from dA. to dA,. The monochromatic source

radiance as seen from the receiver at a distance z, is given by

a?d,

L= dA, cos 0, dS2,’
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where df2, is the projected solid angle subtended at dAs by dA,, such that

dA, cos 6,
=—"
Zsr

as, (4.2)

Also, from Chapter 2 it follows that radiance is geometrically invariant and Lg = L,
(see 2.2.4 Geometrical invariance of radiance). Therefore, by substituting Eq. 4.2
into Eq. 4.1 and considering monochromatic radiant flux transfer between the
source and receiver in a lossless medium, the monochromatic radiant flux trans-

fer is given as

2o, — Lo dA cos 0; dA, cos 6, . 4.3)
ZSI’
Since, the receiver irradiance is defined by
do
E =—2, (4.4)
dA,
it is noted that by substituting Eq. 4.4 into Eq. 4.3, the radiance becomes
E z2
= (4.5)

e~ dA. cos 0 cos ),

The source radiance can be calibrated by measuring the irradiance Egp using a
standard detector placed at a distance zsp. Furthermore, by keeping the source
and standard detector (receiver) parallel with one another, such that s = 6, =0
and, hence, cos 65 = cos §, = 1, so that the calibrated radiance is given by

Esp 25,
dA,

cali __
L =

(4.6)

If the standard detector was to be substituted by another detector placed at a
different distance zpp and irradiated by the same source, it then follows from

Eqg. 4.6 that the irradiance of this other detector can be determined by evaluating
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Lcali d As
EPD = 622 ’ (47)
PD

or after substituting Eq. 4.6 into Eq. 4.7, yields

2
Erp = Esp (@) . (4.8)
ZPD

4.2.2 Photodetector substitution method

It was shown that by measuring the irradiance with a standard detector that the
irradiance of any other detector (photodiode) can be calculated using Eq. 4.8.
Also, the irradiance is related by the ratio of the respective distances squared.
This enables us to radiometrically calibrate the irradiance used to determine the

current responsivity of a photodiode (Eq. 3.56 in Chapter 3).

The photodetector substitution method was used to calibrate the optoelectronic
characterization system. The method can be done in two ways. The one is to ex-
change the standard and the photodiode under investigation at each wavelength,
measuring and calculating the corresponding irradiances, photocurrents and
responsivities. The main advantage to executing the method in this way, is
that measurements are not affected by possible drift of the lamps between
wavelength scans, but has the disadvantage of being slow [Larason and Hou-

ston, 2008:15-16].

The other way is to measure the irradiance with the standard over a whole
wavelength range and, thus, doing a spectral irradiance calibration. Thereafter,
photocurrent measurements are done over the same wavelength range for the
photodiode and the corresponding spectral responsivity is determined. Drift of
the source is possible during this latter way of performing the measurements,

but the measurement is faster. Furthermore, the NIST Spectral Comparator Fa-
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cilities (SCF) performs the photodetector substitution method in a similar way as

part of their measurement services [Larason and Houston, 2008:15—16].

The drift of the sources used for this study during the duration of the measure-
ments was not significant. This was concluded after comparing the spectral irra-
diance calibration before a set of photocurrent measurements to that measured
afterwards. Thus, the latter photodetector substitution method was also followed

in this study.

4.3 Technical specifications
4.3.1 flexOptometer system

The high-performance flexOptometer radiometer, manufactured and calibrated
by Gamma Scientific, was used as the radiometric measurement tool. A
UV/VIS/NIR (200 nm to 1100 nm) Si-based detector (model 24600) with a square
1 cm? photosensitive area and rear-mounted BNC connector was coupled to the

flexOptometer model 51691/51640.

The Si-based detector and flexOptometer was calibrated using traceable stand-
ards, calibrated by the NIST for use at Gamma Scientific. Gamma Scientific certi-
fied that the instrument was calibrated on 2010-12-09 using standards traceable
to NIST in accordance with ANSI/NCSL Z540-1-1994. The flexOptometer system

can measure irradiances ranging from 1 pW -cm=2to 1 W - cm ™2,

The absolute responsivity values are in [A - (W - cm‘z)f1 for the standard de-
tector with their corresponding wavelengths in [nm| and were pre-programmed
into the flexOptometer. The flexOptometer measures the photocurrent in [A]
that is generated in the standard detector while being irradiated by a specific

wavelength of EMR. The measured photocurrent is then divided by the absolute
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Table 4.1: The tolerance limits at various wavelength ranges of the Si-based standard detector.

Wavelength range Tolerance Wavelength range Tolerance

(200 to 250) nm +6.0%  (900to 1000) nm  +1.5%
(250 to 440) nm +20%  (1000t0 1100) nm  +2.0 %
(440 to 900) nm +1.1%

responsivity value that corresponds to the specific wavelength and the irradiance
value is given in [W - cm—2].

The flexOptometer system is calibrated for two wavelength ranges. The one
ranged from 200 nm to 400 nm in 10 nm increments and the other from 350 nm
to 1100 nm in 5 nm increments. Figure 4.4(a) presents the absolute spectral
responsivity values for the wavelengths ranging from 200 nm to 400 nm and Fig-
ure 4.4(b) for the wavelengths ranging from 350 nm to 1100 nm. The calibration
uncertainty is wavelength dependent, therefore, Table 4.1 was included in the
calibration report from Gamma Scientific to show the tolerance limits at the vari-
ous wavelength ranges (limits incorporated NIST and Gamma Scientific transfer

uncertainties with the coverage factor k = 2).

4.3.2 Electronic equipment

The optoelectronic characterization system was equipped with a programmable
Hewlett-Packard (HP) model 4140B pA meter/DC voltage source for I-V meas-
urements and a HP model 4192A LF impedance analyzer for C—V measure-
ments. The pA meter/DC voltage source has a current measurement range of
1 fA to 20 mA and two separate voltage sources ranging from 10 mV to 1 V. The

electronic equipment was placed outside of the light-tight shielded enclosure.
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(b) Absolute spectral responsivity values for wavelengths ranging from 350 nm
to 1100 nm in 5 nm increments for the Si-based standard detector.

Figure 4.4: Calibrated absolute spectral responsivity values of the flexOptometer system.
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4.3.3 Control and measurement

The present author developed the NI LabVIEW routine that controlled the mono-
chromator which enabled the automation of the PCD versus wavelength meas-
urements. A screenshot of the Front Panel of the spectral characterization routine
is shown in Figure 4.5. This routine was used in conjunction with an existing
routine that controlled the pA meter/DC voltage source and the LF impedance
analyzer to record the /~V, C-V and PCD versus wavelength measurements.
The data from the /-V and C-V measurements could immediately be analyzed
with the NI LabVIEW routine, yielding parameters such as the ideality factor,
SBH, reverse leakage current density at 1 V reverse bias, series resistance and

the free carrier concentration of the photodiodes.

4.3.4 Lamps

The one lamp chosen for use as a UVR source was the 30 W Spectral Products
(SP) model ASB-D-030 deuterium lamp. This lamp has a specified continu-
ous output spectrum ranging from 180 nm to 400 nm and an average life of
1000 hours. The other lamp was the high stability 30 W SP model ASB-W-030
tungsten-halogen lamp with a specified continuous output spectrum ranging from

300 nm to 2600 nm.

The tungsten-halogen lamp is a near blackbody source of EMR with a fused
silica envelope around the lamp filament. The transmission of the fused silica
limits the longer wavelengths radiated from the lamp to 2600 nm. In addition, the
lamp uses an adjustable constant current power supply. The current of the power
supply can be continuously varied from 2.0 A to 3.5 A on a scale with 0.25 A
divisions. The lamp has a nominal colour temperature of 3100 K when the power

supply is set to 2.75 A, and an average life of 400 hours at this temperature.
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4.3.5 Monochromator

The Czerny-Turner type Digikrdm DK240 's-meter monochromator from SP
was used for the selection of different wavelengths while either one of the
lamps were mounted directly on the monochromator. The monochromator has
a 1200 lines/mm grating blazed for 300 nm with a wavelength accuracy of
+ 0.3 nm. The grating is restricted to angles between 0°and 70° and, therefore,
there is an upper wavelength selection limit of 1500 nm. The mirrors inside the
monochromator are UV-enhanced protected aluminium mirrors that have more

than 85 % average reflection from 200 nm to 1000 nm.

The entrance and exit slit widths are electronically controlled. The width of both
slits can be varied from 10 um to 3000 um in 1 um increments and have fixed
heights of approx. 10 mm. A constant spectral resolution (CSR) mode is available
for maintaining a fixed spectral resolution across all wavelengths. The allowed
bandpass (resolution) values for the 1200 lines/mm grating is 0.37 nm, 0.75 nm,

1.50 nm or 3.00 nm.

On the exit side of the monochromator, an f/# matching SP model AFDK240-
L-SM opitical fibre adapter with an SMA 905 end plate was used to couple an
optical fibre. The adapter comes standard with UV lenses, providing more than
90 % transmittance from 200 nm to 1900 nm. A SP model AB202 filter holder
was also installed between the adapter and monochromator. This allowed for the
option of inserting an order sorting filter, such as the 2.1 mm-thick and 25.4 mm-

diameter long-pass SP model AB3040 filter with a 400 nm cut-on wavelength.
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4.3.6 Optical fibre

An extreme solarization '-resistant optical fibre, manufactured by Ocean Optics
(Custom-Patch ZFQ-7776, ZQP1000-2-SR; 0), was chosen for the most efficient
transmittance in the wavelength range between 180 nm and 900 nm. The fibre
has a (1000 + 20) um-diameter core, numerical aperture (NA) of 0.22 + 0.02 (ap-
prox. 12.7° half-acceptance angle) and is 2 m in length with a step-index multi-
mode profile. The modal properties are important, when using optical fibres for
their telecommunication applications. The fibre was, however, used to lead the
EMR to the inside of the shielded enclosure and only act as a monochromatic
EMR source that irradiates the photodiode and, hence, the modal properties was
not of concern. The use of a fibre allowed for simple alignment of the fibre end
at a fixed distance, measured using a calliper with a (0.05 + 0.025) mm-Vernier

scale.

4.4 Properties of the optical fibre

A step-index fibre was used to irradiate the photodiodes. Therefore, the following
subsections discuss the numerical aperture (NA), the properties of the fibre with
regards to how the spot-size depends on the axial distance, as measured from
the fibre end. Then, how the spot-size depends on the angle at which the EMR
enters the fibre and it is shown that the spatial irradiation distribution (SID) has
a Gaussian distribution. Finally, the experimental set-up is discussed together
with experimental verification of the spot-size, SID and that the irradiance is re-
lated by the ratio of the respective distances squared (Eq. 4.8 derived in subsec-

tion 4.2.1).

Solarization is the degradation in transmission in standard silica fibres, when working with UVR
below 300 nm (an increase in absorption).
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4.4.1 Numerical aperture

The core and cladding are the two key elements of an optical fibre. The core
is the inner part of a fibre that guides EMR and is completely surrounded by
the cladding [Hecht, 2006:26]. A step-index fibre simply consists of two layers of
material for the core and the cladding with different refractive indexes. If a cross-
section of the fibre is drawn together with a plot of the refractive index, then a step
at the core—cladding boundary would be seen, where the index changes abruptly
[Hecht, 2006:69]. The refractive index ny of the core is greater than that of the
cladding ny. When EMR enters the fibre and strikes the core—cladding boundary
at any angle less or equal to the so-called confinement angle, the EMR is guided

by total internal reflection through the fibre [Hecht, 2006:26].

The other preferred way to look at the guiding of EMR in a fibre is to consider
the half-acceptance angle. The half-acceptance angle of a fibre is the maximum
angle Oya for which entering EMR is still guided by total internal reflection. Fig-
ure 4.6 is a schematic illustration of a step-index fibre and some of its properties.
Here, only EMR falling in at an angle less or equal to the half-acceptance angle
is guided along the fibre core with refractive index ny. The core is completely sur-
rounded by the cladding with refractive index ny < ng. The half-acceptance angle

is usually given in terms of the NA, such that

NA = \/ ng — n? = sin HNA- (49)

The NA is a standard measure of the half-acceptance angle and, therefore, an
important characterizing parameter, since it directly relates to the EMR-gathering

capacity of a fibre [Hecht, 2006:27,100-101; Khare, 2004:137].

The fibre properties can be calculated using the simple optical ray model,

provided that the core diameter is many times larger that the wavelength it carri-
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ers. As in this case, the fibre that had a 1000 um-diameter core, which is many
times larger than the 200 nm to 1100 nm wavelengths that it would carry. If
the half-acceptance angle is doubled, the full-acceptance angle is obtained. The
step-index (multi-mode) fibres were the first type of fibres developed and used for
imaging applications and, hence, a good choice for its application in this study

[Hecht, 2006:68-69].

4.4.2 Spot-size

The optical ray model is used to illustrate a single ray of EMR entering the fibre
at some angle 6, < Ona and guided along the fibre core in Figure 4.6. Now, this
ray later emerges at (roughly) the same angle 6, to the fibre axis, but may not
emerge in the same direction. In fact, this single ray forms a ring at the original
angle to the fibre axis. Fibre imperfections and other factors cause the EMR to

emerge as a ring [Hecht, 2006:734—735].

If the exiting EMR has Gaussian characteristics, then there exists a half-angle of
divergence 6 that is roughly equal to the half-angle at which the EMR entered the
fibre. The spot-size radius for a Gaussian distributed irradiance (E,) is defined as

the radius of the circle where the irradiance drops to 1/e2 of its maximum by

14 <ﬁ6)1 ;, (4.10)

where w(0) is the core radius and z the distance from the fibre end along the

w(z) = w(0)

optical axis, as illustrated in Figure 4.6 [Pedrotti and Pedrotti, 1993:464—-465].

For example, the standard detector was placed 90 mm from the fibre end to

calibrate the irradiance thereof. Thus, the maximum expected spot-size radius is
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90 2
w(90) = 0.5 \/1 T (ﬁ sin—1 0.22) ~ 20 mm. (4.11)

4.4.3 Spatial irradiation distribution

The mathematical representation for the electric field of an electromagnetic wave
is given by

ke (x2+y? (x2+y2)

Vo (x,y,2,t) =V, (0) e o ellkeztp@)well o7 uiyz (4.12)

The first exponential term in Eq. 4.12 indicates that the wave-front geometry is
a spherical surface with radius of curvature r(z). The phase dependence on z
is contained in the second exponential term. The last exponential term shows
that there is a symmetric Gaussian function decrease in the electric field in the
transverse plane around the peak value on the optical axis for any fixed z [Pedrotti

and Pedrotti, 1993:463].

The irradiance is proportional to the square of the electric field amplitude [Pedrotti

and Pedrotti, 1993:473]. Therefore, the SID along the x-axis is defined by

5 —2x?
Ee(x) = |We|” = Ec(0) exp | —— |, (4.13)
w(z)
and the Gaussian representation of the normalized SID as
- Ee (x) [ —2x°2 ]
E.(x)= =exp |——|. 414

Finally, after substituting Eq. 4.10 into Eq. 4.14, the normalized SID along the
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x-axis for an irradiating fibre is given as

~ —2x?
E.(x) =exp {m] (4.15)

4.5 Experimental set-up

The f/# matching adapter had to be fine tuned to ensure that the monochromatic
EMR entering the fibre, enters optimally from the exit slit of the monochromator.
This was done with the tungsten-halogen lamp coupled to the monochromator
with both slits set to widths of 3 mm. The monochromator was then set to allow
green light with a wavelength of 555 nm to pass through. The 400 nm order
sorting filter was also installed to suppress higher order diffraction effects. At the
fibre end, a green spot was illuminated on a flat piece of white paper, easily seen
with the naked eye. The adapter was then fine tuned until a uniformly distributed

green spot was seen on the paper.

The SID was studied by recording the irradiance through a 1.5 mm-diameter
aperture for various horizontal displacements of the fibre end with respect to
the aperture. The aperture was placed in front of the standard detector of the
flexOptometer system. Then, the fibre end was aligned 90 mm from the aperture
using a calliper. Thereafter, the fibre end was horizontally displaced with respect
to the aperture from —30 mm to 30 mm in 1.5 mm increments. The 0 mm mark

closely corresponded with the direct alignment of the fibre end to the aperture.

The solid (blue) dots in Figure 4.7(a) indicates the measured normalized irradi-
ation for fixed 3 mm-wide slits on the monochromator. The horizontal = 0.75 mm
(blue) error bars serve to show the region that corresponds with the 1.5 mm-

diameter aperture. A non-linear curve fit was performed on the measured SID by
94
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applying Eq. 4.15, transformed to

E.(x) = exp

—2(x— XC)2 (4.16)
)]

Oout ™
0.25 4 (z x fur

where x. is the offset from the peak at 0 mm and 6, the half-angle at which the
green light exits the fibre end in units of degree. In addition, 6, should almost

be equal to the angle at which the green light would have entered the fibre.

The (red) dash-dotted line in Figure 4.7(a) indicates the non-linear Gaussian
curve that was fitted to the measured SID. The fitted Gaussian curve, as defined
by Eq. 4.16, had a 0.993 adjusted coefficient of determination (R?). It was de-
termined that the peak had an offset of —0.94 mm and that the EMR exited at an
angle of 10.5°. Moreover, using Eq. 4.10 the spot-size diameter was calculated

to be approx. 32.8 mm.

The proper evaluation of the photodiodes require the enabling of the CSR mode
on the monochromator. The slit widths, however, changes for each selected
wavelength. The 1.50 nm-bandpass CSR mode was used and both slit widths
were set 439 um-wide for the 555 nm wavelength. Figure 4.7(b) shows the result-
ing measured SID with the solid (blue) dots indicating the measured normalized
irradiances at each horizontal displacement. After performing a non-linear Gaus-
sian curve fit, a 0.985 adjusted coefficient of determination was obtained, the
peak had an offset of —1.74 mm and the EMR exited at an angle of 5.3°, which
is close to half the previous angle of 10.5°. Moreover, using Eq. 4.10, the spot-

size diameter also almost halved to what was calculated to be approx. 16.7 mm.

The experimental investigation of the SID was also studied at 675 nm. This was
done to confirm the measured findings and ensure repeatability, especially at
a wavelength barely visible to the naked eye. In both Figures 4.8(a) and 4.8(b)

the non-linear Gaussian curve fits, again, showed high adjusted coefficients of
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Figure 4.7: SIDs at 555 nm of the optical fibre placed 90 mm from a 1.5 mm-diameter aperture
in front of the standard detector, for two different fixed slit widths on the monochromator.
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Figure 4.8: SIDs at 675 nm of the optical fibre placed 90 mm from a 1.5 mm-diameter aperture
in front of the standard detector, for two different fixed slit widths on the monochromator.
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determination. Also, the same exit angles of 10.5° and 5.3° were obtained for
the fixed 3 mm-wide and 439 um-wide ? slits, respectively. Thus, the approximate
halving of the exit (and entrance) angles and resulting corresponding spot-sizes

were again observed.

The exit slit width changed from 3 mm to 439 um (just under 0.5 mm-wide) and
the slits had a fixed height of approx. 10 mm on the monochromator. Therefore,
a 439 um x 10 mm projected line of monochromatic EMR exits the monochro-
mator through the f/# matching adaptor and irradiates approximately only half of
the 1 mm-diameter fibre, compared to a 3 mm x 10 mm projected line. Thus, the

‘halving’ effect was observed.

For calibration purposes, though, the fibre end should be centrally aligned 90 mm
from the square 10 mm-diameter standard detector. The detector would then be
(uniformly) overfilled for calibration, as indicated by the empty (violet) square with

horizontal + 5.0 mm (violet) error bars in Figures 4.7(b) and 4.8(b).

Lastly, the fibre end was positioned 9 mm from the aperture and the SID meas-
ured. This was done at both 555 nm and 675 nm with the 1.50 nm-bandpass
CSR mode enabled on the monochromator. Figures 4.9(a) and 4.9(b) contain
the measured normalized irradiation, indicated by the solid (blue) dots with ho-
rizontal + 0.75 mm (blue) error bars that correspond to the 1.5 mm-diameter
aperture region. Using the determined 5.3° exit angle for the 439 um-wide slits,
a Gaussian curve with coefficients of determination of approx. 0.64 was fitted for
variable x., as indicated by the (red) dash-dotted lines. The spot-size diameter
was calculated to be approx. 1.94 mm from Eq. 4.10 and is expected to overfill
1 mm-diameter photosensitive areas or less of a photodiode, as indicated by the

empty (violet) square with horizontal = 5.0 mm (violet) error bars.

2Slit widths are set by the 1.50 nm-bandpass CSR mode and was the same as for 555 nm.
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Figure 4.9: SIDs at (555 and 675) nm of the optical fibre placed 9 mm from a 1.5 mm-diameter
aperture in front of the standard detector, for 439 um-wide fixed slit widths on the monochromator.
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The irradiance dependence on the axial displacement was also verified, after
studying the SID and having the f/# matching adapter optimally fine tuned. This
was done by recording the irradiance through the same 1.5 mm-diameter aper-
ture for various vertical displacements (along the optical z-axis) of the fibre end
with respect to the aperture. The slits widths were set 3 mm-wide on the mono-
chromator for these measurements. The fibre end was aligned 9 mm from the
aperture using a calliper and vertically displaced with respect to the aperture.

First to 10 mm, then from 10 mm to 100 mm in 5 mm increments.

The solid (blue) dots in Figures 4.10(a) and 4.10(b) indicate the measured nor-
malized irradiation for the various axial displacements. By letting the irradiance
measured by the standard detector at 9 mm be the calibrated value, the accuracy
of the other measured irradiances which correspond to that predicted by Eq. 4.8
can be evaluated. This is done by performing a non-linear curve fit of the trans-

formed Eqg. 4.8, such that

;_Ee(x):( 9 )2, (4.17)

where z, is the vertical offset of the fit.

The (red) dash-dotted lines in Figures 4.10(a) and 4.10(b) indicate the non-
linear curve that was fitted to the measurements. The fitted curve, as defined
by Eqg. 4.17, had a 0.991 and 0.988 adjusted coefficient of determination with
vertical offsets of —0.17 mm and —0.19 mm for the 555 nm and 675 nm meas-
urements, respectively. Thus, the irradiation is related by the ratio of the respect-

ive distances squared.
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Figure 4.10: The irradiance dependence on the axial (vertical) displacement from 9 to 10 and
then from (10 to 100) mm in 5 mm increments with respect to the 1.5 mm-diameter aperture.
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4.6 Calibration of lamps

The spectral irradiance of the deuterium and tungsten-halogen lamps were calib-
rated against standards traceable to the NIST after the experimental set-up of the
optoelectronic characterization system, using the flexOptometer system with the
Si-based detector positioned at the fibre end. The fibre end was centrally aligned
90 mm from the standard detector, such that the 1 cm? photosensitive area was
overfilled. The 1.50 nm-bandpass CSR mode was enabled on the monochro-
mator, allowing the slit widths to be automatically set to the appropriate width for

the corresponding selected wavelength.

A typical calibrated spectral irradiance of the deuterium lamp is plotted in Fig-
ure 4.11(a). This spectral irradiance was measured after the EMR has passed
through each of the optical elements for wavelengths ranging from 200 nm to

400 nm in 5 nm increments.

The tungsten-halogen lamp would be used to investigate the UV-to-VIS/NIR re-
jection ratios of the photodiodes. Therefore, the use of the 400 nm order sorting
filter is required, because the UV-C—sensitive photodiodes would also respond
to wavelengths resulting from higher order diffraction effects in the 400 nm to
1100 nm wavelength range. The one calibrated spectral irradiance was obtained
without the use of the 400 nm order sorting filter and the other with it, while the
power supply set to 3.50 A for wavelengths ranging from 350 nm to 1100 nm in
5 nm increments, as seen in Figure 4.11(b). Looking at the two spectral irradi-
ances, the suppression of EMR in the 350 nm to 400 nm range by the 400 nm

order sorting filter is also clearly seen in Figure 4.11(b).
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(a) Calibrated UV spectral irradiance of the 30 W deuterium lamp for
wavelengths ranging from 200 nm to 400 nm in 5 nm increments.
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(b) Calibrated VIS-to-NIR spectral irradiance of the 30 W tungsten-halogen lamp
set to 3.50 A for wavelengths ranging from 350 nm to 1100 nm in 5 nm increments,
with and without the 400 nm order sorting filter.

Figure 4.11: Typical spectral irradiances after calibrating the monochromatic EMR that exits the
fibre end. Measurements were taken by the flexOptometer system with the Si-based detector
placed 90 mm from the optical fibre end, such that the 1 cm? photosensitive area was overfilled.
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Chapter 5

Schottky photodiode fabrication

5.1 Introduction

This part of the study aimed at establishing a fabrication procedure to develop
and characterize tuneable front-irradiated AlGaN-based solar-blind UV-sensitive
Schottky photodiodes. Apart from the cleaning procedure, the metallization tech-
niques found in literature for Schottky photodiodes were considered. The metal-
lization techniques included metallization schemes, metal thicknesses and an-
nealing methods for metallization. Two (3 x 5) mm?2 samples were taken from
a single AlGaN semiconductor wafer. The major fabrication steps, in sequence,
were the as-deposited Ir Schottky contacts, followed by the annealing of Ir to form
IrO,, then the deposition of the Au probe contact pads on top of the IrO, contacts
and the annealing of the Au probe contact pads. The radiation hardness was in-
vestigated by irradiating one of the samples with 5.4 MeV He-ions from an 24'Am
source. The effects on the optoelectronic characteristics of the two samples were
investigated for each of the steps in the fabrication procedure and that of He-ion

irradiation.
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5.2 Experimental
5.2.1 The AlGaN semiconductor wafer

The AlGaN semiconductor wafer was custom grown by Technologies and
Devices International, Inc. (TDI), using the hybride vapour phase epitaxy (HVPE)
growth method. The 110K1234-3 wafer consisted of a four layer epitaxial struc-
ture. The epitaxial structure was grown on a 25.4 mm-diameter single side
polished C-plane Al,O; substrate and was mechanically diced into smaller
(8 x 5) mm? sample sizes. Two samples, referred to as A1 and A2, were taken

from the wafer for the fabrication of the Schottky photodiodes.

The first layer of the wafer was undoped GaN with a thickness of (0.6 to 1.0) um,
followed by a (1.0 to 1.5) um-thick layer of Si-doped GaN (GaN:Si) with a free
carrier concentration of (1.0 to 3.0) x 10'® cm~3. The third layer was Si-doped
AlGaN (AlGaN:Si) with an Al mole fraction varying from (36 to 40) % and a thick-
ness of (0.15 to 0.25) um. The fourth top layer was undoped AlGaN with a thick-
ness of (0.7 to 0.9) um, also with an Al mole fraction varying from (36 to 40) %.

Table 5.1 provides the specifications of the 110K1234-3 wafer.

Table 5.1: The four layer epitaxial structure specifications of the 110K1234-3 AlGaN semicon-
ductor wafer.

Thickness Al
Layer Material [um] (%]
1 GaN 0.80 £ 0.20 0
2 GaN:Si 1.25+0.25 0
3 AlGaN:Si 0.20 £ 0.05 38.0+2.0
4 (top) AlGaN 0.80 + 0.10 38.0 + 2.0
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5.2.2 Preparation

Glassware cleaning

The cleaning procedure started with the selection of appropriate glassware in
which solutions for chemical degreasing and etching were to be prepared. The
100 ml Schott Duran crystallizing dishes with a spout (product-code 2131138)
were selected. These specific crystallizing dishes have a 70 mm-diameter open-
end and is 40 mm in height, suitable for inserting and removing samples dur-
ing the cleaning process. The glassware was cleaned to remove any previous

residues and chemicals that could have been left behind because of earlier use.

The glassware was placed inside a container that had a cleaning solution of NH3
(25 %) and H,0O, (30 %) mixed in a 1:1 ratio and the glassware was left for two
days in the cleaning solution. This was followed by rinsing the glassware five
times in de-ionised (DI) water (R > 18 M(2 - cm) to ensure proper removal of the
cleaning solution. To avoid cross-contamination during sample preparation, each
element of glassware was designated to a single purpose and re-used for that

particular purpose only.

Sample surface cleaning

The surfaces of the AIGaN semiconductor samples were prepared before the
deposition of any of the metal contacts on it. These samples were prepared in
the same manner as GaN semiconductor samples and consisted of a chemical
decreasing phase, followed by a wet chemical etching phase and finally a drying
phase [Diale et al., 2005:281; Janse van Rensburg et al., 2009:4412; Liu and
Lau, 1998:677-680].

Chemical degreasing removes possible lose dust and in particular organic sub-

stances. The organic substances can originate from glue of the tape that was
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used on the wafer for the dicing process or oil form the human skin that may

have contaminated the surface during handling.

The chemical degreasing phase comprised of boiling the samples in trichloro-
ethylene (TCE) for three minutes. This was followed by rinsing them in boiling
isopropanol for three minutes and thereafter rinsing in three batches of DI water.
This first phase of cleaning required the use of at least four 100 ml crystallizing

dishes; one for TCE, one for isopropanol and two for the DI water.

Chemical etching removes surface contaminants, carbon as well as oxides in the
form of gallium(lll) oxide (Ga,Os3) from the surfaces of the samples. In addition,
the surface morphology of the samples was improved to enhanced the contact
between the AlGaN surface and the metal thin-films used in fabricating the metal

contacts.

The wet chemical etching phase comprised of boiling the samples in a dilute
aqua regia solution for ten minutes. The etching solution used was of HCI (32 %),
HNO; (70 %) and DI water in a 3:1:5 ratio. The samples were then rinsed in
three batches of DI water and thereafter held for 60 s in a second acid solution of
HCI:H,O (1:1) to remove oxides from the surface. Lastly, the samples were rinsed
in two batches of DI water, blow-dried using N, and placed in a wafer handling
container. The samples were kept in a desiccator during overnight storage. In
this second phase of cleaning, the use of at least two more 100 ml crystallizing
dishes were required for the etching and oxide removal solutions. The two 100 ml
crystallizing dishes used for the DI water during the first phase of cleaning, was

used here again for the same purpose.
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Schottky photodiode fabrication Experimental

Figure 5.1: Photograph showing how samples were typically mounted onto a holder. Samples
were held in place by wires pressing them down onto the metal mask and deposition was then
done from the opposite side.

Deposition holder and masks

Samples were mounted onto a holder and fixed in a vacuum system for physical
vapour deposition (PVD). The PVD was done through a stainless steel contact
mask that forms part of this holder. Figure 5.1 is a photograph taken to show how
samples were typically mounted onto a holder. Samples were held in place by
wires pressing them down onto the mask and deposition was then done through

the open sections of the mask from the opposite side.

The holder and masks were also cleaned to avoid possible contamination to the
already cleaned samples and to help keep conditions in the vacuum systems
clean. The holder and masks were cleaned similarly to the chemical degreasing

process used for the samples. Here, the holder and masks were boiled in TCE
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for one minute and then rinsed in boiling isopropanol for one minute. Thereafter,
they were rinsed in three batches of DI water, blow-dried using N, and placed in

a storage container.

5.2.3 Contact deposition masks

The ohmic contacts were deposited without the use of a particular mask. The
samples were covered with a thin piece of glass such that less than 2 mm on
one of the sides were exposed and the ohmic contacts were then deposited.
The mask used for Schottky contact deposition had both 0.65 mm- and 1.0 mm-
diameter holes. This particular mask was selected because of the uncertainty
in the generation of measurable photocurrents over the smaller photosensitive
areas during UV irradiation. The final probe contact pads were deposited on

samples using a mask that had several 0.30 mm-diameter holes.

5.2.4 Ohmic contact fabrication

Layered metal thin-film structures of ohmic contacts were fabricated in an

electron-beam PVD (EBPVD) system under a pressure of less than 10™° mbar.
The ohmic contacts were then annealed by following a two-step annealing pro-
cedure. In most cases, ohmic contacts form with the deposition of any metal with
a work function equal or lower than that of the n-type AlGaN semiconductor. The
work function for an AlGaN semiconductor should approximately be the same as
that of GaN semiconductors and was taken to be 4.10 eV. The work function of Al
is 4.08 eV and puts it in the ohmic category. It was also shown that Ti falls in the
ohmic category, although it has a work function of 4.33 eV. Ti interacts with GaN
in the AlGaN semiconductor, forming a thin TiN layer on the surface, especially

as N diffuses outward during annealing procedures. The majority of N vacancies
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results in the surface GaN becoming highly n-type and the effective tunnelling of
electrons through the surface layer is possible. Therefore, the formation of the
TiN layer plays an important role in achieving low contact resistivity [Razeghi and

Rogalski, 1996:7466; Ruvimov et al., 1996:1556—1557].

Other research studies found that a bilayer contact metallization scheme consist-
ing of Ti/Al exhibited near linear |-V characteristics prior to annealing. Different
annealing procedures were followed to improve the contact characteristics. The
bilayer contact was annealed first at 500°C under N, ambient, then using a rapid
thermal annealing (RTA) method at 700°C for 20 s. After annealing the bilayer at
900°C for 30 s, the specific contact resistivity lowered to 8.0 uf2 - cm? [Razeghi
and Rogalski, 1996:7466].

Ruvimov et al. [1996:1558] experimented further with a four layer metal contact,
also annealing it at 900°C for 30 s using a RTA method. They found that the
TiN layer at the interface was twice as thick, as that formed with the bilayer con-
tact. Hayes et al. [2003:422] used this same four layer metal composite ohmic
structure of Ti/Al/Ni/Au (150/2200/400/500 A) and annealed the contact at only

500°C for five minutes under Ar ambient.

The ohmic contacts fabricated on A1 and A2 were similar to those used in the
study done by Hayes et al. [2003]. The metallization scheme was a layered struc-
ture of Ti/Al/Ni/Au (150/2000/450/500 A) and was then two-step annealed un-
der Ar ambient. The temperature was increased to 500°C and annealed for five
minutes, followed by annealing at 700°C for five minutes as well [van Schalkwyk

et al., 2012:1529—-1530].
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5.2.5 Schottky contact fabrication

After the fabrication of the ohmic contacts, the Schottky contacts were deposited
with the same EBPVD system under a pressure of less than 10~° mbar. Schottky
contacts should form with the deposition of any metal with a work function greater
than that of the n-type AlGaN semiconductor. This study required the fabrication
of front-irradiated photodiodes, that is, the photodiodes would be irradiated with
UVR on the same side as where the Schottky contacts were deposited. This
added to the challenge of finding a Schottky barrier material with a high optical

transmittance in the UV region.

Based on the study done by Kim et al. [2002], it was decided to experiment
with IrO, as the Schottky barrier material. They showed that 100 A-thick IrO,
Schottky contacts can effectively be used for GaN metal-semiconductor—-metal
UV-sensitive photodetectors. IrO, is one of the conducting metal oxides with the
advantage of having a high work function (greater than 5 eV) and a low resistiv-
ity (approx. 50 pS2 - cm). Their 100 A-thick Ir Schottky contacts were annealed at
500°C under O, ambient for one minute to form IrO,. The IrO, had a high op-
tical transmittance (greater than 60 %) in the UV region ranging from 300 nm to

400 nm.

Two circular 0.65 mm-diameter and four 1.0 mm-diameter, 50 A-thick Ir contacts
were deposited at a rate of 0.2 A-s—' on each of the two samples. Figures 5.2(a)
and 5.3(a) are photographs taken of A1 and A2 with the as-deposited Ir contacts.
The two-step annealed ohmic contact is seen on the left-side of each sample.
Afterwards, the Ir Schottky contacts were annealed at 700°C under O, ambient
flowing at a rate of 1 L - min~' for 20 minutes. This allowed for the formation
of the more UV transmissive IrO, Schottky contacts that were barely visible as

observed in Figures 5.2(b) and 5.3(b) [van Schalkwyk et al., 2012:1530].
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The 700°C annealing temperature followed from studying the research done by
Chalamala et al. [2000]. They annealed Ir thin films at 600°C, 700°C, 800°C and
900°C for 1 hour in a furnace that had a continuous flow of O, at 10 Torr
(~ 13 mbar). Using x-ray diffraction (XRD) crystallography and x-ray photoelec-
tron spectroscopy (XPS) depth profile measurements, the chemical composition
of the thin films were investigated. They found no evidence of bulk oxidation at
600°C. Only at 700°C and 800°C did oxygen start diffusing into the bulk of the
film. The films annealed at 900°C lost most of the deposited Ir, because of the

sublimation of IrO,.

5.2.6 Probe contact pad fabrication

The 50 A-thick IrO, Schottky contacts required probe contact pads for four reas-
ons. The first was to prevent the measurement probe from possibly piercing
through the thin Schottky contact and partly making contact with the surface of
the semiconductor itself. Secondly, the deposition of an opaque material with a
known surface area makes the calculation of the photosensitive area more pre-
cise, compared to determining an area shadowed by the measurement probe
during irradiation. The third is that conductivity can improve because of a de-
crease in contact resistance. Lastly, the feasibility of wire bonding on the Schot-
tky contacts needed to be investigated and, therefore, thicker contact pads were

required to which wires can bond.

A resistive evaporation system was used for the deposition of the probe con-
tact pads under a pressure of approximately 10~° mbar. Six circular 0.30 mm-

diameter, 1000 A-thick Au probe contact pads were deposited at 1.0 A-s~"

, on
top of the annealed Ir Schottky contacts of A1 and A2. The Au probe contact pads
were not annealed on A1, but were on A2. Figure 5.2(b) and 5.3(b) are photo-

graphs taken of A1 with the as-deposited Au probe contact pads, and A2 with
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100820 AIGaNO1 Ir [50]

(a) The layered ohmic structure of Ti/Al/Ni/Au (150/2000/450/500 A) was
fabricated on the left-side of the sample. The ohmic contact was two-step
annealed under Ar ambient for five minutes at both 500°C and 700°C.
Afterwards, two circular 0.65 mm-diameter and four 1.0 mm-diameter, 50
A-thick Ir Schottky contacts were deposited.

(b) The barely visible IrO, Schottky contacts were formed after annealing
the Ir Schottky contacts at 700 °C under O, ambient for 20 minutes. There-
after, six circular 0.30 mm-diameter, 1000 A-thick Au probe contact pads
were deposited.

Figure 5.2: Photographs of the fabricated Schottky photodiodes on A1 taken from wafer
110K1234-3. The photodiodes were optoelectronically characterized for each of the three fabric-
ation steps and after being irradiated with 5.4 MeV He-ions from an 2*' Am source.
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100820 AlGaNO02 Ir [50]

(a) The layered ohmic structure of Ti/Al/Ni/Au (150/2000/450/500 A) was
fabricated on the left-side of the sample. The ohmic contact was two-step
annealed under Ar ambient for five minutes at both 500°C and 700°C.
Afterwards, two circular 0.65 mm-diameter and four 1.0 mm-diameter, 50
A-thick Ir Schottky contacts were deposited.

-

(b) The barely visible IrO, Schottky contacts were formed after annealing
the Ir Schottky contacts at 700 °C under O, ambient for 20 minutes. There-
after, six circular 0.30 mm-diameter, 1000 A-thick Au probe contact pads
were deposited and annealed at 350°C under O, ambient for 10 minutes.

Figure 5.3: Photographs of the fabricated Schottky photodiodes on A2 taken from wafer
110K1234-3. The photodiodes were optoelectronically characterized for each of the four fab-

rication steps.
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the annealed Au probe contact pads on top of the lower-left-side of the optically

transparent 50 A-thick 1rO, Schottky contacts.

5.2.7 Radiation hardness

Group-lll-nitride-based materials exhibit superior radiation hardness character-
istics compared to Si-based materials, because of their WBG and chemical bond
strength [Monroy et al., 2003:R35—-R36; Razeghi and Rogalski, 1996:7462]. The
radiation hardness was investigated by irradiating A1 over a 1040 hour period

2.5~ for a total

with 5.4 MeV He-ions from an 2*'Am source at 7.1 x 108 cm~
fluence of 3 x 10" cm™2. The reverse leakage current density and capacitance
at 1 V reverse bias of the six photodiodes were measured after 1 hour, 3 hours,
10 hours, 20 hours, 30 hours, 40 hours, 104 hours, 167 hours, 251 hours, 335
hours and 1040 hours to look for any significant changes in their values. Only
after 1040 hours were some changes observed and the sample was optoelec-
tronically characterized to study the effects on the electrical and spectral para-

meters.

5.2.8 Annealing of the Au probe contacts

By annealing the deposited Au probe contact pads the adhesion between Au
and the IrO, Schottky contacts can be improved. Moreover, annealing can also
further improve conductivity by decreasing the contact resistance. Therefore, the
Au probe contact pads on A2 were annealed at 350°C under O, ambient for

approx. 10 minutes and subsequently characterized.
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5.2.9 Optoelectronic characterization

Optoelectronic characterization was performed by the optoelectronic character-
ization system (described in Chapter 4). The characterization consisted of (dark)
electrical, followed by spectral characterization. Measurements were conducted
at an average room temperature of 298 K. The 300 K material constants used for
the AlGaN semiconductors were an electron effective mass of 0.18m, [Elhamri
et al., 1998:1374], a dielectric constant (K;) of 8.9 [Monroy et al., 2003:R36] and
the number of equivalent minima in the conduction band of 4, both of the latter

constants the same as for wurtzite GaN semiconductors.

Electrical characterization

Electrical characterization comprised of dark /-V and C-V measurements. The
measurements were performed with the use of an already developed NI Lab-
VIEW routine that controlled the HP 4140B pA meter/DC voltage source and
HP 4192A LF impedance analyzer. The pA meter/DC voltage source used the
single staircase wave mode for forward and reverse biasing, while a 3 s hold
and a 7 s step delay time was typically selected. Forward and reverse biasing
ranged from 0 V to 2 V and —2 V to 0 V, respectively, in 100 mV increments
for I-V measurements. For C—V measurements, a 100 mV sinusoidal AC signal
of 1 MHz was superimposed upon a reverse (DC) biasing. The biasing ranged
from —1.2 V to 0 V in 50 mV increments with a 1.5 s hold time before each
capacitance measurement. A desktop computer with an NI LabVIEW routine de-
termined and presented the electrical parameters, using the methods described
in subsection 3.3.2 of Chapter 3. The parameters of interest included the ideality
factor, SBH, reverse leakage current density at 1 V reverse bias and series res-

istance obtained from the /-V characteristics. The free carrier concentration was
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obtained from the C-V characteristics.

The measurements were performed on each of the six Schottky photodiodes on
A1 and A2. The circular 0.65 mm-diameter and 1.0 mm-diameter Schottky con-
tacts had contact areas of 3.3 x 1073 cm? and 7.9 x 1073 cm?, respectively. The
characterization of A1 was done for the three fabrication steps that the Schottky
contacts had undergone. These three steps were the as-deposited Ir (As-dep.),
being annealed to form IrO, (Annealed) and after the deposition of Au probe con-
tact pads (IrO,/Au). Lastly, the effect of He-ion irradiation was investigated with
A1 (He™). The characterization of A2 was done for the four fabrication steps, that
included the as-deposited, being annealed, the deposition of Au probe contact

pads and after the annealing of the Au probe contact pads (IrO,/Au Annealed).

Spectral characterization

Spectral characterization was performed after calibrating the monochromatic
UVR that exits the fibre end when using the deuterium lamp. The lamp was
switched on at least 30 minutes prior to a characterization procedure, allowing
the lamp to warm-up and stabilize. Calibration was done with the flexOptometer
system by following the photodetector substitution method as explained in sec-
tion 4.6 of Chapter 4. An additional spectral characterization NI LabVIEW routine
was developed that controlled the monochromator, flexOptometer system, HP

4140B pA meter/DC voltage source and recorded the measurements.

The NI LabVIEW routine recorded the calibrated UV spectral irradiance for the
200 nm to 350 nm range in 5 nm increments. A hold time of 5 s was used before
an irradiance measurement was recorded at a specific wavelength. The expec-
ted spectral irradiance of a photodiode at 9 mm from the fibre end was then

calculated by the NI LabVIEW routine using Eq. 4.8.
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The NI LabVIEW routine recorded the generated photocurrent while the photo-
diode was being irradiated at a specific wavelength with the fibre end positioned
9 mm from the photodiode. A hold time of 2 s was used before the photocurrent
was measured by the HP 4140B pA meter. The NI LabVIEW routine divided the
photocurrents measured over the same wavelength range and increments by the

photosensitive area of the photodiode to obtain the PCD at each wavelength.

The spectral characterization NI LabVIEW routine kept a record of the fibre end
distance from the standard detector (zsp), the fibre end distance from the photo-
diode (zpp), the wavelengths, the standard detector irradiances (Esp), the calcu-
lated photodiode irradiances (Esp), the photocurrents (/,) and the PCDs J,. The
photodiode irradiances and PCDs were used to calculate and record the current
responsivities (R,) together with the quantum efficiencies (n,) using Eqgs. 3.56
and 3.62, respectively. The recorded measurements were saved in a comma de-

limited data file.

The spectral characterizations of the Schottky photodiodes fabricated on A1 and
A2 were done with the UVR source. The measurements were performed on each
of the six photodiodes. The characterization of A1 was done for its three fabric-
ation steps, together with investigating the effect of He-ion irradiation. The char-

acterization of A2 was done for its four fabrication steps.

The photosensitive areas for the as-deposited Ir and annealed IrO, Schottky
contacts were taken to be that of the contact itself. However, after the depos-
ition of the circular 0.30 mm-diameter Au probe contact pads the photosensitive
areas changed to 2.6 x 1072 cm? and 7.2 x 102 cm? for the circular 0.65 mm-

diameter and 1.0 mm-diameter Schottky contacts, respectively.
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5.3 Results and discussion

This section covers the results obtained through the optoelectronic characteriz-
ation process of A1 and A2 by measuring all 12 of the Schottky photodiodes.
Thereatfter, it is concluded which of the photodiodes were considered and repor-

ted on in the first publication.

5.3.1 Electrical characterization

The electrical parameters obtained from the electrical characterization of A1 for
its fabrication steps and after He-ion irradiation are summarized in Tabel 5.2. The
parameters obtained for A2 for its fabrication steps are summarized in Tabel 5.3.
The photodiodes that displayed proper rectifying /-V characteristics are marked
with an asterisk (*). The photodiodes that were viewed as failures would either
have had an ideality factor greater than 2 or a reverse leakage current density at

1V reverse bias greater than 200 nA - cm 2.

Using the electrical parameters of the photodiodes marked with an asterisk (*),
the average value (Avg.”) of each parameter was calculated together with its
standard deviation (Std. dev.”). The average values of the parameters were con-
sidered to identify trends in the fabrication procedure while the standard devi-
ations were an indication of how strongly the parameters varied between the

photodiodes after a fabrication step.

The ideality factor

Table 5.2 shows that the average ideality factor (n) for the as-deposited fabric-
ation step improved from 1.81 to 1.41 after being annealed and the standard
deviations were less than 8.0 %, indicating that the ideality factors were very

consisted between the five selected photodiodes. However, after the deposition
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Table 5.2: The electrical parameters of the Schottky photodiodes on A1 for their three fabrication
steps and after He-ion irradiation. The parameters included the ideality factor (), SBH (¢go),
reverse leakage current density (Jr) at 1 V reverse bias, series resistance (Rs) and the free
carrier concentration (Ng).

Fabrication Photo- A n  ¢go Jrat—1V Rs Ny
step diode [mm?] [eV]  [nA-cm™? @ [10"®cm™®]
At1-1*  0.79 1.88 1.43 0.038 1000 1.0
A1-2*  0.79 1.64 1.53 11 1000 1.0
As-de A1-3* 0.33 1.93 1.40 0.44 1000 1.2
P- A1-4* 0.33 1.72 1.48 0.040 1100 1.1
A1-5 0.79 2.34 1.13 91 1400 1.2
A1-6* 0.79 1.87 1.45 0.050 1400 1.0
Avg.*: 1.81 1.46 2.3 1100 1.1
Std. dev.*: 0.12 0.05 4.9 140 0.10
A1-1*  0.79 1.30 1.68 0.0079 230 0.31
Al1-2 0.79 2.10 1.20 2.0 230 1.3
Annealed A1-3* 033 135 1.62 15 310 1.4
A1-4* 033 1.41 1.56 0.0048 230 0.18
A1-5* 0.79 1.58 1.47 0.26 670 0.0038
A1-6* 0.79 1.39 1.58 7.9 300 1.2
Avg.*: 1.41 1.58 4.6 350 0.62
Std. dev.*: 0.11 0.08 6.6 180 0.64
A1-1 0.79 2.75 0.74 1000 45 0.28
A1-2*  0.79 1.31 1.05 0.59 77 1.2
110, /A A1-3* 0.33 1.40 1.05 0.054 100 1.5
2 A1-4* 033 1.70 1.15 150 110 1.3
A1-5*  0.79 1.31 1.16 0.28 150 1.5
A1-6* 0.79 1.85 0.82 170 130 0.71
Avg.*: 1.51 1.05 63 110 1.2
Std. dev.*: 0.25 0.14 86 29 0.31
Al-1 079 — - — — —
Al1-2 079 — - — — —
Het A1-3* 0.33 2.21 1.05 0.055 290 1.1
A1-4* 033 1.51 1.29 0.11 330 0.82
A1-5 079 — - — — —
A1-6 079 — - — — —
Avg.*: 1.86 1.17 0.080 310 0.94
Std. dev.*: 0.49 0.17 0.036 32 0.17
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Table 5.3: The electrical parameters of the Schottky photodiodes on A2 for their four fabrication
steps. The parameters included the ideality factor (n), SBH (¢go), reverse leakage current density
(JRr) at 1 V reverse bias, series resistance (Rs) and the free carrier concentration (Ny).

Fabrication Photo- A. n ¢y Jrat—1V Rs Ny
step diode [mm?] [eV] [nA-cm™2] [Q]  [10" cm~?]
A2-1* 0.79 122 0.89 49 1100 0.077
A2-2 0.79 2.06 1.30 0.22 470 0.96
nedes, | P23 033 - - - = =
P- A2-4* 0.33 1.23 1.14 0.064 1600 0.94
A2-5 0.79 2.11 1.34 2.8 500 0.63
A2-6* 0.79 1.68 1.31 0.63 540 0.99
Avg.*: 1.38 1.11 17 1100 0.67
Std. dev.*: 0.26 0.21 28 520 0.51
A2-1* 0.79 1.75 1.18 2.0 270 0.062
A2-2* 0.79 154 1.45 6.0 200 0.010
Annealed Reg RS — o — N - N
A2-4* 0.33 1.38 1.37 0.68 200 1.0
A2-5* 0.79 1.40 157 0.032 340 0.058
A2-6* 0.79 182 1.32 29 250 0.78
Avg.*: 1.58 1.38 7.5 250 0.39
Std. dev.*: 0.20 0.15 12 57 0.48
A21 079 — - - - -
A2-2* 0.79 1.62 1.38 54 37 58
A2-3 0.33 — — — — —
MO/AU ho 4 033 162 136  0.62 92 4.2
A2-5 0.79 1.92 0.74 17 x 10° 210 54
A2-6 0.79 2.26 0.69 1.3 x 10° 190 2.8
Avg.*: 1.62 1.37 3.0 65 50
Std. dev.*: 0.00 0.01 3.4 40 1.1
A21 079 — — - - -
A2-2* 0.79 1.37 140 5.7 46 5.6
O,/Au A28 033 — — _ _ _
Annealed A2-4* 0.33 1.47 1.25 0.85 86 3.9
A2-5 0.79 152 0.86 340 140 55
A2-6 0.79 3.48 0.66 340 x 10° 130 25
Avg.*: 1.42 1.33 3.3 66 4.8
Std. dev.*: 0.07 0.11 3.4 28 1.3
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of the Au probe contact pads the average ideality factor degraded slightly from
1.41 to 1.51, although this was still better than that of the as-deposited fabrica-
tion step, the standard deviation was approx. 17 % and indicated less consistency

between the five selected photodiodes.

Only photodiodes A2-2 and A2-4 were characterized for the majority of the fab-
rication steps in Table 5.3. A small glassine bag was used for storing A2 and
because of the weak adhesion between the as-deposited Ir contacts and the
AlGaN surface, the rest of the photodiodes were severely scratched and dam-
aged during handling. The trends here with respect to the ideality factors were
not the same as that of A1. Here the average ideality factor for the as-deposited
step degraded from of 1.38 to 1.58 when the Ir contacts were annealed and de-
graded further to 1.62 with the deposition of the Au probe contact pads. However,
it was noted in Figure 5.3(b) for the Schottky photodiode A2-4 that the Au probe
contact pad was deposited only partly on top of the IrO, contact and mostly made
direct contact with the AlGaN surface. Although this happened the ideality factors
were still in the same range of values compared to that of A1 in Table 5.2 and, in
addition, the annealing of the Au probe contact pads as a fourth fabrication step

did improve the average ideality factor to 1.42.

The Schottky barrier height

The average SBH (¢go) of the photodiodes on A1 for the as-deposited Ir in-
creased from 1.46 eV to 1.58 eV for the IrO, with standard deviations less than
5.5 %. Once the Au probe contact pads were deposited, an average SBH of
1.05 eV with a standard deviation of less than 14 % was obtained, as seen in

Table 5.2.

For A2, the average SBH of the as-deposited Ir increased from 1.11 eV to 1.38 eV
for the IrO, and stayed roughly the same at 1.37 eV for the deposited Au probe
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contact pads. After annealing the Au probe contact pads, the average SBH

slightly decreased to 1.33 eV, as seen in Table 5.3.

The reverse leakage current density at 1 V reverse bias

The average reverse leakage current densities (Jgr) measured at 1 V reverse
bias for A1 increased for each of the three fabrication steps to 63 nA - cm™2
in Table 5.2. This can be attributed to the improved conductivity between the
Schottky contact and the AlGaN surface when the Ir was annealed to form IrO,,
and even more so with the addition of the Au probe contact pads on top of the

IrOZ.

On the other hand, the average reverse leakage current densities for A2 de-
creased for the first three fabrication steps to 3.0 nA - cm~2 and increased slightly
to 3.3 nA - cm~2 when the Au probe contact pads were annealed, as seen in

Table 5.3.

Although the HP 4140B pA meter can detect currents as low as 1 fA, there were
significant fluctuations when measuring reverse leakage currents of less than
1 nA. Therefore, the reverse leakage current densities also varied significantly

and resulted in relative standard deviations ranging from 40 % to 220 %.

The series resistance

The average series resistance (Rs) of the photodiodes on both samples for the
as-deposited Ir decreased from 1100 2 to less than 110 2 after the addition of
the Au probe contact pads on top of the IrO, as well as annealing the Au probe

contact pads on A2.
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The free carrier concentration

The second layer of the 110K1234-3 wafer was a (1.0 to 1.5) um-thick GaN:Si
layer with a specified free carrier concentration of (1.0 t0 3.0) x 10'® cm~2. The
free carrier concentration (Ng) was determined from the C—V characterization
of the samples, which is not expected to change significantly because of the
fabrication procedure. Therefore, the average free carrier concentration was de-
termined from the C—V measurements done during the fabrication steps to be

(2.0 £ 0.63) x 10'® cm~2 and was within the range of that specified for the wafer.

Radiation hardness

After irradiating A1 with the 5.4 MeV He-ions over a 1040 hour period, it was no-
ticed that the as-deposited Au probe contact pads severely flaked off, as seen in
Figure 5.4. This was progressively caused during the eleven times that the meas-
urement probe of the optoelectronic characterization system were positioned on
the IrO,/Au contacts and the weak adhesion between the as-deposited Au and

annealed IrO, contacts was visible.

As seen in Table 5.2, only photodiodes A1-3 and A1-4 were characterized after
the 1040 hour period. The ideality factor of A1-3 degraded from 1.40 to 2.21, its
reverse leakage current density measured at 1 V reverse bias did not change
significantly and the series resistance increased from 100 Q to 290 Q2 due to the

reduced conductivity caused by the loss in the Au contact area.

The ideality factor of A1-4, however, improved from 1.70 to 1.51, its reverse leak-
age current density measured at 1 V reverse bias decreased from 150 nA - cm 2
to 0.11 nA - cm~2 and can possibly be due the positioning of the measurement
probe on a ‘good’ spot on what was left of the Au probe contact pad. The series

resistance also increased from 110 €2 to 330 2 and can again be attributed to
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Figure 5.4: Photograph of the Schottky photodiodes on A1 after being irradiated over a 1040 hour
period with 5.4 MeV He-ions from an 24" Am source for a total fluence of 3 x 10'® cm~—2. The as-
deposited Au probe contact pads severely flaked off. This was progressively caused during the
eleven times that the measurement probe of the optoelectronic characterization system were
positioned on the IrO,/Au contacts and the weak adhesion between the as-deposited Au and
annealed IrO, contacts were visible.

the reduced conductivity caused by the loss in the Au contact area.

The free carrier concentration did decrease on average from the C—V meas-
urements done on both A1-3 and A1-4. For A1-3 the average free carrier
concentration (calculated from the three fabrication steps) decrease by ap-
prox. 21 % from (1.4to0 1.1) x 10'® cm~2 and for A1-4 by approx. 4.7 % from
(0.86 t0 0.82) x 10" cm~3.
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5.3.2 Spectral characterization

The spectral parameters obtained with the spectral characterization of A1 for its
fabrication steps and after He-ion irradiation are summarized in Tabel 5.4. The
parameters obtained for A2 for its fabrication steps are summarized in Tabel 5.5.
Although all the photodiodes were spectrally characterized, the average value
(Avg.™) of each spectral parameter was calculated together with its standard de-
viation (Std. dev.”) for the same photodiodes that displayed proper rectifying -V

characteristics that were marked with an asterisk (*) in Tables 5.2 and 5.3.

The cut-off wavelength

The cut-off wavelength was found to be at approx. 295 nm and corresponded with
4.20 eV by Eq. 2.1 for all the photodiodes on A1 and A2. The cut-off wavelength
(Aeutoff) Was chosen where the current responsivity dropped to less than 50 %
the (maximum) current responsivity at a specific wavelength (R,) which was

selected to be at 275 nm.

Furthermore, it was determined that the cut-off wavelength corresponded to the
absorption edge of a Aly35GagesN semiconductor, using Eqg. 3.3 and solving for
the Al mole fraction. When calculated from Eq. 3.3, the Al mole fraction of 35 %
differed by less than 4 % from the lowest value of 36 % that was specified by TDI
for the 110K1234-3 wafer (Table 5.1).

The current responsivity and quantum efficiency

An average current responsivity at 275 nm (Rz75) of (52 + 17) mA - W~ was ob-
tained for the as-deposited Ir on A1 with an average quantum efficiency (1.7s)
of (23 +7.8) %, as seen in Table 5.4. After annealing the Ir to form the more

UV transmissive IrO,, the average current responsivity increased, as expected,
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Table 5.4: The spectral parameters of the Schottky photodiodes on A1 for their three fabrica-
tion steps and after He-ion irradiation. The parameters included the cut-off wavelength (Acutoff),
current responsivity (Rz75) and quantum efficiency (1275) at 275 nm.

Fabrication ~ Photo- Ay Acuteoff Roars 1275
step diode [mm?] [nm] [mA - W] (%]
A1-1* 0.79 295 27 12
A1-2* 0.79 295 71 32
As-de A1-3* 0.33 295 65 29
P- A1-4* 0.33 295 46 21
A1-5 0.79 295 54 24
A1-6* 0.79 295 48 22
Avg.*: 52 23
Std. dev.*: 17 7.8
Al1-1* 0.79 295 39 17
A1-2 0.79 295 86 39
Annealed A1-3* 0.33 295 70 32
Al1-4* 0.33 295 21 9.6
A1-5* 0.79 295 89 40
A1-6* 0.79 295 91 41
Avg.*: 62 28
Std. dev.*: 31 14
A1-1 0.72 — — —
Al1-2* 0.72 295 33 15
A1-3* 0.26 295 58 26
IO, /Au Al-4* 0.26 295 65 29
A1-5* 0.72 295 59 27
A1-6* 0.72 295 38 17
Avg.*: 51 23
Std. dev.*: 14 6.4
A1-1 0.72 — — —
A1-2 0.72 — — —
He+ A1-3* 0.26 295 70 31
A1-4* 0.26 295 59 27
A1-5 0.72 — — —
A1-6 0.72 — — —
Avg.*: 64 29
Std. dev.*: 7.6 3.4
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Table 5.5: Spectral parameters of the Schottky photodiodes on A2 for their four fabrication steps.
The parameters included the cut-off wavelength (Acutoft), CUrrent responsivity (Ro75) and quantum
efficiency (1275) at 275 nm.

Fabrication Photo- Ao Acut-off Razs Mo75
step diode [mm?] [nm] [mA - W] (%]
A2-1* 0.79 295 19 8.8
A2-2 0.79 295 42 19
Ae-de A2-3 0.33 - — -
- A2-4* 0.33 295 34 18
A2-5 0.79 295 28 13
A2-6* 0.79 295 37 17
Avg.” 30 15
Std. dev.* 9 5.0
A2-1* 0.79 295 20 9.1
A2-2* 0.79 295 14 6.3
Annealed A e — g .
A2-4* 0.33 295 29 13
A2-5* 0.79 295 11 5.0
A2-6* 0.79 295 51 23
Avg.*: 25 11
Std. dev.*: 16 7.2
A2-1 0.72 — — —
A2-2* 0.72 295 26 12
A2-3 0.26 — — =
IO, /Au A2-4* 0.26 295 32 15
A2-5 0.72 — — —
A2-6 0.72 — — —
Avg.* 29 13
Std. dev.* 45 2.1
A2-1 0.72 — — —
A2-2* 0.72 295 37 17
Ir0,/Au A2-3 0.26 = = -
Annealed A2-4* 0.26 295 80 36
A2-5 0.72 — — —
A2-6 0.72 — — —
Avg.* 58 26
Std. dev.* 30 14
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to (62 + 31) mA - W' with an average quantum efficiency of (28 + 14) %. The
photosensitive areas (A,) were taken to be that of the contact areas (A.) for the
spectral characterization of these first two fabrication steps. However, the meas-
urement probe of the optoelectronic characterization system that was positioned
on the Schottky contacts would have caused some of the photosensitive area to
be shadowed when being irradiated with monochromatic UVR. The actual shad-
owed area is hard to determine and the large standard deviation (greater than
30 %) in both R»75 and 1,75 are an indication of how the actual irradiated photo-

sensitive area changed.

Once the Au probe contact pads were deposited on A1, the average current re-
sponsivity at 275 nm decreased to (51 + 14) mA - W~ with an average quantum
efficiency of (23 + 6.4) % and were similar to that obtained for the as-deposited Ir
in Table 5.4. Although this may seem like a step backwards in the fabrication pro-
cedure at first, the R,75 and 1075 values have actually improved. This is because
the photosensitive area has also decreased significantly more than what would
have been shadowed by the measurement probe during the characterization of
the first two fabrication steps, moreover, the standard deviation is smaller as well

(less than 30 %).

The average current responsivity at 275 nm of the photodiodes on A2 for the
as-deposited Ir was (30 + 9) mA - W~ with an average quantum efficiency of
(15 £5.0) % (Table 5.5), which was notably less than the values obtained for
A1. Furthermore, after annealing the Ir to form IrO,, the average current re-
sponsivity decreased to (25 + 16) mA - W~ with an average quantum efficiency
of (11 £7.2) %. The decrease was also evident when considering only A2-
2 and A2-4 that were characterized for the majority of the fabrication steps.
These results can again be attributed to the inaccurate photosensitive areas, not

only caused by the shadowing of the measurement probe, but also by possible
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scratches due to the use of the glassine bag.

After the Au probe contact pads were deposited on A2, the average current re-
sponsivity at 275 nm increased to (29 + 4.5) mA - W~ with an average quantum
efficiency of (13 £2.1) % and were again similar to that obtained for the as-
deposited Ir in Table 5.5. Once the Au probe contact pads were annealed, the
average current responsivity at 275 nm improved further to (58 + 30) mA - W~
with an average quantum efficiency of (26 = 14) %. However, by considering the
Au probe contact pad again that was deposited only partly on top of the IrO, con-
tact of A2-4 in Figure 5.3(b), would mean that the actual photosensitive area was
larger than what the current responsivity of 80 mA - W~ with quantum efficiency
of 36 % were calculated on and is actually expected to be lower. Be that as it
may, the trend does hold for A2-2 with a current responsivity of 37 mA - W~ and

quantum efficiency of 17 %.

Radiation hardness

Although unexpected improvements in the average current responsivity and
quantum efficiency at 275 nm of the He-ion irradiated photodiodes on A1
were observed, these ‘improvements’ were again attributed to a loss in the as-
deposited Au probe contact pads that severely flake off, as was seen in Fig-
ure 5.4, causing the irradiated photosensitive areas to be greater than that used

in calculating the current responsivity and quantum efficiency.

5.3.3 Overall analysis

The three (smaller) circular 0.65 mm-diameter photodiodes (A1-3, A1-4 and A2-
4) displayed similar trends and, therefore, only their electrical and spectral para-

meters are considered in Tables 5.6 and 5.7, respectively.
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In studying the electrical parameters in Table 5.6, it follows that on average the
ideality factor improved after annealing the as-deposited Ir from 1.63 to 1.38 for
the IrO,. With the deposition of the Au probe contact pads on top of the IrO,
contacts, the ideality factor degraded to 1.57, but was still better than for the as-
deposited Ir, provided that the Au did not make direct contact with the AlGaN
surface as with A2-4. The ideality factor was further improved to 1.47 after an-

nealing the Au probe contact pad on A2-4.

The overall SBH increased from 1.34 eV for the as-deposited Ir to 1.52 eV for the
IrO, and this increase in SBH was also observed by Jeon and Lee [2004:700].
The deposition of the Au probe contact pads on top of the IrO, contacts caused
the SBH to decreased to 1.19 eV and after being annealed on A2-4 the SBH
increased slightly to 1.25 eV.

The average series resistance decreased significantly during the first three fab-
rications steps. It started off from 1200 €2 for the as-deposited Ir, then decreased
to 250 €2 for the IrO, and finally the series resistance decreased to 100 2 after
the deposition of the Au probe contact pads. The corresponding standard devi-
ations in the series resistance were at first approx. 25 % for the as-deposited Ir
and IrO, fabrication steps and finally stabilized to a standard deviation of less
than 10 % for the Au probe contact pads. Once the Au probe contact pad was

annealed on A2-4, the series resistance decreased to below 90 (2.

The average reverse leakage current densities measured at 1 V reverse bias in-
creased as the corresponding series resistance decreased during the first three
fabrication steps. Even the reverse leakage current density of A2-2 after anneal-
ing the Au probe contact pad increased in correspondence with the decrease
in series resistance. There were, however, large relative standard deviations be-
cause of the significant fluctuations when measuring reverse leakage currents of

less than 1 nA.
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The fabrication procedure cannot cause a significant change in the free car-
rier concentration and, hence, the averages obtained for each of the first three
fabrication steps were used to calculate an average free carrier concentration
of (1.4 £0.8) x 10'® cm~3. Also, by including the free carrier concentration ob-
tained after the fourth fabrication step of A2-4 in Table 5.6, the average free
carrier concentration becomes (2.0 + 0.8) x 10'® cm~2 and, moreover, both of
these free carrier concentrations are with in the range of that specified for the

wafer.

It was observed from the spectral parameters in Table 5.7 that the cut-off
wavelength was at approx. 295 nm (4.20 eV), corresponding to the absorption
edge of a Aly3sGagesN semiconductor and, hence, a property of the mater-
ial and independent of the fabrication procedure. On the other hand, the av-
erage current responsivity at 275 nm for the as-deposited Ir decreased from
(48 + 16) mA - W~ to (40 + 27) mA - W~ after being annealed to form the more
UV transmissive IrO,. With the addition of the Au probe contact pads, the current
responsivity improved to (52 + 17) mA - W=, Although, the Au probe contact pad
was deposited only partly on top of the IrO, contact of A2-4 in Figure 5.3(b), a
further improvement of the current responsivity was expected after annealing the
Au probe contact pad. The corresponding average quantum efficiencies followed

the trends of the average current responsivities.

Apart from the free carrier concentration, the effects of the He-ion irradiation
on the rest of the electrical and spectral parameters were inconclusive, be-
cause of the loss in the as-deposited Au probe contact pads. The free carrier
concentration did, however, seem to have decreased by at least 30 % to ap-

prox. 1.0 x 10" cm~3.
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Table 5.6: The electrical parameters of the three circular 0.65 mm-diameter Schottky photodiodes
A1-3, A1-4 and A2-4 that displayed similar electrical trends.

Fabrication Photo- A n ¢y Jrat—1V Rs Ny
step diode [mm?] [eV] [nA-cm™? Q] [10" cm™®]
A1-3 0.33 1.93 140 0.440 1000 1.2
As-dep. Al1-4 0.33 1.72 148 0.040 1100 1.1
A2-4 0.33 1.23 1.14 0.064 1600 0.94
Avg.: 1.63 1.34 0.18 1200 1.1
Std. dev.: 0.36 0.18 0.23 310 0.14
A1-3 0.33 1.35 162 15 310 1.4
Annealed A1-4 0.33 1.41 156 0.0048 230 0.18
A2-4 0.33 1.38 1.37 0.68 200 1.0
Avg.: 1.38 152 52 250 0.87
Std. dev.: 0.03 0.13 8.4 58 0.62
A1-3 0.33 140 1.05 0.054 100 1.5
IrO,/Au Al-4 0.33 1.70 1.15 150 110 1.3
A2-4 0.33 1.62 1.36 0.62 92 4.2
Avg.: 1.57 1.19 49 100 2.3
Std. dev.: 0.16 0.16 84 7.3 1.6
Het A1-3 0.33 2.21 1.05 0.055 290 1.1
Al1-4 0.33 151 129 0.11 330 0.82
Avg.: 1.86 1.17  0.080 310 0.94
Std. dev.: 0.50 0.17  0.036 32 0.17
O2/AU  po4 033 147 125 085 86 3.9
Annealed
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Table 5.7: The spectral parameters of the three circular 0.65 mm-diameter Schottky photodiodes
A1-3, A1-4 and A2-4 that displayed similar spectral trends.

Fabrication ~ Photo- Ay Acuteoff Roars 1275
step diode [mm?] [nm] [mA - W] (%]
A1-3 0.33 295 65 29
As-dep. A1-4 0.33 295 46 21
A2-4 0.33 295 34 18
Avg.: 48 23
Std. dev.: 16 5.7
A1-3 0.33 295 70 32
Annealed Al1-4 0.33 295 21 9.6
A2-4 0.33 295 29 13
Avg.: 40 18
Std. dev.: 27 12
A1-3 0.26 295 58 26
IrO,/Au Al1-4 0.26 295 65 29
A2-4 0.26 295 32 15
Avg.: 52 23
Std. dev.: 17 7.7
Het A1-3 0.26 295 70 31
Al1-4 0.26 295 59 27
Avg.: 64 29
Std. dev.: 7.6 3.4
IrOz/Au A2-4 0.26 295 80 36
Annealed
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5.4 Conclusion

A tuneable front-irradiated AlGaN-based solar-blind UV-sensitive Schottky pho-
todiode was developed with the deposition of a layered ohmic contact structure
on a AlGaN semiconductor, followed by a two-step annealing method. Thereafter,
a circular Ir Schottky contact was deposited and annealed under O, ambient for
a more UV transmissive IrO, Schottky contact. The extracted electrical paramet-
ers for the Schottky photodiode included an average ideality factor of 1.38 + 0.03,
SBH of 1.52 (1 £ 15 %) eV, reverse leakage current density at 1 V reverse bias
of (5.2 +8.4) nA-cm~2 and an average series resistance of 250 (1 + 25 %) Q.
Spectral parameters included a cut-off wavelength at 295 nm (4.20 eV) that cor-
responded to the absorption edge of a Aly35GagesN semiconductor, an aver-
age current responsivity at 275 nm of (40 + 27) mA - W= and a corresponding

quantum efficiency of (18 + 12) %.

The deposition and annealing of a smaller circular Au contact on top of the IrO,
contact reduced the contact resistance, provided that the Au did not make dir-
ect contact with the AlGaN surface. Electrical parameters included an average
ideality factor of 1.42 + 0.07, SBH of 1.33 (1 + 10 %) €V, reverse leakage cur-
rent density at 1 V reverse bias of (3.3 + 3.4) nA - cm~2 and an average series
resistance of 66 (1 £ 45 %) . The spectral parameters included an average cur-
rent responsivity at 275 nm of (58 + 30) mA - W~ and a corresponding quantum

efficiency of (26 £ 14) %.

5.5 Publication

The results obtained from the optoelectronic characterization of each of the first

three fabrication steps are covered in the publication which has been included in
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Appendix E. These fabrication steps included the as-deposited Ir Schottky con-
tacts, followed by the annealing of Ir to form IrO, and then the deposition of the
Au probe contact pads on top of the IrO, contacts. Only the optoelectronic char-
acterization after the fourth fabrication step, being the annealing of the Au probe
contact pad on the IrO, contact, was excluded from the publication because of
limited space. The publication did, however, also include the results of the invest-

igation into the radiation hardness.

The |-V and spectral characteristics of the fabricated Schottky photodiode A1-4
in Figure 5.2 was selected as a typical example to show the trends observed
graphically in Figures 5.5 and 5.6. In Figure 5.5, the circled data points were
negative current readings obtained during forward bias measurements that were
made positive by the NI LabVIEW routine in order to perform logarithmic calcu-
lations. Tables 5.8 and 5.9 were constructed from the relevant average values
of the electrical and spectral parameters in Tables 5.6 and 5.7, respectively. Fig-
ures 5.5 and 5.6 together with Table 5.8 were presented and discussed in the

publication in Appendix E.
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Figure 5.5: |-V characteristics of the Ir Schottky photodiode for each of the fabrication steps and
after 5.4 MeV He-ion irradiation. Circled data points were negative current readings obtained
during forward bias measurements. Reprinted from van Schalkwyk et al. [2012:1530], Copyright
(2011), with permission from Elsevier.

Table 5.8: Average ideality factor, SBH, reverse leakage current density and series resistance of
the Ir Schottky photodiodes for each of the fabrication steps and after He-ion irradiation. Adapted
from van Schalkwyk et al. [2012:1530], Copyright (2011), with permission from Elsevier.

Fabrication n ¢BO +15% JR at—1V RS +25 % Nd

step [eV] [nA - cm™2] Q] (10" cm™°]

As-dep. 1.63 1.34 0.18 + 0.23 1200 1.1

Annealed 1.38 1.52 5.2 + 84 250 0.87

IrO,/Au 1.57 1.19 49 + 84 100 2.3

He™ 1.86 1.17 0.080 + 0.036 310 0.94
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Figure 5.6: Spectral responsivities of the Ir Schottky photodiode for each of the fabrication
steps and after 5.4 MeV He-ion irradiation at zero biasing. Adapted from van Schalkwyk et al.
[2012:1531], Copyright (2011), with permission from Elsevier.

Table 5.9: The average spectral parameters that included the cut-off wavelength (Acutoft), Ccurrent
responsivity (R275) and quantum efficiency (1275) at 275 nm.

Fabrication Acut-off Ro7s No75

step [nm] [mA - W~T] [%]

As-dep. 295 48 23

Annealed 295 40 18

IrO,/Au 295 52 23

He™ 295 64 29
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Chapter 6

The four-quadrant detector

6.1 Introduction

This part of the study aimed at developing and characterizing two tuneable front-
irradiated AlGaN-based UV-sensitive four-quadrant detectors. Moreover, through
additional literature the metallization techniques for the fabrication of optimized
ohmic contacts and UV transmissive Schottky contacts were realized. The four-
quadrant detectors were fabricated with the use of three different stainless steel
masks that defined the ohmic contacts, Schottky contacts and probe contact
pads, respectively, on (3 x 5) mm? samples taken from the AlGaN semicon-
ductor wafers. Using stainless steel masks allowed for the demonstration of a
four-quadrant detector without the need for photomasks, however, photolitho-
graphy techniques would be needed for commercial production. The previous
chapter established that the Schottky photodiode fabrication procedure com-
prised of at least six steps, (1) the deposition of a layered ohmic contact structure,
(2) the annealing of the ohmic contact, (3) the deposition of the Ir Schottky con-
tact, (4) the annealing of the Ir to form the more UV transmissive IrO, Schottky
contact, (5) the deposition of the Au probe contact pad and (6) the annealing

thereof.
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The first four-quadrant detector was optoelectronically characterized only after
the fabrication procedure was completed and the electrical and spectral paramet-
ers were then investigated and compared to that found in the previous chapter.
The first four-quadrant detector was, however, an intrinsically visible-blind UV-
sensitive detector that displayed proper characteristics. Therefore, a second four-
quadrant detector was fabricated on an AlGaN semiconductor with a high Al
mole fraction specification and mounted onto a commercial microchip carrier,
wire bonded and optoelectronically characterized. The second four-quadrant de-
tector was an intrinsically solar-blind UV-sensitive detector and, therefore, used

to demonstrate a solar-blind UV-sensitive electro-optic device.

6.2 Experimental
6.2.1 The AlGaN semiconductor wafer

The research study was conducted on samples taken from two different wafers
that were also custom grown by TDI, using the HVPE growth method. The
7LS3205-3 wafer consisted of a single epitaxial layer, while the 7LS3825-2 wafer
consisted of a four layer epitaxial structure. Each of them were grown on a
25.4 mm-diameter single side polished C-plane Al,O5 substrate and were mech-
anically diced into smaller (3.0 x 5.0) mm? sample sizes. Two samples, referred
to as B1 and B2, were taken from wafers 7LS3205-3 and 7LS3825-2, respect-

ively, for the fabrication of a four-quadrant detector on each of them.

The top layer of the 7LS3205-3 wafer was AlGaN:Si with a free carrier concentra-
tion of less than 1.0 x 10" cm—2. The Al mole fraction varied from (11 to 40) %

and the layer thickness was approx. 1.0 um.

The first layer of the 7LS3825-2 wafer was undoped GaN with a thickness of
(0.6 to 1.0) um, followed by a (1.0 to 1.5) um-thick layer of GaN:Si with a free
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Table 6.1: The four layer epitaxial structure specifications of the 7LS3825-2 AlGaN semiconductor
wafer.

Thickness Al
Layer Material [um] (%]
1 GaN 0.80 £ 0.20 0
2 GaN:Si 1.25+£0.25 0
3 AlGaN:Si 0.20 + 0.05 38.0+2.0
4 (top) AlGaN 0.95 + 0.05 425+25

carrier concentration of (1.0 to 3.0) x 10" cm~3. The third layer was AlGaN:Si
with an Al mole fraction varying from (36 to 40) % and a thickness of (0.15 to
0.25) um. The fourth top layer was undoped AlGaN with a thickness of (0.9 to
1.0) um and an Al mole fraction varying from (40 to 45) %. Table 6.1 provides the
specifications of the 7LS3825-2 wafer.

6.2.2 Contact deposition masks

The envisioned layout of the four-quadrant detector is schematically illustrated
in Figure 6.1. Fabrication of a four-quadrant detector required performing depos-
itions through three different masks. One defining the ohmic contacts, one the
Schottky contacts and one the probe contact pads. The present author designed
three such masks and their drawings are in Appendix D on a scale of 100:1. The
final layout of the metal contacts forming the four-quadrant detector are on the top
of page D2 in Appendix D. These masks were laser-cut from a 0.13 mm-thick

stainless steel plate by Micro Etch CC in Johannesburg.

Two large 0.80 mm-diameter holes were made on either side of each of the three
masks forming the four-quadrant detector. Deposition through them allowed for
the alignment of the following mask under a stereo microscope for the deposition

of the next set of contacts. The first contacts, being the ohmic contacts, were
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Figure 6.1: Schematic illustration of the deposited metal contacts forming the envisioned lay-
out for the front-irradiated four-quadrant detector. Adapted from van Schalkwyk et al. [2014:94],
Copyright (2013), with permission from Elsevier.

deposited using the mask design on the bottom of page D-2 in Appendix D. The
Schottky contacts and probe contact pads were done using the layouts on the

top and bottom of page D—-3 in Appendix D, respectively.

6.2.3 Ohmic contact fabrication

The structure and multi-step annealing process used for the fabrication of the
ohmic contacts were developed after studying the research done by Jacobs et al.
[2002] and Feng et al. [2009]. An optimization study of the Ti/Al/Ni/Au ohmic con-
tact metallization scheme was done by Jacobs et al. [2002]. They used the circu-
lar transfer length method (CTLM) to determine the contact and specific contact
resistances. They found that the Ti/Al thickness ratio should be 1:6 with Ti having
an optimized thickness of 300 A. To prevent the oxidation of the Ti and Al, Au was
considered as a capping layer, however, Au and Al form highly resistive alloys

at temperatures above 250°C, such as the compound AuAl, referred to as the
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‘purple plague’ [Jacobs et al., 2002:17; Philofsky, 1970:1398]. Therefore, Ni was
used to form a diffusion barrier to prevent the formation of these highly resistive
Au-Al—-alloys [Jacobs et al., 2002:17]. Jacobs et al. [2002:18] concluded that the
lowest contact (1.3 Q - mm) and specific contact (27 uf2 - cm?) resistances were
obtained for an ohmic contact consisting of a Ti/Al (300/1800 A) bilayer with a
400 A-thick Ni diffusion barrier layer between it and a 1500 A-thick Au capping

layer, which then undergone a one-step RTA process at 900°C for 30 s under Na.

Feng et al. [2009] found that, a Ti/Al/Ni/Au (200/900/550/450 A) ohmic contact
improved by applying a multi-step annealing method under N, ambient. They
increased the temperature to 400°C and annealed for three minutes, then to
700°C for 20 s and finally to 830°C for 30 s. It was suggested that, annealing at
400°C for such a long time allows the substrate to uniformly reach 400°C and
also eliminates contamination and oxide layer effects. Annealing at 700°C pro-
motes the diffusion of Al to the AlGaN film, where Ti, Al and AlGaN/GaN can
preliminarily react. The last high temperature annealing at 830°C reduced the
specific contact resistance to between (3.0 and 4.0) pQ2 - cm?, without degrading

the contact morphology.

The optimized metallization scheme proposed by Jacobs et al. [2002] was used
and layered ohmic structures of Ti/Al/Ni/Au (300/1800/400/1500 A) were depos-
ited through the first contact mask in an EBPVD system under a pressure of less
than 10~° mbar. Thereafter, the ohmic contacts were multi-step annealed under
Ar ambient, similarly to that proposed by Feng et al. [2009]. The samples were
first annealed at 400°C for three minutes, then at 700°C for 20 s, followed by
annealing at 830°C for 30 s and lastly at 900°C for 30 s [van Schalkwyk et al.,
2014:94].
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6.2.4 Schottky contact fabrication

After the fabrication of the ohmic contacts, the second mask defining the Schottky
contacts was aligned, using the two large 0.80 mm-diameter contacts and the
holes in the mask. Four square (0.90 x 0.90) mm? Ir contacts were deposited at
0.5 A-s~" in the EBPVD system under a pressure of less than 10~° mbar. The Ir

Schottky contacts were 100 A- and 50 A-thick on B1 and B2, respectively.

An optimized two-step annealing process for the Schottky contacts was de-
veloped after studying the research done by Kawar et al. [2003]. They iden-
tified the formation of the intermediate semiconducting Ir,O3; phase between
250°C and 600°C. Above 600°C the metallic IrO, phase was formed and re-
mained stable up to 700°C. Upward from 800°C, the IrO, transformed to IrO, be-
cause of oxygen loss. Therefore, the Schottky contacts were two-step annealed
under O, ambient flowing at a rate of 3 L - min~" for 30 minutes at both 600°C and
730°C to allow for the formation of the more UV transmissive IrO, Schottky con-

tacts [van Schalkwyk et al., 2014:94].

6.2.5 Probe contact pad fabrication

Once the ohmic and Schottky contacts were fabricated, the final mask that
defined the Au probe contact pads were aligned. Four 0.80 x 1072 cm?, 1500 A-
thick triangular Au contacts were deposited at 1.0 A-s~' on top of the outer-most
corners of the square IrO, Schottky contacts in a resistive evaporation system
under a pressure of approx. 10~° mbar. Thereafter, the Au probe contact pads
were annealed under O, ambient at a flow rate of 3 L - min™" for ten minutes at
500°C. Figure 6.2 is a photograph taken of the completed four-quadrant detector
on B1 taken from wafer 7LS3205-3. The two large 0.80 mm-diameter contacts on

either side of the four-quadrant detector were deposited through the alignment
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111125 7L.S3205-3 AlGaN 4Q-DetH

Figure 6.2: Photograph of the first four-quadrant detector fabricated on B1 taken from wafer
7LS3205-3. The two large 0.80 mm-diameter contacts on either side of the four-quadrant de-
tector were used for alignment of the masks. The four outer strips are the multi-step annealed,
layered ohmic structures of Ti/Al/Ni/Au (300/1800/400/1500 A), which were annealed under Ar
ambient for three minutes at 400°C, 20 s at 700°C, 30 s at 830°C and 30 s at 900°C. There-
after, four square (0.90 x 0.90) mm?, 100 A-thick Ir Schottky contacts were deposited and two-
step annealed under O, ambient for 30 minutes at both 600°C and 730°C to form the more UV
transmissive IrO,. Lastly, four 0.80 x 1072 cm?, 1500 A-thick triangular Au probe contact pads
were deposited on top of the outer-most corners of the square IrO, contacts and annealed un-
der O, ambient at 500°C for ten minutes. The final photosensitive area of each quadrant was
7.3 x 1073 cm?.

holes in each of the deposition masks. The four-quadrant detector fabricated
on B2 taken from wafer 7LS3825-2 looked similar. However, the 50 A-thick UV
transmissive IrO, Schottky contacts on B2 were much less visible compared to

the 100 A-thick IrO, contacts on B1.

6.2.6 Epoxy wire bonding

The SST competence area of the CSIR MSM unit wanted to mount a four-

quadrant detector in a housing integrated with electronics and UV optics to
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demonstrate a working solar-blind UV-sensitive electro-optic device. To complete
this joint initiative, the four-quadrant detector fabricated on B2 was mounted onto
a commercial microchip carrier (Winslow W9513). Then, Al wires were epoxy
bonded from the ohmic contacts and Au probe contact pads to the carrier strips

using EPO-TEK H20E silver-filled epoxy.

A basic set-up was put together and designed to help control the positioning,
placing and holding of a wire on top of either an ohmic or Au contact pad, while
the epoxy cured. The set-up was, however, limited in controlling the positioning of
the wire to where it had to be fixed on a strip of the microchip carrier. Therefore,
after the epoxy cured on a contact, the wire was allowed to bend as it wished and
then epoxied to the nearest strip on which the wire came to rest. Figure 6.3(a)
is a photograph of the end result of the wire-bonding process on the microchip
carrier. Figure 6.3(b) is a photograph done with a different lighting technique and
a closer view of the four-quadrant detector, rotated 90° clockwise with respect to

Figure 6.3(a).

6.2.7 Optoelectronic characterization

Optoelectronic characterization of the two four-quadrant detectors was per-

formed in the same way as discussed in subsection 5.2.9 of Chapter 5.

Electrical characterization

The four-quadrant detector fabricated on B1 was directly characterized, while
the one on B2 was characterized on the commercial microchip carrier with the
completed wire-bonding. Measurements were performed on each quadrant of
the four-quadrant detectors with the Schottky contacts having contact areas of

8.1 x 1073 cm?. The measurements on B2 were made by placing the probes
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(a) Wires were bonded by starting from either an ohmic contact or Au
probe contact pad and then bonded to a strip on the microchip carrier.

120328 7LS3825-2 AlGaN 4Q-DetH1
Ir (50 A) Four-Quadrant Detector

(b) A closer view of the four-quadrant detector using a different lighting
technique and rotated 90° clockwise with respect to Figure 6.3(a) above.

Figure 6.3: Photographs of the second four-quadrant detector fabricated on B2 taken from
wafer 7LS3825-2, after being mounted onto the commercial microchip carrier and epoxy wire-
bonded. The four outer strips are the multi-step annealed, layered ohmic structures of Ti/Al/Ni/Au
(300/1800/400/1500 A). The four square (0.90 x 0.90) mm?2, 50 A-thick UV transmissive IrO,
Schottky contacts are barely visible. On top of the outer-most corners of the square IrO, con-
tacts, the four 0.80 x 1072 cm?, 1500 A-thick triangular Au probe contact pads were deposited

and annealed. Each quadrant had a final photosensitive area of 7.3 x 1073 cm?.
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on the strips of the microchip carrier. Pairs of strips were selected such that
measurements were taken between ohmic and Au probe contact pads that were

the nearest to one another.

Spectral characterization

Spectral characterization was again performed after calibrating the monochro-
matic EMR that exits the fibre end, while using either the deuterium or tungsten-
halogen lamp. The tungsten-halogen lamp was also switched on for at least 30
minutes prior to a characterization procedure, allowing the lamp to warm-up and

stabilize.

The tungsten-halogen lamp was used as the VIS-to-NIR radiation source to
specifically investigate the UV-to-VIS/NIR rejection ratios. The tungsten-halogen
lamp power supply was set to operate with a current of 3.50 A. Although the
calibration of the lamp was not required to calculate the UV-to-VIS/NIR rejection
ratios, the NI LabVIEW routine recorded a calibrated VIS-to-NIR spectral irradi-
ance for the 400 nm to 1100 nm range in 5 nm, similarly to what was done for the

UVR source, as a check to see that the photodiode would be irradiated properly.

A corresponding dark current density J; measurement was taken at each one
of the wavelengths ranging from 400 nm to 1100 nm in 5 nm increments for
each quadrant of a four-quadrant detector. Thereafter, one of the quadrants of
a four-quadrant detector was irradiated and the PCD J, (\;) recorded while the
photodiode was being irradiated with an unwanted wavelength ;. Using Eq. 3.63
in subsection 3.4.2, the dark current density measurement that corresponded
with a measured PCD was subtracted and the rejection ratios calculated with
respect to the average PCD J, ()\s) that was measured at a desired specified

wavelength A over the four quadrants.
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Spectral measurements were performed on each quadrant of the four-
quadrant detectors with the Schottky contacts having photosensitive areas of
7.3 x 1073 cm?, after subtracting the opaque 0.80 x 1073 cm? triangular Au

probe contact pad areas.

6.3 Results and discussion

This section covers the results obtained through the optoelectronic characteriz-
ation process of the two four-quadrant detectors by measuring all eight of the

Schottky photodiode quadrants.

6.3.1 Electrical Characterization

The |-V characteristics of each quadrant of the two fabricated four-quadrant de-
tectors are presented in Figures 6.4 and 6.5 together with their extracted elec-

trical parameters in Tables 6.2 and 6.3, respectively.

The ideality factor

Three of the quadrants of the first four-quadrant detector that was fabricated on
B1 had ideality factors below the value of 2 and one with an ideality factor of 2.65,
as seen in Table 6.2. The ideality factors of 1.73 and 1.57 for quadrants B1-2 and
B1-3, respectively, were slightly higher than the value of 1.47 for the single photo-
diode A2-4 in Table 5.6 after it had undergone the same fabrication procedure in
the previous chapter. The slightly higher ideality factors could be attributed to the
larger square (0.90 x 0.90) mm?, 100 A-thick IrO, Schottky contacts compared
to the circular 0.65 mm-diameter 50 A-thick IrO, Schottky contacts, because lar-
ger contacts would have a higher probability of isolated surface effects degrading

the contact quality. Furthermore, in Figure 6.2 it was noticed that there was a dark
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Figure 6.4: The |-V characteristics for each quadrant of the first developed front-irradiated
AlGaN-based visible-blind UV-sensitive four-quadrant detector that was fabricated on B1 taken

from 7LS3205-3.

Table 6.2: The electrical parameters of the first developed front-irradiated AlGaN-based visible-
blind UV-sensitive four-quadrant detector that was fabricated on B1 taken from 7LS3205-3. The
parameters included the ideality factor (1), SBH (¢go), reverse leakage current density (Jg) at
1 V reverse bias, series resistance (Rs) and the free carrier concentration (Ny) together with the

overall averages.

77 QSB JR at _1 V RS Nd
Quadrant [eV] [nA - cm™2] Q] [10" cm~®]
B1-1 1.82 1.11 0.18 50 1.0
B1-2 1.73 1.15 0.50 39 0.91
B1-3 1.57 1.16 64 37 1.0
B1-4 2.65 0.89 15 35 1.0
Avg.: 1.94 1.08 20 40 0.95
Std. dev.: 0.48 0.13 30 6.2 0.03
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Figure 6.5: The |-V characteristics for each quadrant of the second developed front-irradiated
AlGaN-based solar-blind UV-sensitive four-quadrant detector that was fabricated on B2 taken
from 7L.S3825-2. Adapted from van Schalkwyk et al. [2014:94], Copyright (2013), with permission

from Elsevier.

Table 6.3: The electrical parameters of the second developed front-irradiated AlGaN-based solar-
blind UV-sensitive four-quadrant detector that was fabricated on B2 taken from 7LS3825-2. The
parameters included the ideality factor (1), SBH (¢go), reverse leakage current density (Jg) at
1 V reverse bias, series resistance (Rs) and the free carrier concentration (Ny) together with the
overall averages. Adapted from van Schalkwyk et al. [2014:94], Copyright (2013), with permission

from Elsevier.

Ui ?Bo Jrat -1V Rs Ny

Quadrant [eV] [nA - cm~2] Q] (10" cm~?]
B2-1 1.92 1.30 0.46 90 2.0
B2-2 2.09 1.15 1.1 150 1.7
B2-3 1.91 1.24 0.38 140 1.3
B2-4 1.95 1.18 6.5 110 1.5
Avg.: 1.97 1.22 2.1 120 1.6
Std. dev.: 0.09 0.08 3.3 30 0.3
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spot present on B1-1 and that the surface of the triangular Au probe contact pad
on B1-4 appeared differently to the rest of the probe contact pads. These unex-
plained anomalies could have contributed to the higher ideality factors of 1.82 for

B1-1 and 2.65 for B1-4 in Table 6.2.

The ideality factors for the four square (0.90 x 0.90) mm?, 50 A-thick IrO, Schot-
tky contacts listed in Table 6.3 of the second four-quadrant detector that was
fabricated on B2 were all greater than 1.9 with an average ideality factor of 1.97.
Although each quadrant displayed good rectifying /-V characteristics as seen
in Figure 6.5, their ideality factors were greater than the majority of the ideality
factors obtained thus far. These large ideality factors could be a result of the wire
bonding process in that the silver-filled epoxy were not completely isolated to the
ohmic contact or Au probe contact pads and under a microscope it was observed
that some portions of the epoxy did make direct contact to the AlGaN surface.
However, the standard deviation of the ideality factors was better than expected

at less than 5 %.

Apart from the larger IrO, Schottky contacts and the wire bonding process that
could have contributed to the higher ideality factors, a more likely cause could
have been the fact that the Au probe contact pads on the two four-quadrant de-
tectors were annealed for ten minutes at 500°C and not at 350°C as was done in

the previous chapter.

The Schottky barrier height

The SBHs of 1.11 eV, 1.15€eV and 1.16 €V for quadrants B1-1, B1-2 and B1-3 in
Table 6.2, respectively, were at the most 12 % lower than the 1.25 eV SBH ob-
tained for the single photodiode A2-4 in Table 5.6. On the other hand, in Table 6.3
the average SBH for B2 was 1.22 eV with a standard deviation of less than 7 %

and in the range of the 1.25 eV SBH obtained for A2-4.

152

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

§i
<

The four-quadrant detector Results and discussion

The reverse leakage current density at 1 V reverse bias

The average reverse leakage current density at 1 V reverse bias was calculated
to be 20 nA - cm~2 with a relatively large relative standard deviation (Table 6.2),
similar to what was found in the previous chapter and could again be a result
of the significant fluctuations when measuring reverse leakage currents of less
than 1 nA. However, the reverse leakage current densities at 1 V reverse bias
of 0.18 nA - cm~2 for B1-1 and 0.50 nA - cm—2 for B1-2 improved and were both
lower than the 0.85 nA - cm~2 for the single photodiode A2-4 in Table 5.6.

In Table 6.3 the reverse leakage current densities that were measured at 1 V
reverse bias on each for the quadrants of B2 were well below 10 nA - cm ™2 with
an average of (2.1 £ 3.3) nA - cm~2. The small reverse leakage current densities
could be attributed to either the use of an optimized layered ohmic structure
together with an improved multi-step annealing method, the proper formation of
IrO, through the two-step annealing method at appropriate temperatures or by

annealing the Au probe contact pads [van Schalkwyk et al., 2014:94-95].

The series resistance

The average series resistance for B1 in Table 6.2 was 40 2 and improved by more
than 50 % compared to the 86 €2 that was measured for the single photodiode
A2-4 in Table 5.6. However, two factors may have contributed to this comparably
higher series resistance measured for A2-4, one being the distance between the
ohmic contact and Schottky contact, which was much greater than that between
the ohmic contact and either of the Schottky contacts of the four-quadrant de-
tector, as seen A2-4 in Figure 5.3(b). The second factor was that a significant
area of the Au probe contact pad that was deposited on A2-4 made direct con-

tact with the AlGaN surface. Because the Au made direct contact with the top
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layer of the AlGaN semiconductor that had an approx. 38 % Al mole fraction con-
tent could have formed traces of the highly resistive Au-Al—alloys at the interface
while being annealed at 350°C, which was well above the 250°C as discussed in
subsection 6.2.3 previously in this chapter. Therefore, a better comparison is the
single photodiode A2-2 in Figure 5.3(b) that had a series resistance of 46 2 in
Table 5.3, which was closer to the ohmic contact and with the Au probe contact
pad properly deposited on top of the 1.0 mm-diameter 50 A-thick IrO, Schottky

contact.

The average resistance for B2 in Table 6.3 was 120 €2 with a standard deviation of
25 %. This higher series resistance is likely due to the addition of the silver-filled

epoxy and Al wires that were used in the wire-bonding process.

The free carrier concentration

An average free carrier concentration of (0.95 + 0.03) x 10'® cm—2 was determ-
ined from the C—V measurements for B1 in Table 6.2 and at the most 10 % less
than the 1.0 x 10'® cm~2 specified for the single AlGaN:Si layer of the 7LS3205-

3 wafer.

The average free carrier concentration was (1.6 + 0.3) x 10'® cm—2 for B2 in
Table 6.3 and was well within the (1.0 to 3.0) x 10'® cm~3 range that was spe-

cified for the 7LS3825-2 wafer.

6.3.2 Spectral Characterization

The spectral responsivities of each quadrant of the two four-quadrant detectors
are presented in Figures 6.6 and 6.7 together with their extracted spectral para-

meters in Tables 6.4 and 6.5, respectively.
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The cut-off wavelength

A cut-off wavelength for the first four-quadrant detector that was fabricated on
B1 was established at approx. 335 nm and corresponded to 3.70 eV by Eq. 2.1,
as seen in Figure 6.6 and Table 6.4. The cut-off wavelength was chosen at the
current responsivity that dropped to less than 50 % the maximum current re-
sponsivity that was at 320 nm. Using Eq. 3.3 and solving for the Al mole fraction,
a mole fraction of 13 % was found for this particular (3.0 x 5.0) mm? sample from

the 7LS3205-3 wafer that had a (11 to 40) % Al mole fraction specification.

The quadrants of the second four-quadrant detector that were fabricated on B2
had a cut-off wavelength at approx. 275 nm that corresponded to 4.51 eV by
Eqg. 2.1, as seen in Figure 6.7 and Table 6.5. Here, the cut-off wavelength was
chosen as the wavelength at which the current responsivity has dropped to less
than 50 % of the current responsivity at 250 nm. Using Eqg. 3.3 and solving for
the Al mole fraction again, a mole fraction of 46 % was found and corresponded
reasonably well with the absorption edge of the 7LS3825-2 wafer that had a (40

to 45) % Al mole fraction specification.

The current responsivity and quantum efficiency

The quadrant B1-1 had a significantly lower spectral current responsivity in com-
parison with the other three quadrants and was probably due to the dark spot
present on B1-1 in Figure 6.2. The dark spot may for one have been 100 A-thick
Ir that for some reason did not properly form IrO, and, hence, the photosensitive
area was actually smaller than the 7.3 x 10~2 cm? for which the current respons-
ivity was calculated for. However, the average current responsivity at 320 nm for
B1 was (25 + 9.0) mA - W~ with an average quantum efficiency of (9.6 + 5.5) %.

When excluding B1-1 from the averages, the average current responsivity was
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then (29 + 2.6) mA - W~ with an average quantum efficiency of (11 + 1.0) %.

The average current responsivity at 250 nm for B2 was (28 + 1.0) mA - W~ with
an average quantum efficiency of (14 + 0.5) %. In comparison, these results for
B2 are almost half the average current responsivity of (52 + 17) mA - W~" and
quantum efficiency of (23 + 7.7) % at 275 nm that were obtained for the individual
photodiodes A1-3, A1-4 and A2-4 with the as-deposited Au probe contact pads
on top of the IrO, in Table 5.7 and can be due to the fact that the samples origin-
ated from two different wafers. However, a better comparison can again be made
to A2-2 in Table 5.5 that had a current responsivity of 37 mA - W~ and quantum
efficiency of 17 % at 275 nm, because of the proper deposition of the Au contact

that resulted in similar size photosensitive areas (7.2 x 10~3 cm? for A2-2).

The UV-to-VIS and NIR rejection ratio

The spectral UV-to-VIS/NIR rejection ratios for each quadrant of the first four-
quadrant detector on B1 are presented in Figure 6.8 for the wavelengths ranging
from 400 nm to 1100 nm. The rejection ratios were calculated with respect to an
average PCD of 2.2 nA - cm~2 that was measured at 320 nm over the four quad-
rants of the detector. The UV-to-VIS/NIR rejection ratio range for each quadrant
on B1 is presented in Table 6.4 and on average most of the rejection ratios were

between 102 and 10°.

Figure 6.9 shows the spectral UV-to-VIS/NIR rejection ratios for each quadrant
of the second four-quadrant detector on B2. The rejection ratios were calculated
with respect to an average PCD of 4.6 nA - cm~2 that was measured at 250 nm
over the four quadrants of the detector. The UV-to-VIS/NIR rejection ratio range
for each quadrant on B2 is presented in Table 6.5 and on average most of the

rejection ratios were between 10° and 10°.
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Figure 6.6: Spectral responsivities for each quadrant of the first developed front-irradiated AlGaN-
based visible-blind UV-sensitive four-quadrant detector that was fabricated on B1 taken from

7LS3205-3.

Table 6.4: The spectral parameters of the first developed front-irradiated AlGaN-based visible-
blind UV-sensitive four-quadrant detector that was fabricated on B1 taken from 7L.S3205-3. The
parameters included the cut-off wavelength (Acutoff), current responsivity (Razg), quantum effi-
ciency (11320) at 320 nm and UV-to-VIS/NIR rejection ratios [J, (Xs) /Jp (A > 400)] for each quad-
rant together with the overall averages.

Acut-off Razo 7320 UV-to-VIS/NIR

Quadrant [nm] [mA - W] (%] [Jo (As) /Jp (A > 400)]

B1-1 335 12 4.5 102 to 103

B1-2 335 32 12 102 to 103

B1-3 335 27 11 10% to 10*

B1-4 335 28 11 102 to 102

Avg.: 335 25 9.6 102 to 10°
Std. dev.: 9.0 5.5
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Figure 6.7: Spectral responsivities for each quadrant of the second developed front-irradiated
AlGaN-based solar-blind UV-sensitive four-quadrant detector that was fabricated on B2 taken
from 7LS3825-2. Adapted from van Schalkwyk et al. [2014:95], Copyright (2013), with permission

from Elsevier.

Table 6.5: The spectral parameters of the second developed front-irradiated AlGaN-based solar-
blind UV-sensitive four-quadrant detector that was fabricated on B2 taken from 7LS3825-2. The
parameters included the cut-off wavelength, current responsivity (R2s50), quantum efficiency (12s0)
at 250 nm and UV-to-VIS/NIR rejection ratios [J, (Xs) /Jp (A > 400)] for each quadrant together
with the overall averages. Adapted from van Schalkwyk et al. [2014:95], Copyright (2013), with
permission from Elsevier.

Acut-off Ras0 7250 UV-to-VIS/NIR

Quadrant  [nm] [mA - W] (%] [Jo (Xs) /dy (A > 400)]

B2-1 275 28 14 10% to 10°

B2-2 275 28 14 10° to 10*

B2-3 275 30 15 10% to 10°

B2-4 275 26 13 102 to 10°

Avg.: 275 28 14 102 to 10°
Std. dev.: 1.0 0.5
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Figure 6.8: The spectral UV-to-VIS/NIR rejection ratios for each quadrant of the first developed
front-irradiated AlGaN-based visible-blind UV-sensitive four-quadrant detector that was fabric-
ated on B1 taken from 7LS3205-3 at zero biasing with respect to the responsivity at 320 nm
[Jp (As) /dp (A = 400)].
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front-irradiated AlGaN-based solar-blind UV-sensitive four-quadrant detector that was fabric-
ated on B2 taken from 7LS3825-2 at zero biasing with respect to the responsivity at 250 nm
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As) /Jp (A > 400)]. Adapted from van Schalkwyk et al. [2014:95], Copyright (2013), with per-
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6.4 Conclusion

A four-quadrant detector was realised with the use of three different physical
contact masks. The one mask defined the layout for the optimized layered ohmic
contact structures obtained after depositing a metallization scheme followed by a
multi-step annealing method. The second mask defined the layout for the optim-
ized UV transmissive IrO, Schottky contacts which were formed after a two-step
annealing method under O, ambient. The last mask was used for the deposition
layout of the Au contacts on top of the IrO, Schottky contacts. The metallization
technique was performed sequentially through each mask as well as correctly

aligning the samples before every deposition phase.

The feasibility of the four-quadrant detector was initially shown with the use of
a substandard wafer. The extracted electrical parameters for the four quadrants
included an average ideality factor of 1.94 + 0.48, a SBH of (1.08 £ 0.13) eV, a
reverse leakage current density of (20 + 30) nA - cm~2 at 1 V reverse bias and
an average series resistance of (40 £ 6.2) 2. Spectral parameters included a
(335 £ 5) nm cut-off wavelength that corresponded with the absorption edge of
an Alg 13Gag g7N semiconductor with a bandgap ranging from 3.76 eV to 3.65 eV,
as well as, an average current responsivity at 320 nm of (25 + 9.0) mA - W~
with a quantum efficiency of (9.6 = 5.5) % and an UV-to-VIS/NIR rejection ratio
between 102 and 102 for wavelengths ranging from 400 nm to 1100 nm. Because
of the cut-off wavelength, it is concluded that the first developed four-quadrant

detector was an intrinsically visible-blind UV-sensitive detector.

A second four-quadrant detector was manufactured on an appropriate AlGaN
semiconductor with a high Al mole fraction specification and was mounted onto a
commercial microchip carrier, where Al wires were epoxy bonded from the ohmic

and Au contacts to the carrier strips, using a silver-filled epoxy. The extracted
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electrical parameters for the four quadrants included an average ideality factor
of 1.97 + 0.09, a SBH of (1.22 + 0.08) eV, a reverse leakage current density of
(2.1 £3.3) nA-cm~2 and an average series resistance of (120 + 30) €. Spec-
tral parameters included a (275 + 5) nm cut-off wavelength that corresponded
with the absorption edge of an Alg 45Gag 55N semiconductor with a bandgap ran-
ging from 4.59 eV to 4.23 eV, as well as, an average current responsivity at
250 nm of (28 = 1.0) mA - W~ with a quantum efficiency of (14 + 0.5) % and
an UV-to-VIS/NIR rejection ratio between 10° and 10° for wavelengths ranging
from 400 nm to 1100 nm. Here, the cut-off wavelength confirmed that the second
manufactured four-quadrant detector was an intrinsically solar-blind UV-sensitive
detector. Furthermore, because of the uniformity in the characteristics across
the quadrants, the detector was used in demonstrating a working solar-blind UV-

sensitive electro-optic device.

It is suggested that the high average ideality factors of both of the four-quadrant
detectors were a result of the annealing of the Au probe contact pads at the
higher 500°C, as opposed to the 350°C that was used in the previous Chapter 5.
Although the free carrier concentration was high (10'® cm™2), the reverse leak-
age current densities were small (less than 65 nA - cm~2) and can be attributed
to either the proper formation of the IrO, Schottky contact through the two-step
annealing method at appropriate temperatures or by annealing the properly de-
posited Au probe contact pads [van Schalkwyk et al., 2014:94—-95]. The increase
in series resistance for the second mounted four-quadrant detector can be due

to the addition of the silver-filled epoxy and Al wires.

The two four-quadrant detectors were fabricated on samples originating from two
different wafers. Both of these wafers differ from the wafer used in the previous
Chapter 5 and, therefore, no concrete links or reasons in the variations between

the current responsivities and quantum efficiencies were made.
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6.5 Publication

The results obtained from the optoelectronic characterization of the final four-
quadrant detector are covered in the publication which has been included in Ap-
pendix E. Furthermore, although the four square (0.90 x 0.90) mm?, 50 A-thick
IrO, Schottky contacts were not ideal (ideality factors greater than 1.90) and had
relatively lower current responsivities, and subsequently lower quantum efficien-
cies, they were almost identical in their characteristics [van Schalkwyk et al.,

2014:95].

This uniformity across the quadrants allowed for the completion of a joint initiative
with the SST competence area of the CSIR MSM unit, who successfully moun-
ted the four-quadrant detector in a housing integrated with electronics and used
UV optics to demonstrate a working solar-blind UV-sensitive electro-optic device.
Photographs of the solar-blind UV-sensitive electro-optic device are presented in
Figure 6.10. Furthermore, showing that the implementation of an AlGaN-based
solar-blind UV-sensitive four-quadrant detector is feasible for future UV-sensitive

electro-optic devices.
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(a) The working solar-blind UV-sensitive electro-optic demonstration device (left)
with LED indicators at the back (right).

(b) The epoxy wire-bonded four-quadrant detector mounted on a commercial mi-
crochip carrier inside the housing behind a protective quartz glass.

Figure 6.10: Photographs of the develop AlGaN-based solar-blind UV-sensitive four-quadrant
detector mounted by the SST competence area of the CSIR MSM unit in a housing integrated
with electronics and UV optics that completed the joint initiative (courtesy of the CSIR MSM unit).
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Chapter 7

Conclusions

7.1 General

An optoelectronic characterization system was constructed for the electrical and
spectral characterization of photodiodes. Spectral characterization was made
possible with the addition of two radiating sources, a deuterium lamp as a UV
source and a tungsten-halogen lamp as a VIS-to-NIR source, together with a
monochromator for wavelength selection and optical filters, onto the existing elec-
trical characterization system. The optoelectronic characterization system was
unique in that an optical fibre was used to lead the monochromatic EMR from the
monochromator to irradiate a photodiode inside the light-tight shielded enclosure,

which minimized EMI from external noise sources.

The optoelectronic characterization system was calibrated against standards
traceable to the NIST, by following the photodetector substitution method. Also,
an NI LabVIEW routine was developed that allowed for some automation of the
spectral characterization part that recorded, calculated and saved the measure-

ments in a data file.

The study established that the tuneable front-irradiated AlGaN-based solar-blind

UV-sensitive Schottky photodiode fabrication procedure comprised of at least six

165

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

;%
<

Conclusions Further research

steps, that included (1) the deposition of a layered ohmic contact structure, (2)
the annealing of the ohmic contact, (3) the deposition of an Ir Schottky contact,
(4) the annealing of the Ir to form a more UV transmissive IrO, Schottky contact,

(5) the deposition of a Au probe contact pad and (6) the annealing thereof.

It is concluded that an optimized tuneable front-irradiated AlGaN-based
solar-blind UV-sensitive Schottky photodiode would consist of a Ti/Al/Ni/Au
(300/1800/400/1500 A) ohmic contact that was multi-step annealed under Ar am-
bient at 400°C for three minutes, then at 700 °C for 20 s, followed by annealing at
830°C for 30 s and lastly at 900°C for 30 s; together with a 50 A-thick Ir Schot-
tky contact that was two-step annealed in O, ambient for 30 minutes at both
600°C and 730°C to allow for the formation of the more UV transmissive IrO,
and finally the deposition of a 1500 A-thick Au contact on top of the IrO, Schottky
contact that is then annealed in O, ambient for ten minutes at 350°C, instead of

500°C.

The study reached its aims in establishing a fabrication procedure for Schottky
photodiodes on AlGaN-based materials and the development of a tuneable front-
irradiated AlGaN-based solar-blind UV-sensitive four-quadrant Schottky detector
that was used to prove the feasibility of such a detector in future UV-sensitive
electro-optic systems. Moreover, the ternary AlGaN semiconductor alloy ma-
terial has (again) proved to be an excellent photonic material for use in tune-
able solar-blind UV-sensitive sensors [Razeghi, 2011:264; Razeghi and Rogal-
ski, 1996:7433].

7.2 Further research

The metallization technique and multi-step annealing method used for the final

optimized layered ohmic structure was derived from research articles about the
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topic. The quality of the proposed layered ohmic structure needs to be quantified
in terms of contact and specific contact resistances and can be obtained through

either the CTLM or the transfer length method (TLM).

Research can still be done in developing and characterizing tuneable AlGaN-
based UV-sensitive Schottky photodiodes, using the recommended fabrication
procedures for the ohmic, Schottky and Au probe contacts as mentioned in the
conclusion earlier. However, the deposition of the ohmic contact directly onto the
GaN:Si layer is desired and the use of a focused ion beam to remove the first

couple of AIGaN-based layers can be investigated.

Certain applications in the 250 nm to 280 nm wavelength range, require
devices that can detect signals typically lower than 20 fW - cm~2 at 270 nm.
Generally, at these low signal levels the photon quantities are considered,
that is, devices should be able to detect incident photon-flux densities of
lower than 3.0 x 10* q-s~'-cm~2. The optoelectronic characterization sys-
tem irradiated the photodiodes with approx. 100 nW -cm~2 (greater than
1.0 x 10 q-s~'-cm™2) at 270 nm. The spectral characterization of low sig-
nal devices can be done by decreasing the irradiance with neutral density filters.
Furthermore, research will probably need to focus on fabricating back-irradiated
photodiodes with smaller Schottky contacts while increasing the quantum effi-
ciency and improving the signal-to-noise ratios. Also, operation with or without
gain can be considered. Moreover, for the detection of even lower signals, the
understanding of defects within the material and their effects will be important

and therefore require defect characterization studies.
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Appendix A

List of symbols

Symbol Description Unit
A Area [cm?]
A Schottky contact area [cm?]
A, Photosensitive area [cm?]
A* Effective Richardson constant [A-ecm™2.K™?
c Speed of light in vacuum [m-s™]
C Capacitance [F,C-V™]
Co Depletion-region capacitance [F,C-V™]
da Infinitesimal cross-sectional area of a surface [m2]
dA Infinitesimal surface area [m?]
dA, Infinitesimal surface area of receiver [m?]
dA, Infinitesimal surface area of source [m?]
Di Interface-trap density [cm™2.eV™]
e Exponential constant [—]
€ Electron flow from metal to semiconductor [—]
€om Electron flow from semiconductor to metal [—]
E. Irradiance W - m~?]
E Energy [J, eV]
Eo Vacuum energy-level [eV]
Ec Lowest possible conduction band energy-level [eV]
Ep Donor energy-level [eV]
Er Fermi energy-level [eV]
Ernm Metal Fermi level [eV]
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List of symbols

Symbol Description Unit
Er Semiconductor Fermi level [eV]
E, Bandgap energy [eV]
E; Intrinsic Fermi level [eV]
Eon Optical-phonon energy [eV]
E, Receiver irradiance W - m™?]
Ey Highest possible valence band energy-level eV|
E., Normalized irradiance [—]
£ Built-in electric field vector V-cm™]
€] Built-in electric field magnitude [V-cm™]
€] Magnitude of the electric field within gap [V-cm™]
h Planck constant [J-s]
/ Direct current (Al
Iy Saturation current Al
le Radiant intensity W - sr]
I Photocurrent [A]
J Current density [A-cm™2|
Jo Saturation current density [A-cm™2
Jd Dark current density (or noise) [A-cm™2|
Ims Reverse current density [A-cm™2]
Jp photocurrent density (PCD) [A-cm™2|
JR Reverse leakage current density [A-cm™2]
Jsm Forward current density [A-cm™2|
J Imaginary number [—]
k Boltzmann constant [J- K]
Ke Extinction coefficient [—]
K Dielectric constant of semiconductor [—]
Le Radiance W-m=2.sr"

L, Receiver radiance W-m=2.sr "

Ls Source radiance W-m=2.sr7"]
Mo Electron rest mass [kg|
m* Effective mass [kg]
mi. Density-of-state effective mass for electrons [kg]

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

List of symbols
Symbol Description Unit
min Density-of-state effective mass for holes [kg]
mi Effective mass for heavy hole [kg]
mj, Effective mass for light hole [kg]
Mc Number of equivalent minima in conduction band [—]
M. Radiant exitance W -m™?]
No Refractive index of optical fibre core [—]
Ny Refractive index of optical fibre cladding [—]
n Free electron concentration [em™?]
n; Intrinsic carrier concentration [em™?]
n, Electron concentration in n-type semiconductor [em™?]
Na Acceptor impurity concentration [em™?]
Nc Effective density of states in conduction band [em™?]
Ny Free carrier concentration (= Np — Na) [em™?]
Np Donor impurity concentration [em™?]
NS lonized donor impurity concentration [em™2]
Ny Effective density of states in valence band [em™?]
A Normal unit vector to a surface [—]
A, Normal unit vector to a receiver surface [—]
A Normal unit vector to a source surface [—]
p Free hole concentration [em™2]
p Crystal momentum [J-s-ecm™]
P Arbitrary surface [m?]
P’ Projection of an arbitrary surface P [m?]
q Unit electronic elementary charge [C]
Q, Absorbed radiant energy [J]
Qe Radiant energy [J]
Qi Incident radiant energy [J]
Qm Surface-charge density on metal [C-cm™?]
Q Reflected radiant energy [J]
Qs Space-charge density in semiconductor [C-cm™?]
Q Transmitted radiant energy [J]
r Radius of curvature of the wave front [m]
R Resistivity [Q - cm]
R2 Adjusted coefficient of determination [—]
Rs Series resistance Q]

A-3
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List of symbols
Symbol Description Unit
Ry Current responsivity at a specific wavelength [A- W]
T Absolute temperature (K]
Vavg Average thermal velocity [em - s71]
v Applied voltage V]
Vy Voltage across diode V]
Vi Intercept on V-axis V]
Wo Depletion region width [cm]
X Mole fraction (of Al) [—]
X,y Displacement, distance or thickness [m, cm]
z Distance along optical axis [m]
Zor Radius of projection hemisphere [m]
Zea Line-of-sight distance from source to da [m]
Zs Line-of-sight distance from source to receiver [m]
Qe Attenuation coefficient [—]
) Interfacial layer (vacuum gap) thickness [cm]
A Electrostatic potential across interfacial layer V]
€0 Permittivity of vacuum [F-cm™]
€ Permittivity of interfacial layer [F-cm™]
Es Permittivity of semiconductor [F-cm™]
n Ideality factor of diode under forward bias [—]
N Quantum efficiency at a specific wavelength [—]
6 Angle between i and line-of-sight of dA and P’ [rad, 9|
0, Angle between i, and line-of-sight of dA, and dA; [rad, ¢
0 Angle between fi; and line-of-sight of dAs and dA, [rad, ¢
© Half apex angle of a cone [rad, ¢
A Wavelength of electromagnetic waves [nm]
Acut-off Cut-off wavelength of responsivity [nm]
As Specific wavelength [nm]
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List of symbols

Symbol Description Unit
v Frequency of electromagnetic waves [Hz, s7]
P Charge density in depletion region [C-cm™?
Pe Radiant reflectance [—]
Te Transmission coefficient [—]
oo Neutral energy-level V]
OB Schottky barrier height (SBH) V]
PBo SBH without image force lowering V]
Om Work function of metal \4
On Fermi potential from Ec¢ in n-type semiconductor V]
®s Work function of semiconductor V]
d, Radiant flux (W]
b, Photon flux [q-s7"]
Xs Electron affinity of semiconductor V]
Vi Built-in or diffusion potential at equilibrium V]

i Semiconductor potential V]
v, Electric field magnitude (optics) [—]
w Geometric solid angle [sr]
Wa Geometric solid angle subtended at origin by da [sr]
We Angular frequency (optics) [rad - s 7]
Q Projected solid angle [sr]
Q, Projected solid angle subtended at dA, by da [sr]
Q, Projected solid angle subtended at dA, by dA, [sr]
Q, Projected solid angle subtended at dA, by dA, [sr]
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Appendix B

Physical constants

Quantity Symbol  Value® Unit
Boltzmann constant k 1.380658 x 102° [J-K™]

in electron-volts 8.617385 x 107° [eV - K]
Elementary charge q 1.602177 x 10~° IC]
Electron rest mass mo 9.109390 x 107" kg]
Electron-volt energy eV 1.602177 x 107" [J]
Exponential constant exp, e 2.718282 [—]
Permittivity of vacuum £o 8.854188 x 10~ [F-cm™1]
P - 3.141593 ]
Planck constant h 6.626076 x 1073 [J-9]

in electron-volts 4135670 x 107 '° [eV]
Speed of EMWs in vacuum Co 2.997 925 x 10® [m-s7]

aValues were adopted from Woan [2000] and rounded to seven significant figures.

B-1
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Appendix C

List of acronyms and
chemical symbols

AC

Al

AIN
AlGaN
AlGaN:Si
ANSI
Al,O3
Ar
ASTM
Au
BNC
CTLM
CSIR
CSR
c-v
D,

D3
DC

alternating current

aluminium

aluminium nitride

aluminium gallium nitride

Si-doped AlGaN

American National Standards Institute
sapphire

argon

American Society for Testing and Materials
gold

Bayonet Neill-Concelman (connector type)
circular transfer length method

Council for Scientific and Industrial Research
constant spectral resolution
capacitance—voltage

ergocalciferol

holecalciferol

direct current
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List of acronyms and chemical symbols

DI de-ionised

1214 current—voltage

EBPVD electron-beam PVD

EDS energy-dispersion spectroscopy
EMI electromagnetic interference
EMR electromagnetic radiation

EMW electromagnetic wave

f/# f-number (also called the focal ratio or relative aperture)
Ga gallium

Ga,03 gallium(lll) oxide

GaN gallium nitride

GaN:Si Si-doped GaN

H.O water

H,O, hydrogen peroxide

He helium

HCI hydrochloric acid

HNO; nitric acid

HP Hewlett-Packard

HVPE hybride vapour phase epitaxy
In indium

InN Indium nitride

Ir iridium

IrO iridium oxide

IrO, iridium(I1V) oxide

Ir,03 iridium(I1l) oxide

IR infrared

ISO International Organization for Standardization
J-V current density—voltage

LED light emitting diode
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List of acronyms and chemical symbols

LF low frequency

MOCVD metal-organic chemical vapour deposition
MSM Materials Science and Manufacturing

N nitrogen

N, molecular nitrogen

NA numerical aperture

NH; ammonia

Ni nickel

NI National Instruments

NIR near-infrared

NIST National Institute of Standards and Technology
NCSL National Conference of State Legislatures
NREL National Renewable Energy Laboratory
(0] atomic oxygen

0. molecular oxygen

0O; ozone

PCD photocurrent density

PDS photothermal deflection spectroscopy
PMT photomultiplier tube

PVD physical vapour deposition

RTA rapid thermal annealing

SBH Schottky barrier height

SCF Spectral Comparator Facilities

Si silicon

SID spatial irradiation distribution

Sl International System of Units

SiC silicon carbide

SiO, silicon dioxide

SMA Sub-miniature version A connector
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List of acronyms and chemical symbols

SMARTS

SP
SST
TCE
TDI
Ti
TiN
TLM
uv
UVR
UV-to-VIS/NIR
VIS
Vuv
WBG
XPS
XRD
ZnSe

Simple Model of the Atmospheric Radiative Transfer of
Sunshine

Spectral Products

Sensor Science & Technology
trichloroethylene

Technologies and Devices International, Inc.
titanium

titanium nitride

transfer length method

ultraviolet

UV radiation

UV-to-VIS and NIR

visible

Vacuum UV

wide-bandgap

x-ray photoelectron spectroscopy
x-ray diffraction

zinc selenide
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Contact mask drawings
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ARTICLE INFO ABSTRACT

Available online 24 September 2011 Intrinsically solar-blind ultraviolet (UV) AlGaN-based Schottky photodiodes were fabricated using

Iridium oxide (IrO,) as the Schottky barrier material. The Ir Schottky contacts were annealed at 700 °C

ﬁgﬁms' under O, ambient and the photodiodes characterized with an optoelectronic system. The main

Solar-blind parameters extracted from [-V measurements were an average ideality factor of 1.38, a Schottky

Ultraviolet barrier height of 1.52 eV, a reverse leakage current density at —1V bias of 5.2 nA/cm? and series

Iridium oxide resistance of 250 Q. After spectral characterization, it was found that annealing, alone, of the Ir contact

ls’f]hct)tgfyd to form the more UV transmissive IrO, does not always improve the responsivity. The deposition of a
otodiode

Au probe contact on the IrO, contact increased the responsivity from 40 mA/W to 52 mA/W at 275 nm
with respect to the annealed Ir contact. However, the ideality factor degraded to 1.57, Schottky barrier
height lowered to 1.19 eV, reverse leakage current density increased to 49 nA/cm? and series resistance
decreased to 100 Q with the addition of the Au contact. The radiation hardness of AlGaN was also
confirmed after studying the effects of 5.4 MeV He-ion irradiation using 24'Am for a total fluence of

Optoelectronic

3x10% cm~2

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Al,Ga; _,N is one of the promising photonic materials for use
in tunable intrinsically solar-blind ultraviolet (UV) detectors.
These detectors have numerous applications in the scientific,
industrial and military fields [1-3].

The UV spectrum is commonly defined as light with a
wavelength ranging from 10nm to 400 nm [1]. Although the
Sun radiates over the entire UV spectrum, the Earth’s atmosphere
absorbs strongly in some regions of the UV spectrum. Specifically,
wavelengths between 200 nm and 300 nm are mainly absorbed
by ozone [1,2]. Photodiodes sensitive only to wavelengths in the
UV-C region (280-200 nm) are referred to as solar-blind UV
photodiodes. These photodiodes will therefore only respond to
terrestrial sources radiating in the UV-C region.

Al,Ga; _,N is a ternary semiconductor, of which the bandgap
can be varied by changing the Al mole fraction, x. This allows for
tunability of the range of wavelengths to which Schottky photo-
diodes manufactured on the AlGaN are sensitive [4]. Schottky
photodiodes are of particular interest because of their advantages
over p-n junction photodiodes, such as higher short-wavelength
sensitivity and faster response [1,2]. However, some disadvan-
tages are lower breakdown voltages and large reverse leakage

* Corresponding author.
E-mail address: Louwrens.VanSchalkwyk@up.ac.za (L. van Schalkwyk).

0921-4526/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.physb.2011.09.078

currents [2]. Through electrical and spectral characterization of
AlGaN-based Schottky photodiodes the effects of varying para-
meters, such as metallization, metallization technique, metal
thickness and annealing can be investigated in order to optimize
the photodiodes for a specific application.

In this paper, front illuminated AlGaN-based metal-semicon-
ductor solar-blind UV photodiodes will be considered. For these
types of photodiodes it is essential to make use of materials with
high optical transmittance in the UV region as Schottky barrier
contacts. Iridium oxide (IrO,) has been effectively used as a
Schottky barrier material for GaN metal-semiconductor-metal
UV photodetectors [5]. Being one of the conducting metal oxides,
IrO, has advantages such as a high work function ( > 5 eV), low
resistivity (approx. 50 pQ cm) and high optical transmittance in
the UV region [5]. Therefore, in this study we investigate the
electrical and spectral characteristics of Ir Schottky contacts
on AlGaN.

2. Experimental procedure

We used Alp3s5GaggsN-based (4.2 eV bandgap [4]) samples
obtained from Technologies and Devices International, Inc. for this
study. These samples were prepared in the same manner as GaN-
based samples. Sample preparation consisted of chemical degreas-
ing, followed by wet chemical etching [6,7]. A layered ohmic
structure of Ti/Al/Ni/Au (150/2000/450/500 A) was deposited. The

© University of Pretoria
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ohmic contacts were annealed under an argon ambient for 5 min
at both 500 °C and then at 700 °C. Circular 0.65 mm-diameter
50 A-thick Ir contacts were deposited through a metal contact
mask as Schottky contacts. The Schottky photodiodes were
annealed in O, ambient for 20 min at 700 °C to form the more
UV transmissive IrO, Schottky contacts. Thereafter, 0.3 mm-dia-
meter 1000 A-thick circular Au probe contacts were deposited on
the Schottky contacts. This was done to investigate the effect of
future wire bonding on the Schottky photodiodes.

Electrical and spectral characterization were done after each of
the fabrication steps. Finally, the effects of 5.4 MeV He-ion
irradiation using 24'Am for a total fluence of 3 x 10'> cm~?2 were
studied.

Characterization of the Schottky photodiodes was done with
an optoelectronic system. For electrical characterization a pro-
grammable HP4140B pA meter/DC source for current-voltage
(I-V) measurements and a HP4192A Low Frequency Impedance
Analyzer for capacitance-voltage (C-V) measurements were used.
Parameters were extracted from the I-V and C-V characteristics
as discussed in Sze and Ng [8, Chapter 3].

Spectral characterization in the UV region was done using a
30 W deuterium lamp, mounted directly onto a Digikrém DK240
1/4-m Czerny-Turner type monochromator. An optical fibre led
the light from the monochromator to the photodiode, which was
placed inside a light-tight shielded enclosure that eliminates
electromagnetic interference from external noise sources. The
irradiance (W/cm?) of the monochromatic light incident on the
photodiode was calibrated using Gamma Scientific’s flexOpt-
ometer with a Si-based detector.

The photodetector substitution method was followed for the
calibration of the UV source [9, Chapter 3]. The optical fibre was
placed perpendicular to the calibration detector such that the
photosensitive area was overfilled. The constant spectral resolu-
tion function of the monochromator was enabled to provide a
constant bandwidth of 1.5 nm throughout the calibration and
measurement procedure. The UV source irradiance was calibrated
for wavelengths ranging from 200 nm to 350 nm. The optical fibre
was then placed perpendicular and closer to the photodiode
under investigation such that the photosensitive area was still
overfilled. Hence, the sample subtended a similar solid angle as
the detector used for calibration.

Using radiometry and assuming a point source, it can be
shown that the irradiance (W/cm?) at the photodiode can be
calculated from

PD _ D <RCD> ?

E°P=E" (5= 1
Rpp

where EP is the irradiance (W/cm?) at a specific wavelength as

measured by the calibration detector at a distance Rcp from the

optical fibre end, and Rpp the distance of the photodiode to the

optical fibre end.

The two main parameters studied from the spectral character-
ization is the current responsivity and quantum efficiency. Cur-
rent responsivity (A/W) is the ratio between the short-circuit
photocurrent density (A/cm?) and the irradiance of the light
source [1]. The current responsivity (A/W) at a specific wave-
length was calculated from

h
_I
EPP

(@)

A

where]f.fh is the photocurrent density (A/cm?) during illumination
at a specific wavelength of monochromatic light. The photocur-
rent generated during the illumination of the photodiode was
measured with the HP4140B pA meter at zero bias.

The number of electron-hole pairs generated (photocurrent)
per incident photon is referred to as the quantum efficiency [1].
The quantum efficiency is related to the current responsivity as
follows:

hc
n =R~ 3)
where 1 is the wavelength, c the speed of light and h the Planck
constant [1].

3. Results and discussion
3.1. Electrical characterization

Dark I-V and C-V measurements were made before any UV
illumination after each of the fabrication steps and after He-ion
irradiation. Typical dark I-V characteristics of a good Ir Schottky
photodiode is shown in Fig. 1. The average values of the para-
meters extracted from the I-V characteristics of the samples are
listed in Table 1.

For the Ir Schottky photodiodes, the average ideality factor (n)
improved after annealing from 1.63 to 1.38 with respect to the as-
deposited state, this can also be seen in Fig. 1. The Schottky
barrier height (¢5) was 1.34 eV at the as-deposited state, but
increased to 1.52 eV after annealing with a 15% standard devia-
tion. Jeon and Lee [10] observed the same effect of Schottky
barrier height increase after annealing. They had an increase from
0.68 eV to 1.07 eV for the Ir contact on their sample. The series
resistance (Rs) also decreased significantly from 1200 Q to 250 Q
after annealing with a 25% standard deviation. The average
reverse leakage current density (Jg) has increased by a factor of
approx. 30, but in some cases the reverse leakage current actually
decreased, as seen in Fig. 1 and also found by Jeon and Lee [10].

103 —=— As-dep.
[ —8— Anneal 700 °C in O,
1075 f—4A—IrO,/Au contact

F—¢—3 x 10'3 He* cm™

= |
c 100 F 44 4aaaa,
g A“AAA“
=] 3 A
© 01 a
FE N
1013 se338s

D¢
| ©%%00,00000,000000°

1015 L L L L L
20 -5 -0 -05 0.0 0.5 1.0 15 2,

Voltage (V)

[=] W

Fig. 1. I-V characteristics of the Ir Schottky photodiodes for each of the fabrication
steps and after 5.4 MeV He-ion irradiation. Circled data points were negative
current readings obtained during forward bias measurements.

Table 1

Average ideality factor, Schottky barrier height, reverse leakage current density
and series resistance of the Ir Schottky photodiodes for each of the fabrication
steps and after He-ion irradiation.

Fabrication n ¢g £ 15% Jrat -1V Rs +25%
step (eV) (nA/cm?) Q)
As-dep. 1.63 1.34 0.18 +0.23 1200
Annealed 1.38 1.52 52+84 250
IrO,/Au 1.57 1.19 49 + 84 100
He™ 1.86 117 0.08 +0.04 310
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The deposition of the Au probe contact on the IrO, Schottky
photodiode resulted in an even lower series resistance of 100 Q.
The Schottky barrier height lowered to 1.19 eV in comparison with
the as-deposited and annealed states. This value for the Schottky
barrier height was also more comparable to the 1.07 eV obtained
by Jeon and Lee [10]. The ideality factor however degraded to 1.57,
but was still better than the as-deposited state. A difference in the
reverse leakage current density was also observed. It increased
further by a factor of approx. 10 on average, or as seen in Fig. 1 by
a factor of 30 000 for one of the samples. Fluctuations in the small
reverse leakage currents (< 107'° A) measured, resulted in the
large standard deviations of the averages.

After the He-ion irradiation the average ideality factor
degraded for most of the samples even more to 1.86, but the
ideality factor for the one sample presented in Fig. 1 improved to
that obtained after annealing. The Schottky barrier height did not
change significantly compared to that of the deposited Au contact.
The series resistance increased to 310 2, which was somewhat
greater than after annealing. The reverse leakage current density
has however improved significantly on average, as seen in Fig. 1.
The Au probe contacts started to flake off and this reduction in Au
probe contact definitely contributed to the increase in series
resistance, lower reverse leakage current measurements and
degraded ideality factor.

The free carrier concentration was found to be approx. 1.4 x
10'® cm~3 from C-V measurements. After He-ion irradiation it has
decreased by at least 30% to 1.0 x 10'® cm3.

3.2. Spectral characterization

After each dark I-V and C-V measurement, the measurement
probes were left in place and the optical fibre was positioned.
Fig. 2 shows the spectral responsivities measured at zero bias for
a photosensitive area of 0.33 mm? of the same photodiode used
for Fig. 1.

A clear cut-off at approx. 295 nm (4.2 eV) was observed for all
the photodiodes as seen in Fig. 2 which corresponded well with
the absorption edge of Alp35GaggsN. Considering the responsivity
at 275 nm (R,75) the as-deposited Ir Schottky photodiodes gave
an average of (48 + 16) mA/W and a quantum efficiency (#,,5) of
(23 £ 6)%.

Bandgap (eV)
6 5.5 5 4.5 4
70 prer . : . r
s —u— As-dep.
60 F —e— Anneal 700 °C in O,

50 [ —4—rO,/Au contact
sof f“‘

f-.—-—'*'\\\—o— 3x 10" He* cm2
E ]
30 / :
20; '_._.‘._._ .’._._n—.—a—a---a-a_

s
10F \\

200 220 240 260 280 300 320 340
Wavelength (nm)

Responsivity (mA/W)

Fig. 2. Spectral responsivities of the Ir Schottky photodiodes for each of the
fabrication steps and after 5.4 MeV He-ion irradiation at zero biasing.

To obtain the more UV transmissive IrO, the photodiodes were
annealed, but the R,75 and 7,5 decreased to (40 + 26) mA/W and
(18 + 12)% respectively, which was not expected. The deposition
of the Au probe contact resulted in a smaller photosensitive area
of 0.261 mm?, but the R,75 and 1,75 increased to (52 + 17) mA/W
and (23 + 7)% respectively.

After the He-ion irradiation there was an unexpected improve-
ment on the Ry75 and #,;5 to (64 +8)mA/W and (29 +3)%
respectively. This was again attributed to the reduction in Au
probe contact as the Au flaked off, which led to parts where the
UV light could pass through. Because of this, the photosensitive
area of 0.261 mm? used in the calculations was not valid and
could have been larger.

4. Conclusions

Electrical characterization indicated that, after annealing the
series resistance decreased significantly for all photodiodes. The
addition of a Au probe contact on the IrO, brought a further
reduction in series resistance. On average, the series resistance of
the 0.65 mm Schottky photodiodes decreased from 1200 Q for the
as-deposited Ir, to 250 Q after annealing and to 100 Q after the
addition of Au probe contacts.

Annealing improved the average ideality factor and the reverse
leakage current densities were still of reasonable order. The
average reverse leakage current density at —1 V bias was larger
after the deposition of the Au probe contacts, increasing from
5.2 nA/cm? to 49 nA/cm?. An average Schottky barrier height of
1.52 eV and 1.19 eV was calculated from [-V measurements, after
annealing and the addition of Au probe contacts, respectively.

Spectral characterization showed that, in all cases the cut-off
wavelength was at approx. 295 nm (4.20 eV) which corresponded
well to the bandgap as predicted when using 35% mol fraction Al.
Wavelengths shorter than the cut-off wavelength successfully
generated electron-hole pairs per incident photon.

However, annealing did not improve the average responsivity
and quantum efficiencies as compared to both the as-deposited Ir
and addition of Au probe contacts. It is suggested that the thin
50 A-thick Ir Schottky contact does not make sufficient contact
with the probe used to measure the small photocurrent after
annealing, compared to when the Au probe contact was depos-
ited. Therefore it is not only important to use materials with high
optical transmittance in the UV region, but the photocurrent must
also be effectively conducted. Hence, future wire bonding to the
Schottky photodiodes can further improve responsivities.

The III-V nitrides are known to be very radiation hard [2].
Apart from the 30% decrease in the free carrier concentration, the
effects observed after a total fluence of 3 x 10" He* cm~2 were
not significant and are inconclusive, because of the loss in the Au
probe contacts. To obtain more reasonable results in the future,
the Au probe contacts should be annealed and the sample
subjected to higher fluences of He-ion irradiation.
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ARTICLE INFO ABSTRACT

Available online 9 November 2013 An AlGaN-based front illuminated intrinsically solar-blind ultraviolet four-quadrant Schottky detector

was fabricated and characterized. A layered ohmic structure was deposited followed by a multi-step
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AlGaN annealing method. Ultraviolet transmissive iridium oxide was used as the Schottky barrier material and
Solar-blind formed by a two-step annealing method. Au contacts were deposited on the Schottky contacts and
Ultraviolet annealed. The detector was mounted onto a commercial chip carrier and wires were epoxy bonded from

Iridium oxide
Four-quadrant
UV-to-visible rejection ratio

the ohmic and Au contacts to the carrier strips. The detector had an average ideality factor of 1.97 + 0.08,
a Schottky barrier height of (1.22 +0.07)eV, a reverse leakage current density of (2.1 +4)nA/cm?,
a series resistance of (120 +30) Q and a free carrier concentration of (1.6 + 0.3) x 10'® cm~3. Spectral
characterization on the photosensitive area of 7.3 x 103 cm? yielded a cut-off wavelength at (275 + 5)
nm (4.59 eV to 4.23 eV) for each quadrant, corresponding to the absorption edge of a (46 + 3)% Al content
AlGaN-based material. The detector had an average responsivity of (28 +2) mA/W and a quantum
efficiency of (14 + 1)% at 250 nm. The ultraviolet-to-visible and near-infrared rejection ratio was between
10° and 10° for most of the quadrants. Characterization showed uniformity across the quadrants, proving

the detector feasible for implementation in future ultraviolet-sensitive electro-optic devices.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The Sun radiates over the entire ultraviolet (UV) spectrum,
however, ozone in the Earth's atmosphere strongly absorbs wave-
lengths between 200 nm and 300 nm [1,2]. Solar-blind UV detectors
are sensitive only to wavelengths in the UV-C region (200-280 nm)
and therefore only respond to terrestrial sources radiating in this
region [3].

UV research began in the latter half of the 19th century and the
development of electro-optic systems for studying objects emit-
ting in the UV region (10-400 nm) was stimulated after World
War I, because of their military, industrial and scientific appli-
cations [1,2,4]. These systems and their components need to
be robust, withstand UV radiation, and have good signal-to-noise
ratios (S/N). They also need to be compact, environmentally
friendly and cost effective. However, traditional electro-optics
systems make use of sensors that consist of photomultiplier tubes
(PMT) and Si-based detectors [5]. The wide range in wavelength
response of these detectors requires expensive additional filters
that result in added electronics to improve S/N, and PMT are
needed for high photosensitivity which use high-voltage power
supplies, resulting in bulky systems [1,5].

* Corresponding author.
E-mail address: Louwrens.VanSchalkwyk@up.ac.za (L. van Schalkwyk).

0921-4526/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.physb.2013.10.063

Advances in material growth techniques and processing of
group-IlI-nitrides resulted in a unique semiconductor material
system, one being the ternary semiconductor Al,Ga; 4N [6,7].
The AlGaN semiconductor system offers a wide direct bandgap
that is tuneable over a spectral range by varying the Al mole
fraction (x) [5]. This allows detectors not to respond to certain
(longer) wavelengths, making them intrinsically “blind” to specific
wavelengths, eliminating the need for expensive filters in systems.
Moreover, the Ill-nitride optoelectronic devices promise to have
higher efficiencies, are environmentally friendly, robust and being
compact, will diversify their application [7].

We investigated the implementation of an AlGaN-based solar-
blind UV four-quadrant detector, after success in studying front
illuminated intrinsically solar-blind UV AlGaN-based Schottky
photodiodes with iridium oxide (IrO,) as the Schottky barrier
material, and feasibility of wire bonding with the addition of Au
contacts [3].

2. Experimental procedure

An Alg 45Gag ssN-based (4.47 eV bandgap [8]) sample obtained
from Technologies and Devices, Inc. was used for the fabrica-
tion and characterization of a front illuminated four-quadrant
intrinsically solar-blind UV Schottky detector. Sample preparation
consisted of chemical degreasing, followed by wet chemical

© University of Pretoria
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done using a 30 W tungsten-halogen lamp mounted directly onto
a Czerny-Turner type monochromator [3]. A 400 nm cut-on
wavelength order sorting filter was also added to aid in eliminat-
ing higher-order diffraction effects.

3. Results and discussion
3.1. Electrical characterization

Dark I-V and C-V measurements were made on each quadrant
before any UV illumination. The I-V characteristics of each quad-
rant are presented in Fig. 2. The values of the parameters extracted
from the electrical characteristics of the quadrants are listed in
Table 1.

Electrical characterization resulted in an average ideality factor
of 1.97+0.08, a Schottky barrier height of (1.22+0.07)eV,

94 L. van Schalkwyk et al. / Physica B 439 (2014) 93-96
ohmic
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Fig. 1. Schematic illustration of the deposited metal contacts forming a four-
quadrant detector.

etching [9,10]. Fabrication was done by performing depositions
through three different metal contact masks defining the ohmic,
Schottky and Au contacts as illustrated in Fig. 1. A layered ohmic
structure of Ti/Al/Ni/Au (300/1800/400/1500 A) was deposited
[11]. The ohmic contacts were multi-step annealed under an argon
ambient for 3 min at 400 °C, 20 s at 700 °C, 30 s at 830 °C and 30 s
at 900 °C [11,12]. Square (0.9 x 0.9) mm, 50 A-thick Ir contacts
were deposited as Schottky contacts. The Schottky diodes were
two-step annealed in O, ambient for 30 min at both 600 °C and
730 °C to form the more UV transmissive IrO, Schottky photo-
diodes [13-15]. Thereafter, 0.8 x 10> cm?, 1500 A-thick triangu-
lar Au contacts were deposited on top of the outermost corners of
the Schottky contacts and annealed in O, ambient for 10 min at
500 °C. The detector was mounted onto a commercial chip carrier
and wires were epoxy bonded from the ohmic and Au contacts to
the carrier strips using EPO-TEK H20E silver-filled epoxy.

Each quadrant was characterized with an optoelectronic sys-
tem [3]. Measurements were made by placing the probes on the
chip carrier strips that were epoxy wire bonded to the correspond-
ing contacts. Electrical characterization was performed on the
8.1 x 1073 cm? Schottky contacts and consisted of current-vol-
tage (I-V) and capacitance-voltage (C-V) measurements. The main
parameters determined from the -V measurements were the
ideality factors (n), the Schottky barrier height (¢g), the reverse
leakage current density (Jz) at — 1 V bias and series resistance (Rs).
The free carrier concentration (Np) was determined from C-V
measurements.

Spectral characterization included the cut-off wavelength
(Acut—off ), Tesponsivity (R;), quantum efficiency (7,) at specific
wavelengths and also the UV-to-visible and near-infrared (UV-to-
VIS/NIR) rejection ratio of each quadrant with a photosensitive
area of 7.3 x 10~ > cm?. We calculated the UV-to-VIS/NIR rejection
ratio as follows:

.]ph(j's)

As Az A) =g
Jons) Ion(4 2 45) Upn(A0) =Jpn(Aa)l

M

Here, we first measured the dark photocurrent density (PCD) or
noise (Jyp(4q)) of each quadrant for a chosen wavelength range,
followed by measuring the illuminated PCD (J,u(4;)) of each
quadrant for the same wavelength range. The PCD at a specified
wavelength (J,,(4s)) was then divided by the illuminated PCD after
subtracting the dark PCD at the corresponding wavelengths. The
spectral PCD measured in the visible-to-near-infrared region was

a reverse leakage current density of (2.1 +4)nA/cm? a series
resistance of (120+30)Q and a free carrier concentration of
(1.6 +0.3) x 10" cm—3.

Comparing the parameters to that of a previous study done by
the same authors [3], we found that the average ideality factor
degraded by approximately 20% from 1.57 to 1.97, a 3% higher
Schottky barrier height from 1.19 eV to 1.22 eV and a 16% increase
in series resistance from 100 to 120 . The degradation in
ideality factor and higher Schottky barrier height could be a result
of the epoxy bonding process, by which some of the epoxy may
have made direct contact to the semiconductor material. The
addition of the epoxy and connecting wires would have contrib-
uted to an increased series resistance. The average reverse leakage
current density greatly improved by almost a factor of 25 from
49 nA/cm? to 2.1 nA/cm?, even with the free carrier concentration
being almost 13% more than 1.4 x 10'® cm~3 found in [3]. This can
either be attributed to the use of an optimized layered ohmic structure
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F
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Fig. 2. [-V characteristics for each quadrant of the front illuminated four-quadrant
intrinsically solar-blind UV Schottky detector.

Table 1

Ideality factor, Schottky barrier height, reverse leakage current density, series
resistance and free carrier concentration of each quadrant of the front illuminated
four-quadrant intrinsically solar-blind UV Schottky detector, together with the
overall average.

Quadrant n ¢g (€V) Jgat —1V (nA/cm?) Rs(Q) Np (10 cm~3)
Q1 192 130 0.5 90 20
Q2 209 115 11 150 1.7
Q3 191 1.24 0.4 140 13
Q4 195 1.18 6.5 110 1.5
Average 197 122 21 120 1.6
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together with an improved multi-step annealing method, the proper
formation of IrO, through the two-step annealing method at
appropriate temperatures or by annealing the Au contacts.

3.2. Spectral characterization

The dark I-V and C-V measurements were followed by spectral
characterization for wavelengths ranging from 200 nm to 350 nm.
Fig. 3 shows the spectral responsivities measured for each quad-
rant at zero bias.

Fig. 4 was obtained by first measuring the dark PCD of each
quadrant for wavelengths ranging from 400 nm to 1100 nm,
followed by measuring the illuminated PCD for the same wave-
length range. The PCD measured at 250 nm was then divided by
the illuminated PCD after subtracting the dark PCD. The para-
meters extracted from the spectral characteristics are listed in
Table 2.

A cut-off wavelength at (275 +5) nm for each quadrant was
observed, corresponding to the absorption edge of an AlGaN-based
material having a (46 + 3)% Al content with a bandgap ranging
from 4.59 eV to 4.23 eV [8]. This agreed with the Alg45GagssN-

Bandgap (eV)
6 5.5 5 4.5 4
40 ey T T T T
—s—Q1
—e— Q2
—a—Q3
30 —e— Q4

Responsivity (mA/W)
s S

0
200 220 240 260 280 300 320 340
Wavelength (nm)

Fig. 3. Spectral responsivities for each quadrant of the front illuminated four-
quadrant intrinsically solar-blind UV Schottky detector at zero biasing.

Bandgap (eV)
3 25 2 1.5

UV-to-VIS/NIR Rejection Ratio (-)

400 500 600 700 800 900 1000 1100
Wavelength (nm)
Fig. 4. Spectral UV-to-visible and near-infrared rejection ratios for each quadrant of

the front illuminated four-quadrant intrinsically solar-blind UV Schottky detector at
zero biasing with respect to the responsivity at 250 nm (J(4)/Jpn (2 = 400)).

Table 2

Cut-off wavelength, responsivity, quantum efficiency at 250 nm and the UV-to-
visible and near-infrared rejection ratio of each quadrant of the front illuminated
four-quadrant intrinsically solar-blind UV Schottky detector, together with the
overall average.

Quadrant Acut—off Ras0 1250 UV-to-VIS/NIR
(nm) (mA/ (%) Jon(2s)/Jpn(2 > 400)
W)
Q1 275 28 14 102-10°
Q2 275 28 14 10%-10*
Q3 275 30 15 10%-10°
Q4 275 26 13 102-10°
Average 275 28 14 10%-10°

based sample supplied. An average responsivity of (28 +2) mA/W
and a quantum efficiency of (14 + 1)% at 250 nm were found. The
UV-to-VIS/NIR rejection ratio was between 10® and 10° for most of
the quadrants across the considered range.

Comparing some of the parameters again to that found in a
previous study done by the same authors [3], we found that both
the average responsivity and the quantum efficiency almost
halved, from 52 mA/W to 28 mA/W and from 23% to 14%. The
samples used may have contributed to the latter, because they
originated each from wafers grown differently.

4. Summary and conclusions

A front illuminated AlGaN-based four-quadrant intrinsically
solar-blind UV Schottky detector was fabricated by depositing
through three different metal contact masks defining the ohmic,
Schottky and Au contacts. The detector was then mounted onto
a commercial chip carrier and silver-filled epoxy was used to
perform wire bonding from the ohmic and Au contacts to the
carrier strips.

The fabrication technique resulted in that the detector had
a 20% average degradation in ideality factor, a 3% higher Schottky
barrier height, a 16% increase in series resistance. The average
reverse leakage current density, however, improved by a factor
of 25.

Every quadrant had a cut-off wavelength at (275+5)nm,
corresponding to a bandgap ranging from 4.59 eV to 4.23 eV. The
detector had an average responsivity of (28 +2)mA/W and a
quantum efficiency of (14 4+ 1)% at 250 nm. The high UV-to-VIS/
NIR rejection ratios between 10> and 10° proved the detector to
be intrinsically solar-blind for wavelengths ranging from 400 nm
to 1100 nm.

Even though the Schottky contacts were not ideal and the
quadrants had relatively lower responsivities, and subsequently
lower quantum efficiencies, they were almost identical in their
characteristics. This allowed for the completion of a joint initiative
with the Sensor Science & Technology Competence Area of CSIR's
Materials Science and Manufacturing (MSM) Unit, who success-
fully mounted the four-quadrant detector in a housing integrated
with electronics and used UV optics to demonstrate a working UV-
sensitive electro-optic device.

The fact that the detector was successfully mounted onto a
commercial chip carrier, epoxy wire bonded for easy electronic
integration, characterized and yielded uniformity across the quad-
rants, makes the implementation of an AlGaN-based solar-blind
UV four-quadrant detector feasible for future UV-sensitive electro-
optic devices.
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