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Context and goals of the study

The detection of light is one of the most fundamental processes in the field of optics.
The scientific exploration and technological use of optical radiation at any frequency
is initially enabled and ultimately limited by the capabilities of the photodetector used.
Sources, materials science and device design form the fundamental pillars on which devices
for photodetection are built. Over the past decade, the ultraviolet (UV) region of the
electromagnetic spectrum has been the focus of intense research. It is highly ionizing and
activates many chemical processes on different types of materials and living beings. The

UV spectrum is divided into four categories such as:

Near-ultraviolet (NUV) (400 nm - 300 nm) : Fluorescence is a luminescence phe-
nomenon that is mostly found in cold bodies when the molecules are excited by
incident photons. The relaxation of the excited molecules will trigger another pho-
ton emission at a longer wavelength than the incident photons. The energy differ-
ence between the absorbed and emitted photons ends up being molecular vibrations
or heat. The fluorescence detection has been widely used in compound identifica-
tion, such as biological-agent detection. The fluorescence generated by UV excited
biological-agent often expands to NUV range with very weak intensity at the order
of pW, i.e. 10° photons/sec. Low-level UV detection in the spectral range from 300
to 400 nm is used to identify the presence of a biological organism, to distinguish
biological substances from non-biological substances and to differentiate common

biological particles from harmful biological agents [1].

Mid-ultraviolet (MUYV) (300 nm - 200 nm) : One of the most attractive applica-
tions in MUYV range is solar-blind UV detection. The sun is the strongest irradiation
source around us. Figure 1 shows the average solar irradiation at the top of the at-
mosphere and at the sea level on the earth. The cut-off wavelength of solar UV
irradiance at the sea level of the earth is 280 nm, where the solar irradiance is less

than 1072° mW/m?/nm, which corresponds to 6.1x107° photons/sec/nm/m?. The
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Figure 1: Solar irradiation at the top of the atmosphere and at the sea level on the earth.
The stratospheric ozone layer strongly absorbed the UV emission with the wavelengths

from 200 nm to 290 nm [2].

stratospheric ozone layer strongly absorbs the UV emission with the wavelengths
from 200 nm to 280 nm [3|, and only the light with the wavelength longer than 290
nm reaches the Earth’s surface. Simultaneously the far UV emission from 110 to 250
nm is strongly absorbed by molecular oxygen and can only propagate a very short
distance in air. At the extreme UV, atomic and molecular gases become strong ab-
sorbers. It is worthwhile to notice that, if the photodetection is carried out between
250 and 290 nm, it is practically free of the interference with the solar irradiation.
Therefore, the UV spectrum from 250 to 290 nm is called "solar-blind" window.
Solar-blind UV detectors are imperative, particularly for the military, because they
enable air, sea, and ground equipment to detect and warn against the ground-to-air,
air-to-air, air-to-ground, and ground-to-ground missile threats. The system, at the
heart of which is a UV detector, must be able to detect and track extremely weak
signals from rapidly moving threats, which necessitates operation in the solar-blind
region of the spectrum, 260-290 nm. With visible blind UV detector, which has
a high UV to visible rejection ratio, this window has been utilized for many other
commercial applications such as in boilers, flame sensor and jet engines, though
they may not require operation in the solar-blind region of the spectrum [4,5], and

non-line-of-sight (NLOS) UV communications [1, 6.



Far-ultraviolet (FUV) (200 nm - 100 nm) : FUV radiations are completely absorbed
by the ozone layer extending from about 15 km to 30 km above earth’s surface. To
observe in the far-ultraviolet, telescopes must be in space above the atmosphere with
special detectors. Furthermore, a biological application that uses detector technol-
ogy developed by physicists is the measurement of circular dichroism (CD). CD
measurements are performed in the UV region (180 nm to 240 nm) of the electro-
magnetic spectrum. Absorption in this region of the spectrum arises from electron
transitions that can occur in the peptide bonds that hold the protein molecule to-
gether. CD is defined as the difference in absorption between left hand and right
hand circularly polarized light as it passes through a solution of an optically active
molecule. Proteins are optically active molecules and CD may be used to determine
how various proteins fold and the time taken for a protein to adopt a certain con-
figuration. Neuro-degenerative diseases such as Alzheimer’s and Creutzfeldt-Jakob
disease occur when certain proteins in the brain do not fold in the conventional
way. By establishing how different proteins fold it may be possible to design drugs
to treat diseases such as Alzheimer’s. It is not possible to obtain good CD data
below 190 nm using conventional UV sources such as deuterium lamps or xenon arc
lamps due to strong UV absorption by both the protein sample and by oxygen in
the air. However the high brightness offered by synchrotron radiation overcomes

this limitation and enables CD measurements to be performed below 190 nm [7].

Extreme ultraviolet (EUV) (100-10 nm) : The region below the FUV portion, is
called Extreme-UV because the atmosphere absorbs below 100 nm. Sometime, the
following subdivisions may be also encountered such as: Ultraviolet-A (UVA) 300-
320 nm, Ultraviolet-B (UVB) 320-280 nm, Deep-ultraviolet (DUV) 280-190 nm and
Vacuum-ultraviolet (VUV) 190-10 nm [8]. However, the strongest and the most
significant UV source around us is the sun. The solar EUV irradiance can change
by a factor of two in a period of less than one hour and by one order of magnitude
between solar minimum and solar maximum [9]. Absorption of this variable solar
EUV radiation is the dominant source of energy for the heating and ionization of
the earth’s upper atmosphere and ionosphere, which causes phase delay of Global
Position System (GPS), radio frequency and microwave communications and orbit
shift of satellites in the low-earth-orbit due to the upper-atmospheric drag forces [1].
Detection of the solar EUV irradiation can provide information on the variations

in the upper atmospheric density and in the ionospheric electron density, and has



great, significance in monitoring, specifying and predicting the space environment.
However, at such short wavelengths, UV radiation damage becomes a major concern
for semiconductor detectors. Semiconductor detectors with high radiation hardness
and small volume are highly desired. Another application is to detect man-made
EUYV sources such as in EUV photolithographic system. It is well known that the
UV radiation is very harmful to life. Fortunately, the ozone layer absorbs the UV
radiation with A< 280nm, which is called solar blind region. Therefore, there is
no natural radiation for A<<280 nm within the atmosphere. Similarly, the radiation
above the visible region of the electromagnetic spectrum is called the visible-blind
region A< 400 nm because the human eye does not respond to the wavelengths

smaller than 400nm [1].

The ability to detect UV radiation begins with the optical and electrical properties
of candidate materials system, and the most technologically important materials are the
semiconductors. The conventional UV photodetection is performed by photomultiplier
tubes (PMTs), thermal sensors, and narrow band-gap semiconductor diodes. PMT dis-
plays high gain and low noise. However, PMT are made out of a vacuum tube and are
very delicate because they require very high bias voltages, designed filters to operate at
certain wavelength and are rather expensive. Thermal detectors such as pyrometers and
bolometers are used in the calibration processes of UV detectors, but they are slow and
their response is wavelength independent [10]. Solid state photodetectors are small in
size, easy to fabricate, inexpensive, insensitive to magnetic fields, and their capability of
high-speed operation makes them suitable for UV detection. Si, GaAs, and GaP have
been used in the fabrication of UV detectors. Si was the first material ever used for UV
photodetection because of its well established technology, but it display some limitations
due to its narrow and indirect band gap. However, Si and other narrow band gap mate-
rials are suitable for devices operating in visible and infrared regions, because they suffer
from radiation aging, as their band gap is far lower that the UV photon energies, and
also require expensive filters as the case in PMTs [11]. From the aspect of semiconductor
band gap theory, the wide-band gap semiconductors make it possible to realize a filter-free
highly sensitive UV detection with lower noise when compared to PMTs or narrow band
gap based detectors |12].

Up to date, Group III Nitrides semiconductor compounds encompass a range of mate-
rials such as gallium nitride, aluminum nitride and indium nitride, which are very promis-

ing materials for their potential use in emitters, detectors, and high power/temperature



electronic [13,14|. These materials and their ternary and quaternary alloys cover an en-
ergy bandgap range of 0.7-6.2 eV, suitable for band-to-band light generation with colors
ranging from red (potentially) to ultraviolet (UV) wavelengths. Specifically, nitrides are
suitable for such applications as surface acoustic wave devices [15], UV detectors [16,17],
Bragg reflectors [18|, waveguides, UV and visible light emitting diodes (LEDs) [19-21],
and laser diodes (LDs) for digital data read-write applications [22]. III-Nitrides are a
group of materials which have existed for the past decades and have been the subject of
extensive research. Their discovery was initiated in 1907 when Fichter et al. [23] success-
fully synthesized AIN and InN [24] materials, followed by the successful synthesis of the
GaN material in the 1930’s by Johnson et al. and Juza et al. [25,26]. Initially, these mate-
rials did not draw much interest; they were made from polycrystalline materials and were
not useful for semiconductor devices, and hence, limited research was conducted on them
till the early 1990’s when Masruska and Titjen demonstrated growing GaN on sapphire
substrates by using chemical vapor deposition [27]|. Ever since then, the ITI-nitrides, AIN,
GaN, and InN, have become an important trio of semiconductors which have attracted
much interest. At that time was believed the early unintentionally doped GaN was in-
variably n-type due to nitrogen vacancies. It was difficult to minimize the high n-type
carrier concentration on the order of 10'® em=3, and the prospect of a production scale of
GaN based device was dimmed due to the absence of a shallow acceptor. Nevertheless,
the first blue, green, yellow and red light emitting diodes (LEDs) [28] were demonstrated
using the earlier work on zinc-compensation. The further device development was stifled
by the seemingly insurmountable problem of making conducting p-type GaN. The search
for p-type GaN was not successful until Akasaki and Amano demonstrated this feat in
1989 [29]. This remarkable achievement was actually a result of two significant milestones.
First the crystalline quality and the background n-type carrier density in unintentionally
doped GaN films was significantly reduced by the use of low temperature AIN buffer
layer [30,31]. Second, p-type GaN was demonstrated with Mg-doping followed by an ex
situ low energy electron beam irradiation treatment |32]. These breakthroughs opened
the door to the control of the material structural, electrical and optical properties.

On the other hand, because of the direct and tunable band gap, the III-Nitride ma-
terials have gained great interest for optoelectronic devices in both light detection and
emission applications. From a physics perspective, the presence of electronic band gaps
with energies comparable to those of photons makes the semiconductor an extremely ca-
pable material for detecting light. For example the direct, wide band gap of GaN makes

it an attractive material for the UV light detection. At room temperature GaN wide



band gap (E,) is approximately 3.39 eV, that corresponds to a cut-off wavelength Ao of
365 nm [12]. We can conclude that any detector fabricated on GaN should, theoretically,
exhibit no photoresponse to light with a wavelength greater than 365 nm. Therefore,
GaN is an intrinsic blind of visible light and presents a significant advantage over Si UV
detector. Another advantage or benefit that can be extracted from GaN is that by adding
varying fractions of Al, forming the ternary alloy Al,Ga;_,N the band gap can be tailored
from 3.39 eV (x4,=0) to 6.2 eV (x4,=1), corresponding to a cut-off wavelength which may
be tuned between 365 nm and 200 nm to suite each unique application. Since the band
gap of Al,Ga;_,N material covers the entire mid-UV and near-UV spectrum makes it
also intrinsically visible blind. After the first successful demonstration of UV photode-
tectors |33, 34|, various types of Al,Ga;_,N based photodetectors have been reported,
such as the Schottky barrier [35,36], p-i-n [37, 38|, and MSM [39,40] photodetectors. For
ITI-Nitride photodiodes, the spectral response peaks are very close to the intrinsic absorp-
tion wavelength with a sharp cut-off edge, showing a high UV-visible rejection ratio. In
addition, these devices are suitable for harsh environment applications due to the materi-
als chemical and thermal stability. III-Nitride photodiodes are considered more suitable
than other semiconductor for UV detections and have been studied extensively in the
recent years. The materials quality and availability of large-area GaN and AlGaN active
layers are currently considered as a key problem for the continuing development of im-
proved GaN-based devices specially solar-blind ultraviolet (UV) photodetectors. In order
to improve the GaN-based device quality, a tremendous technological effort is underway.

The work described in this thesis lies in this general frame work and has been carried
out within a joint project (CNRS-PEPS) between the Laboratoire Matériaux Optiques,
Photonique et Systémes (LMOPS), the UMI GT-CNRS 2958 and IJL Lorraine. The aim
of this project was to study the possibility to achieve UV photodetectors using BGaN and
BAIGaN materials. These new alloys are expected, thanks to the boron incorporation, to
decrease the residual doping and obtain a better lattice match with the substrate, leading
to photodetectors with very low dark current. Furthermore, the excellent thermal and
chemical stability of the BN band should yield a better behavior of the device in harsh
environments. Finally, the boron incorporation should allow, as in AlGaN PD, the tuning
of the wavelength cutoff. The PD structures which were chosen are twice: Schottky and
MSM, both with circular and interdigited electrodes. GaN and AlGaN were first realized
and characterized, in order to compare the performance of the new structure to these

references.



Chapter I, gives an overview of the properties of the GaN, AlGaN and BGaN materials,
and discusses the problem of the lack of lattice matched substrates as well as the different
possible solutions to this issue.

Chapter II, addresses the state-of-the-art of the various types of photodetectors with
special orientation toward UV and solar-blind detectors. Because noise and detectors
are synonymous with each other, sources of the noise are discussed then followed by a
discussion on the vital characteristics such as quantum efficiency and responsivity.

Chapter III, treats metal semiconductor structures and fabrication methods used for
[TI-nitride-based devices to arrive at the desired configuration. Following a comprehensive
discussion of current conduction mechanisms in metal semiconductor contacts, which are
applicable to metal semiconductor system, it gives way to a discussion of ohmic and
Schottky contacts, their technologies, and their characterizations. In particular, an ample
discussion on the determination of ohmic contact resistivity is provided. Then it deals
with the determination of carrier concentrations and mobility by capacitance-voltage and
Hall measurements.

Chapter IV, focuses on the results obtained for the electrical and electroptical charac-
terizations on GaN and AlGaN devices (Schottky diodes, Schottky and MSM PD). These
results are considered as our reference and will be compared to those obtained with the
new devices based on BGaN and BAlGaN materials.

Chapter V, discusses the results obtained on BAlIGaN alloys of Schottky and MSM
photodetectors.
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1.1 Crystal structure of I11I-Nitrides

The wide band gap I1I-nitride are compounds of binary, ternary and quaternary (Ga,Al,In,B)-
N alloys. They are the basic materials for the semiconductor material class named nitrides:
gallium nitride (GaN), aluminum nitride (AIN), indium nitride (InN), and boron nitride
(BN). These II-nitride crystals can exist in three basic structures: rocksalt, zincblende
(ZB) and wurtzite (Wz). The rocksalt cannot be produced by any epitaxial growth and
its form is possible only under high pressures. The structural phase transition to rocksalt
structure was experimentally observed at the following estimated pressure values 22.9
GPa for AIN [41], 52.2 GPa for GaN |42|, and 12.1 GPa for InN [43|. Its space group
is Fm 3m in the Hermann-Mauguin notation. The zincblende structure has a cubic unit
cell, containing four group III elements and four nitrogen elements. Within the unit cell,
the position of the atoms is identical to the diamond crystal structure. Its space group
structure in the Hermann-mauguin notation is F43m. Each atom in the structure may be
viewed as positioned at the center of a tetrahedron, with its four nearest neighbors defin-
ing the four corners of the tetrahedron. The stacking sequence for the (1 1 1) close-packed
planes in this structure is AaBbCc. The wurtzite structure has a hexagonal unit cell and
thus two lattice constants, ¢ and a. It contains six atoms of each type. The space grouping
for the wurtzite structure is P63mc in the Hermann Mauguin notation. In both cases of
zincblende and wurtzite structure, each group III atom is coordinated by four nitrogen
atoms, and each nitrogen atom is coordinated by four group IIT atoms. The main differ-
ence between these two structures lies in the stacking sequence of closest packed diatomic
planes. The wurtzite structure consists of alternating biatomic close-packed (0 0 0 1)
planes of Ga and N pairs, thus the stacking sequence of the (0 0 0 1) plane is AaBbAa in
the (0 0 0 1) direction. Lowercase and uppercase letters stand for the two different kinds
of constituents. The wurtzite and zincblende structures differ only in the bond angle of
the second nearest neighbor as shown in figure 1.1. Figure 1.1(a) clearly shows, the stack-
ing order of the Wz along the [0 0 0 1] c-direction is AaBb, meaning a mirror image but
no in-plane rotation with the bond angles. In the zinc blende structure along the [1 1 1]
direction, there is a 60° rotation that causes a stacking order of AaBbCc. The point with
regard to rotation is illustrated in figure 1.1.b. The group terms of various commonly used
planes of hexagonal semiconductors in two- and three-dimensional versions is presented
in figures 1.2 and 1.3. The Wz group III nitrides lack an inversion plane perpendicular to
the c-axis; thus, nitride surfaces have either a group III element (Al, Ga, or In) polarity

(referred to as Ga-polarity) with a designation of (0 0 0 1) or (0 0 0 1)A plane or a N-
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Figure 1.1: Top figures depict the three-dimensional view. Bottom figures indicate the
projections on the (0 0 0 1) and (1 1 1) planes for wurtzitic and cubic phases, respectively.
Note the rotation in the zincblende case along the (111) direction. [{4].

polarity with a designation of (0001) or (0 0 0 1)B plane. The distinction between these
two directions is essential in nitrides because of their implications in the polarity of the
polarization charge. Three surfaces and directions are of special importance in nitrides,
which are (0 0 0 1) c-, (1120) a-, and (1100) m-planes and the directions associated with
them, (0001), (1120), and (1100) as shown in figure 1.4. The (0 0 0 1), or the basal plane,
is the most commonly used surface for growth. The other two are important in that they
represent the primary directions employed in reflection high-energy electron diffraction
(RHEED) observations in molecular beam epitaxial growth, apart from being perpen-
dicular to one another. The cohesive energy per bond in the wurtzite form is 2.88 eV
(63.5 kcal mol™'), 2.2 eV (48.5 kcal mol™'), and 1.93 eV (42.5 kcal mol™') for AIN, GaN,
and InN, respectively [45]. The calculated energy difference AFEy _zp between wurtzite
and zinc blende lattice is small [46]: AEw_zp —-18.41 meV /atom for AIN, AEw _zp
—-11.44 meV /atom for InN, and AEw _zp —9.88 meV /atom for GaN. Wurtzite form is
energetically preferable for all three nitrides compared to zinc blende, although the energy

difference is small.
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Figure 1.2: Labeling of planes in hexagonal symmetry [44].

1.2 Substrates for nitride materials epitaxy

In spite of the interesting thermal, optical and electrical performance of this material
devices produced, GaN materials suffer from numerous threading dislocations and lattice
mismatch due to the lack of an appropriate substrate. Lattice mismatched substrates can
lead to a substantial density of misfit and threading dislocations in the range of 10% and
10'2 em—2. Selective epitaxy followed by coalescence such as epitaxial lateral overgrowth
(ELOG) [47], is a promising method for reducing dislocations down to 10 cm™2. Nearly
every crystal-growth techniques, substrate-types, and orientations have been tried in an
effort to grow high-quality group III-V nitride thin films. Researchers have successfully
taken advantage of the hydride vapor phase epitaxy (HVPE), organometallic vapor phase
epitaxy (OMVPE), and molecular beam epitaxy (MBE) techniques, which have yielded
greatly improved film quality. The lack of native GaN substrates and difficulty with ni-
trogen incorporation were two main problems in all these epitaxial methods. The best
alternatives now lie in the development of Al,O3, SiC, or AIN substrates. Interest in AIN

substrates has increased recently owing to the closer lattice match over Al,O3, matched
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stacking order, and high thermal conductivity [45]. As an alternative, the deposition
of GaN on hexagonal silicon carbide (4H-SiC and 6H-SiC), with a lattice mismatch of
~3.4% |48| has paved the way for the fabrication of GaN/SiC films with lower threading
dislocation densities. However, these techniques are not straightforward especially in the
latter case where Ga has poor wetting on the SiC surface [49]. In addition, the high cost of
growing good quality SiC substrates as well as the wide availability, the ease of handling
and the easier pre-growth cleaning of Al,O3 has allowed it gains popularity as the sub-
strate for depositing GaN films. The direct integration of GaN based optoelectronics with
Si micro-electronics has been very difficult due to a lattice mismatch of ~17%, a ther-
mal expansion coefficient incompatibility of ~56% and a poor nucleation of GaN on Si.

Figure 1.5 gives a schematic illustration of the lattice mismatch of a GaN(0001) film onto
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Figure 1.5: Schematic illustration of the lattice mismatch for GaN(0001) grown onto an
Al O03(0001) surface [50]

an Al,O3(0001) substrate, and table 1.1 compiles the resulting lattice-mismatch between
the various III-N materials and substrates. The samples of GaN, AlGaN, and BGaN used
in our current research, were properly grown and optimized by MOVPE leading to GaN

films with dislocation densities in range of the 10® and 10° cm™2.

Sapphire is still the
substrate of choice for growing GaN layers and has the advantage of ease of surface clean-
ing, interfacial adhesion, availability, chemical stability and thermal stability. Some of the

techniques that have been explored for threading dislocation density reduction involve the
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Table 1.1: Mismatch comparison for the III-N binary materials for [0001] directions at
300K [51].

Material substrate GaN (%) AIN (%) InN (%)

GaN 0 2.3 10.6
AIN 2.4 0 12
InN 10.6 12 0
SiC 3.3 1.0 14

ALOs 14.8 12.5 25.4
Si 16.9 18.7 7.6

patterning of substrates. Recently, selective area growth (SAG) [52]has been shown to be
a powerful approach to lower Threading Dislocation Density TDDs. On the other hand
SAG on the nano scale offers advantages such as a 3-D stress relief mechanism and ex-
tremely low defect density. Generally speaking, the quality of the epitaxial overgrowth is
determined by the quality of the nucleation layer; however, the surface energy of the free
surfaces during a lateral overgrowth phase can act as a sink for the threading dislocation
density and trap them so they cannot propagate into the top layers of the film. Patterning
substrates can maximize this behavior and reduce the density of dislocations in the upper
layers of a thin film. Substrates are sometimes patterned by using masks with regions of
nucleation in order to control the growth of GaN by SAG [53]. In this technology GaN
is selectively nucleated at specific areas of the substrate and is grown laterally over the

masked areas, it has been found to have significantly lower TDDs.

1.3 GaN based materials

Gallium nitride is the basic material of this material class which is typically used for all
device layers requiring fast carrier transport with a high breakdown voltage. GaN is used
as the channel material in various FETs and also as the base material in AlGaN/GaN
Heterojunction Bipolar Transistors HBTs [54]. Most of the ohmic contact layers in any
device incorporate binary n-doped and p-doped GaN. GaN can further be grown as a semi-
insulating material with growth parameters close to those of the semiconducting layers.
Second to GaN, AIN is the most important binary material in the III-N material family

for electronic applications and is mostly used as its ternary compound Al,Ga;_,N, e.g., in
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barriers heterostructures. AlGaN can be considered as an insulator due to the high-band
gap energy and the high-activation energy of donors. Binary AIN is usually grown as a
nucleation layer to start the growth on SiC or sapphire substrates [55] and as an interlayer
at the channel/barrier interface [56]. InN forms the third binary of the nitride family and
both InAIN/GaN [57] as well as AlGaN/InGaN [58] heterostructures have been reported.
Prior to 2001, InN and its compounds In,Ga;_,N and In,Al;_,N were not yet widely
used in electronic devices [59], and essentially, the early results suggested that wurtzite
indium nitride had a band gap of approximately of 1.8-2.0 €V at room temperature. Both
MBE and OMVPE techniques gradually gave way to more refined growth methods. The
stoichiometry, however, has always been a pestering issue and will always remain so, which
appears to have been one of the sources of controversy as to InN’s true band gap following
the longstanding value of about 1.89 eV. An inordinate number of reports adorned many
reputable journals and filled the programs in technical meetings wherein researchers in
great numbers argued that the true band gap of InN is actually 0.7-0.8 eV. In fact, lower
values such as 0.65 [60] and 0.67 eV [61] have also been reported. The data of all III-N
binaries are also compiled in table 1.2. One of the primary goals of solar cell design is to
improve efficiency. InGaN is a material that has undergone extensive research since 2002
as a potential photovoltaic material. By varying the composition of In and Ga within
InGaN, the band gap of this semiconductor material can be tuned. The band gap range
of InGaN matches closely the visible solar spectrum frequencies. Hence, a high-efficiency
solar cell can be potentially developed by having several InGaN junctions. Finding high-
efficiency solar cell models is of great interest in space applications. By increasing the
efficiency of photovoltaics, the number of solar panels is decreased. Therefore, the overall
weight that needs to be launched into space is reduced. A cost-reduction can be achieved
over the life of the space power system. Furthermore, InGaN-based PDs, with tunable
direct band gap energy and sharp cutoff wavelength, offer an alternative and potentially

better approach for detecting UV-A light |62].

1.3.1 Mechanical and optical properties

The crystal structure and the mechanical and thermal properties of GaN, AIN, and InN
are discussed in a number of publications [63-68| respectively. Table 1.3 compiles the data
on the mass density and compares the values of the hardness H and fracture toughness
K.. The Vickers hardness and fracture toughness of bulk GaN in comparison to other

semiconductors are given in [69]. More recent results are presented in [70]. The absorption
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Table 1.2: Material properties of binary compounds at 300K [51].

Material GaN AIN InN BN

Crystal structure Wz Wz Wz c
Lattice constant ay (A) 3.189 3.112 3.533 2.534
Lattice constant ¢o (A) 5185 3.982 5.693 4.191
Band gap (Eg) (eV) 300K 339 622 038 6.4

Thermal expansion (107K 1) Aa/a 559 4.2 3548 1.15

Thermal expansion (107°K~!) Ac/a 3.17 53 5760 -
Eff. e"-mass (m/my) 0.2 0.314 0.11 -

Thermal conductivity (WK~ em™) 1.3 2.85 0.38 -

spectrum of GaN at room temperature and the absorption coefficient are presented in [71].
Overviews of further optical parameters of GaN such as the refractive index are given

in [63,72].

Table 1.3: Mass density, Vickers hardness H, refractive index and fracture toughness K.

of ITI-N comparing with other semiconductor materials [51].

Material GaN AIN InN BN Si
Mass density (kgm™3) 6,100 3,230 6,810 3,480 2.33
H (GPa) 12 14 11.2 55-65 9
K¢ (MP,m'/2) 0.8 2.6 - - 0.7
Index of refraction Ny —2.35, 2.1-2.2 2.9-3.05 - 3.42
at 300K n(n=2.85 of infrared (A=0.66-1 pm) (A=310nm)
a (x10%cm™1) 130 5 100 1.8 6
at photon energy 4 eV 4 eV 3eV 13eV 2eV

1.3.2 Dielectric and transport properties

Compiling the basic dielectric properties, table 1.4 gives both the static and high-frequency
dielectric constants. The dielectric constant of GaN is slightly lower than in silicon and

GaAs (not shown). InN has the highest values of the three binary materials.
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Table 1.4: Dielectric constants €., €& and e~ saturated velocity of III-N and other semi-

conductor materials [51].

Material GaN AIN InN BN Si
Crystal structure Wz Wz Wz ¢
€L 9.5 8.5 15.3 7.1 11.9
€ 5.5 4.77 8.4 4.5 -
v (107cm/Vs) 2.5 1.9 3.4 - 2.3
p em?V-ts—l 990 135 3000 500 -

of (Np) at 300K (1x10Y7) (1x10'7) (1x10'7) (N,—5x10%8) -

1.3.3 Defects in GaN

The defects in crystals are typically classified by dimension. Zero-dimension (OD) or point
defects include intrinsic point defects such as vacancies, interstitials, antisite defects and
impurity-point defect complexes. Extended defects include linear defects (dislocations)
and planar defects (grain boundaries, interfaces, stacking faults and micro-cracks). The
three dimension (3D) defects include precipitates, holes (including nanopipes) and surface
hillocks and pits (so called pinholes). The density of the intrinsic point defects in GaN
could be very high and they may significantly affect the physical properties of the material
[73]. The common extended defects in GaN and related compounds are dislocations and
stacking faults. The formation of defect levels in GaN is strongly dependent on the
growth conditions, temperature, Ga to N ratio and growth technique. Unintentionally
doped GaN is nominally n-type and can have electron concentrations as high as 10'®
ecm 3. This auto-doping of GaN is attributed to the formation of shallow donor levels
with activation energies ranging from 30-40 meV [74,75]. Theoretical calculations have
shown that nitrogen vacancies may be shallow hydrogen like donors in GaN [75,76|. These
nitrogen vacancies are thought to be responsible for the unintentional n-type doping of
GaN. A further deeper Vy (nitrogen vacancies) level is also believed to exist with an
energy level ~ 120 meV from the conduction band. The Ga vacancy forms a shallow
acceptor level 0.14 eV above the valence band. There are more than 30 recognized defect
levels in GaN, some of which are shown in figure 1.6. All native defects in GaN, with the
exception of the N vacancy and Ga vacancy create deep defect levels in the band gap.
The nitrogen antisite, N on Ga site, and gallium antisite, Ga on N site, introduce levels

close to the middle of the band gap. Both antisites occur in low concentrations as a result
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of the high energy required to form them [77]. A deep level at 0.5 eV above the valence
band is formed by the neutral Ga interstitial while the neutral N interstitial introduces
two closely spaced deep acceptor levels at an energy level ~ 1 eV separated by ~ 0.06
eV [78]. Unintentional impurities such as oxygen, carbon, and hydrogen, present during

the growth of GaN also introduce deep levels within the band gap. N-type conductivity in

Si Vy Vg, C Mg Zn Hg Cd Be L Ga (VGaON)E
— c
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Figure 1.6:  Selected defect levels in GaN. Vg, and Vy denote Ga and N wvacancies

respectively. Ga is a Ga atom on an N atom site (that is a Ga antisite) |7].

GaN is usually achieved by Si doping. P-type conductivity in GaN has been successfully
achieved by Mg doping. Thermal annealing or electron beam irradiation is required to
activate the Mg acceptors. Threading dislocations (TDs) in GaN also have an important
role to play in crystal growth. The densities of TDs for GaN epilayers grown on sapphire
can be as high as 10! ecm™2. These threading dislocations are a direct result of the
lattice and thermal expansion coefficient mismatch between sapphire and GaN. There has
been a range of conflicting theoretical and experimental results reported on the electrical
activity and role of TDs in GaN [79]. First principle calculations suggest that edge TDs are
electrically inactive while other theoretical predictions suggest that different types of edge
TDs (open core, full core, Ga and N vacancy structures) introduce numerous electronic
states in the band gap. Progress of understanding the electrical activity of both edge and
screw TDs in GaN has been limited because of the difficulty in distinguishing the effects

of impurities and point defects from the intrinsic properties of the dislocation core.
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1.4 Al,Ga;_,N alloys

1.4.1 Structural properties

Al,Ga;_,N is the most important ternary compound, as the lattice-mismatch relative to
GaN can be effectively controlled for nearly all material compositions. A distinction may
be required for wurtzite and zincblende AlGaN materials, as the zincblende material has a
transition from a direct to an indirect semiconductor |80]. The ternary alloys of wurtzite
and zinc blende polytypes of GaN with AIN form a continuous alloy system with a wide
range of band gap and a small change in the lattice constant. An accurate knowledge of
the compositional dependence of the barrier as well as material is a requisite in attempts
to analyze heterostructures in general and quantum wells (QWs) and superlattices in par-
ticular. The barriers can be formed of AlGaN or AIN, and while dependent on the barrier
material, the wells can be formed of GaN or AlIGaN layers. The compositional dependence
of the lattice constant, the direct energy gap, and electrical and cathodoluminescence CL
properties of the AlGaN alloys were measured by Yoshida et al. and Khan et al. [81,82].
On the structural side, namely the calculated lattice parameter of this alloy, predictions

indicate that Vegard's law applies [83,84]:
A1, Gay—2n(A) = 3.1986 — 0.0891x and CatGay_on(A) = 5.2262 —0.2323z (1.1)

By bringing to bear various tools such as high-resolution x-ray diffraction (HRXRD), the
experimental data for various AlGaN support the applicability of Vegard’s law in that
the experimental data are within about 2% of those predicted by linear interpolation,

Vegard’s law.

aAlIGal_xN(A) = (3.189 £ 0.002) — (0.086 + 0.004)z (1.2)
and
cAlealﬂN(A) = (5.188 +0.003) — (0.208 + 0.005)z (1.3)

However, the bond lengths exhibit a nonlinear behavior, deviating from the virtual crys-
tal approximation. Essentially, the nearest neighbor bond lengths are not as dependent
on composition as might be expected from the virtual crystal approximation. The en-
suing investigations to pin down the compositional dependence of the band gap of this
important alloy continued with conflicting results. These are discussed below following

the presentation of an empirical expression used to relate the band gap to composition.
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The compositional dependence of the principal band gap of Al,Ga;_,N can be calculated
from the following empirical expression providing that the bowing parameter, b, is known
accurately:

E,(x) =2E,(AIN) 4+ (1 —2)E,(GaN) — bz(1 — x) (1.4)

where E (GaN) = 3.39¢V, E,(AIN) = 6.1eV, x is the AIN molar fraction, and b is the
bowing parameter. An earlier compilation by Amano et al. [85] already pinpointed the
discrepancy in the reported bowing parameters. For example, Yoshida et al. [86] concluded
that, as the AIN mole fraction increases, the energy band gap of Al,Ga; ,N deviates
upward, implying a negative value for the bowing parameter b. This contrasts the data
of Wickenden et al. [87] that support a vanishing bowing parameter b. Koide et al. [8§]
observed that the bowing parameter is positive and that the band gap of the alloy deviates
downward indicating a positive value for the bowing parameter. Figure 1.7 shows the value
of AlGaN band gap versus the composition, yielding a bowing parameter of b=1.0 eV for
the entire range of alloy compositions. To determine the bowing parameter accurately,

6.5

6.0

Bangap of AIGaN (e¢V)

4.0

() 0.2 0.4 .6 (s I

Al composition (x)

Figure 1.7: Ezperimental data of energy band gap of AlGaN 0< z <1 , plotted as a
function of Al composition (solid circle), and the least squares fit (solid line) giving a

bowing parameter of b=1.0 eV. The dashed line shows the case of zero bowing [44].

as investigations expanded so did the dispersion in the bowing parameters ranging from
-0.8 €V (upward bowing) to +2.6 eV (downward bowing), as compiled by Yun et al. [89].
Much of this spread emanates from the likely dispersion in the quality of Al Ga;_,N, thus

erroneous determination of its band gap and to a lesser extent its lattice parameter.
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1.4.2 Electrical properties

Hall measurements for n-Alg g9Gag.91 N demonstrated a carrier concentration of 5x10®¥cm =3

and a mobility of 35 ¢cm? V=1 s7! at 300 K [90]. This measurement did not reveal
any temperature-dependent mobility of n-Aljg9Gago;N. Other Hall measurements [91]
on Mg-doped p-AlgosGaggeN grown by MOVPE, however, addressed the temperature
dependence of the mobility [91]. They indicate that the hole mobility decreases with
increasing temperature, reaching a value of about 9 cm? V~! s7! for a doping density
of 1.48x10%cm™3. This low mobility is ascribed to a high carrier concentration and the
intergrain scattering present in the samples. While the lattice constant was studied, it
was observed to be almost linearly dependent on the AIN mole fraction in AlGaN. Until
recently, the resistivity of unintentionally doped AlGaN was believed to increase so rapidly
with increasing AIN mole fraction that AlGaN became almost insulating for AIN mole
fractions exceeding 20%. As the AIN mole fraction increased from 0 to 30%, the n-type
carrier concentration dropped from 102° to 10'” cm ™ and the mobility increased from 10
to 30 (em™2 .V~ s7!). An increase in the native defect ionization energies with increasing
AIN may possibly be responsible for this variation. Our knowledge of the doping charac-
teristics of AlGaN is still incomplete. For example, it is not known how the dopant atoms
such as Si and Mg respond to the variation of the AIN mole fraction in AlGaN. However,
it was suggested that as the AIN mole fraction increases, the dopant atom moves deeper
into the forbidden energy band gap. AlGaN with an AIN mole fraction as high as 50-60%
may be doped by both n- and p-type impurity atoms. The ability to dope a high mole
fraction AlGaN, especially when low-resistivity p-type material is required, is important
because it may otherwise restrict the overall characteristics of devices such as laser diodes.
A low AIN mole fraction in AlGaN has been considered sufficient for acceptable optical
field confinement. However, this must be addressed before the potential of AlGaN with

respect to the other wide band gap semiconductors is fully realized.

1.5 B,Ga;_,N alloys

Recently a solution has been proposed by our group [92-95| to decrease the large lattice
mismatch between GaN and Al,O3 and GaN and SiC substrates, which is to use a new
materials system, known as the quaternary B,Al,Ga;_,_,N (BAlIGaN) system [92,96,97].
The advantages of incorporating boron are: its small ionic radius, being smaller than that

of gallium (Ga) and aluminium (Al), which would help in the effective reduction in the size
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of the system’s crystalline lattice. Characteristics of these new alloys are similar to those
on InGaN and AlGaN materials and the main advantage of this system is that there are
solution compositions that are lattice matched to 6H-SiC and AIN. Add-on that SiC and
AIN exhibit high thermal conductivities. Besides unlike the AlGaN based devices grown
on sapphire, cleaving the BGaAIN based devices grown on SiC and AIN occurs along the
cleavage planes. This discovery by Sakai et al. [98] was, in principle, the basis for the
possibility of ternary BGaN and BAIN with quaternary BAIGaN materials to agree with
underlying substrates of AIN and 6H-SiC. Based on their studies, a 5% composition of
boron in BAIN is required to obtain a lattice matching with the AIN substrate, while 8
and 17% of boron in BGaN is required for its matching on AIN and 6H-SiC substrates,
respectively. A corresponding adjustment of the bandgap energy between 3.6 and 6.2 ¢V
would be required for the quaternary BAIGaN to match with the AIN lattice, while that
of 3.8 to 6.2 eV would be required for it to match with the 6H-SiC [99]. An overview

of the material band gap is illustrated in figure 1.8. Tt is well known that most of the
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Figure 1.8: Comparison of III-N semiconductors band gap energy at T=300K as a function

of lattice constant with III-V semiconductors.

semiconductor compounds used today in electronic and optical devices exhibit miscibiltiy
gap in a wide range of compositions. BGaAIN materials are no exception as few studies
indicate and hence this might limit incorporation of B in large amounts [100-102], but the

epitaxial layers are made stable due to coherency strain [103|. Besides, these materials
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offer the possiblity of using quaternary BAIGaN alloys in UV range and hence lead to more

degrees of freedom in designing sophisticated device structures in the short wavelength

range.

1.5.1 Structural and morphological properties

Orsal et al. [104] have shown that the surface morphology of the B,Ga;_,N layers changes
drastically with the TEB/III ratio and with the layer thickness. SEM measurements
were performed on different BGaN samples that varied in their thickness. This was
essential to study the relationship between the thickness of the sample and the TEB/III

ratio, the results of which are presented in figure 1.9. A drastic change in surface layer
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Figure 1.9: BGaN surface images taken with SEM. Each of the figures represents different
BGaN thicknesses grown with various TEB/III ratios [104)].

morphology was seen when TEB ratios increased from 4 to 8%. At 4% TEB/III (Figure
1.9 (a) and 1.9 (b)), SEM images showed an homogeneous surface composed of a matrix
of small crystallites and numerous V-defects which are known to form when threading
dislocations intersect the epilayer surface. When the ratio was increased to 8%, V-defects
were fully covered in small and large crystallites with polygonal shape (figure 1.9 (g)
and 1.9 (h)). Therefore, both the thickness of the film and the TEB/III ratio play an
important role. While a TEB/III ratio of 4% showed no large crystallites over a broad
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range of film thicknesses, a 1 pum layer thickness showed extra and different crystallites
emerging on the surface when compared to the 175 nm layer. For BGaN of 50 nm
thickness grown with a TEB/III ratio of 6% (figure 1.9 (d)), no change in morphology
is seen compared to 4% TEB/III ratio. However, for TEB/III ratio of 6%, an increase
in film thickness from 50 to 250 nm lead to filling of the V-defects and to the formation
of large polygonal crystallites. The size and density of these crystallites increase with
the thickness until the matrix is fully covered (figure 1.9 (f)). This suggests that both
components play an important role and the effect seen is largely based on a combination
of both. Ougazzaden et al. [93] has studied the surface morphology of BGaN monolayer
and BGaN superlattice by using AFM, HRXRD and SIMS. It has been shown that to
obtain smooth surface morphology of BGaN layers and to avoid plastic relaxation in the
presence of high TEB/III ratio, thin superlattice of BGaN/GaN were grown. From figure
1.10 (b), it is evident that indeed multi-layer samples show less cracks and smoother
surface providing extra evidence that the formation of layer cracking (figure 1.10 (a)) is
indeed related to relaxation of strain due to higher boron effect. This relation between
strain and boron content in BGaN layers was further investigated by using high resolution

X-ray diffraction with (0002) reflection. Figure 1.11 illustrates this effect showing the plot

a b

10 pm 10 pm

Figure 1.10: (a) Nomarsky optical contrast microscopy image of thick relaxed strain BGaN
layer. The marker line represents 10 mm. (b) Nomarsky optical contrast microscopy image

of 20/20nm of BGaN/GaN multi layer [93].

of BGaN/GaN at different TEB/III ratios where it is clearly that the shift in the BGaN
peak towards higher tensile strain with increasing TEB/III ratio is enhanced as a result of
the boron incorporation in GaN material. The lines in figure 1.12 represent the optimum

thickness between good and degraded surface areas as a function of the TEB/III ratio
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Figure 1.11: HRXRD rocking curves of three BGaN films grown on 4-m-thick GaN layer.
The shift of the BGaN peak increases from top to the bottom spectrum with boron incor-

poration [93].

for two growth pressures of 600x10% Pa (450 Torr) and 133x10% Pa (100 Torr). For a
given TEB/III ratio the intensities of the optical reflectometry peaks during the growth
are strong and stay unchanged with increasing thickness up to an optimum thickness
after which the reflectometry signal suddenly degrades down to the background noise
signal. This degradation is related to an enhanced surface roughness beyond an optimum
thickness. Decreasing growth pressure from 600x10? Pa (450 Torr) to 133x10? Pa (100
Torr) allows to extend the area of good surface morphology with both thicker layers and
higher TEB/III ratio.

In order to study the distribution of boron on the substrate, SIMS analysis was carried
out for a monolayer and a BGaN superlattice thin film. Figure 1.13 , shows the concen-
tration of boron and gallium as a function of the layer depth for a BGaN monolayer. The

anti-phase boron profile against gallium is consistent with what is expected from ITI-II1-V
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Figure 1.12: Mapping of BGaN surface morphology as a function of TEB/III ratio for
two different growth pressures. The lines delimitate good (left side) and poor (right side)
morphology regions [93].

alloys which shows that the boron element is well incorporated into the Ga site. Figure
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Figure 1.13: SIMS profile of 350nm BGaN monolayer grown on GaN substrate [93].

1.14 shows the resulting profile of boron concentration of 10 peaks and 10 valleys which
were respective of the 10 layers of BGaN and GaN. The antiphase oscillations of boron

and gallium in the BGaN/GaN multilayers is characteristic of III-III-V alloys.
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Figure 1.14: SIMS profile of BGaN superlattice of 10 periods of 20/20nm BGaN/GaN [93].

1.5.2 Electrical properties

The studies of electrical and structural properties realized by our research team on
B,Ga;_,N, show that it was possible to incorporate up to 4% of boron in GaN without
any phase separation [105]. It is important to emphasize that this growth was conducted
under special and original epitaxy conditions in a T-shaped growth chamber, one of the
very few types of reactors available in the world. Baghdadli et al. [106] shows that the
electrical resistivity is strongly related to the boron incorporation in BGaN alloy, while
the mobility increases up to 290 cm?/Vs with increase of boron content up to 1.75 % as
shown in figure 1.15. The high carrier concentration in BGaN with boron composition less
than 0.3% is attributed to background shallow donors such as silicon or oxygen commonly
observed for MOVPE grown GaN layers [107]. Stampfl et al. [108| have observed a strong
decrease in carrier concentration for AlGaN alloy, which may be related to a decrease
in the density of dopants or an increase in their activation energy or an incorporation
of a compensating native defect. This could be the same for the BGaN alloys for which
increasing in resistivity with respect to boron composition in BGaN can be explained by

either a change in the ionized impurity or dislocation scattering.
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Figure 1.15: Dependence of the electrical resistivity on boron composition in BGaN alloy
at room temperature. Inset table shows the carrier density and mobility dependence on

boron content with layers thickness varies from 0.3 pm to 0.6 um [106].

1.5.3 Optical properties

Polyakov [109] in 1997 initially observed the luminescence of BGaN materials by cathodo-
luminescence when working on GaN samples with implanted and annealed boron atoms.
In the following years 1998 and 1999, this feature was also observed by Gupta et al. [110]
and Wei et al. [111] with BGaN material epitaxied by MBE and MOVPE respectively.
Based on the literature, in the absence of any boron composition (x = 0%), a GaN ma-
terial reference has a luminescence band gap of 3.4 eV at room temperature. An increase
in boron composition to xp— 1.5%, as measured by X-ray diffraction, increased the lumi-
nescence of BGaN to 3.43 eV. According to the Vegard’s law, the measured gap increases
monotonically with the increase of boron concentration. A summary is presented in table
1.5. Honda et al. [113] have shown that the energy gap of ternary BGaN is greater than
that of GaN for low boron composition (up to 1%), while the effective mass is close to
that of GaN. Nevertheless, these unique results were obtained for very small range of
composition of boron and the change in the observed gap is very small (1.5 nm between

the GaN and the BGaN with 1% boron). Ilyasov et al. [114] have simulated a parameter
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Table 1.5: BGaN band gap values as deduced from photoluminescence measurements

[112].

Author Conditions Boron (%) Band gap (eV) Layer thickness
Gupta [110] A= 325nm, T— 300K 1.5 % 3.43 -

Wei [111] A= 325nm, T= 10K 1.5 % 3.465 ;
Honda [113] A= 325nm, T= 20K 1% 3.45 2 pm

of curvature of 3 eV using the Local Coherent Potential Approximation model. This value
would reduce the energy band gap for low incorporation of boron. Other factors, such
as the refractive index of the material used, were also modulated by the concentration of
boron incorporated. Watanabe et al. [115] have measured the wavelength dependence of
the refractive indices of BGaN and BAIN in the ultraviolet range. A strong dependence
of the refractive index on boron composition have been evidenced and is shown in figure

1.16. The variation of the refractive index given in figure 1.16 corresponds to:
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Figure 1.16: Refractive index versus boron composition [112].

Ny — 1y

A~ (1.5)

n
where ny is the index of the top layer containing boron and ns the index of the layer

below. The binary structures being examined are BAIN/AIN and BGaN/GaN.
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Recently, Ougazzaden et al. [105] have reported on the band gap variation with a
significant bowing parameter (C=9.2+0.5 eV) of the BGaN thin films. Absorbance spectra
a?()\), are shown in figure 1.17, in the case of more disordered BGaN layers with a
tail of absorbance below the band gap, the uncertainty of this approach is too high for
precise measurements of the bowing parameter. The band gap absorption approach is
decoupled in two contributions, which originate from the disorder and the composition-

induced renormalization of the band gap.
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Figure 1.17: Absorbtion coefficient versus wavelength [112].
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2.1 Photodetector characteristics

A number of important characteristics are commonly used to describe photodetector per-
formances. These characteristics are quantum efficiency, response speed, dark current,
UV visible rejection ration and responsivity. These performance characteristics indicate
how a photodetector responds to an input of light energy. The choice of a particular pho-
todetector depends on the requirements of a specific application. We will discuss these

characteristics in the following.

2.1.1 Quantum efficiency

The quantum efficiency of a photodetector is defined as a very important parameter
because it is a measurement of how efficiently the photons are converted to current. It
is just another way of measuring effectiveness of the basic radiant energy in producing
electrical current in a detector. It can be either internal 7y or external 7.,. In a well
designed photodetector, nearly all photons penetrating the semiconductor are absorbed
and result in carrier generation followed by efficient carrier collection. If all of these
processes were done perfectly, the internal quantum efficiency 7, for this photodetector
would be unity. The 7. quantum efficiency depends on a number of factors like the
absorption coefficient of the material and the thickness of the absorbing region and it
is a measure of how many photons are detected or counted by the device. It is also a

wavelength dependent quantity and is expressed conventionally as:
Newt(A) = (1 = 7) (1 — ™) (2.1)

where 1 is the reflection coefficient from the front surface, a(X) is the absortion coeffi-
cient and d is the layer thickness. Efficiency increases with the increase of the absorption
layer thickness. However, thick layers cause longer carrier transit times. Therefore, the
detector is slower. This phenomenon is called the efficiency-bandwidth trade off. Fur-
thermore, efficiency drops rapidly when A becomes larger than the corresponding band

gap wavelength [116,117].

2.1.2 Responsivity

The responsivity R, of a photodetector is essentially a measure of the effectiveness of the

detector for converting electromagnetic radiation into electrical current. It is the ratio of
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its output electrical signal I,, to the input optical signal P [118]:

I
Ry =2 =
A P, 9q(

Anext q
=qg— 2.2
he ) =9 he Aleat (2:2)

where, R) is expressed in A/W, h is the Planck’s constant, c is the velocity of light, g is
the gain (photoconductive gain) and q is the electric charge. In the UV spectral region
of interest, the responsivity varies from 0.16 AW ~! at 200 nm to 0.294 AW ! at 365 nm

for an ideal quantum efficiency 7.,;=1 and a gain g=1 [119].

2.1.3 Spectral response

The plot of absolute responsivity as a function of wavelength gives the spectral response
of the detector. The long wavelength cut-off of the spectral response is determined by the
absorption coefficient or band gap of the semiconductor. A short wavelength cut-off is
observed because the value of absorption coefficient « is very large in most semiconductors
and all the incident optical energy is absorbed near the surface. Except for shorter
wavelengths there is high-energy absorption that requires an electron from the valence
band to reach the conduction band where the density of states is low. However, these

excited electrons cannot be accommodated and hence the responsivity drops.

2.1.4 Response time

There are two main factors which limit the speed of response of photodiodes: these arise
from the finite transit time of carriers across the depletion region and from the RC time

constant associated with the electrical parameters of the diode and its external circuitry.

2.1.4.1 Drift time of carriers

In very high electric fields the drift velocities of carriers in semiconductors tend to saturate.
Thus provided the field within the depletion region exceeds the saturation velocity vgg.
Consequently they take a time 745 to traverse the depletion region of width w. where
Tdrift = & (2.3)
During the whole of the time that the carriers are moving across the depletion region a
current must be flowing through the external circuit. Thus if a very short duration pulse
of radiation is absorbed within the depletion region then an output signal extending over

a time 74,5 Will be observed. Typical values for the saturation velocities are of the order

of 105V —1.

33



2.1.4.2 Junction capacitance effects

In a p-i-n photodiode we may assume a similar expression of the capacitance of an abrupt
junction (see equation 3.49) where w is now the width of the i region. Although junctions
are rarely abrupt in practice, it will remains true that junction capacitance decreases with
increasing reverse bias. Figure 2.1 shows a photodiode equivalent circuit. In operation,

fext Ru

MA——o0 o—\\——

<> XZ Ve gksh G = Ve

] o

Photoconductive
mode

Figure 2.1: Photodiode equivalent circuit [120].

the photodiode can be represented by a photogenerated current source i, feeding into an
ideal diode. The internal cell characteristics are better modeled by the introduction of a
shunt resistor R, a shunt capacitor C; and a series resistor Rs. In the photoconductive
mode, and external bias V,, is applied in conjunction with series load resistor R;. The
current flowing through R; is monitored by measuring the voltage across it. We see from
figure 2.1 that at high frequencies the diode capacitance acts as shunt across the output
resistance network and reduces the output. Usually Ry > Rp and R, > Ry, hence as
far as the diode photocurrent i, is concerned, the diode capacitance Cjy is in parallel with
the load resistor Ry. If the ¢, is amplitude modulated at frequency f then the output
voltage of the device is given by:

Vo = i - (2.4)

(14 4n2f2C2R2)"?

The electrical bandwidth Af,; is defined as the frequency range over which the output

is above 1/4/2 of its maximum value. Thus in the present instance 472Af2C2R? = 1,

where A f2C? is given by:
1
Afy=—
fl QWRLCd

The bandwidth may obviously be improved by reducing C,. Inspection of equation 3.49

(2.5)

shows that this may be achieved by decreasing the diode area and increasing the thickness
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of the i region. Unfortunately both these courses of action have associated difficulties.
There is obviously a limit on how small the diode area can be made without encountering
problems associated with focusing on incident beam onto a small area. In addition increas-
ing the width of the i layer will increase the value of 74,5 which will worsen the frequency
response as far as carrier transit time is concerned. There will thus be an optimum value
for the thickness of the i region which will result in maximum overall bandwidth. Now
the response time associated with the detector RC network can be written 7pc=R;C and
the total response time, 7, including both transit effects and junction capacitance effects
can be written as:

= Td2rift + Tho (2.6)

when 74,5, < w and Tre, o< 1/w it is easy to show that 7 is minimized when 74,5, = Tre.
This is the normal design criterion for ensuring the fastest diode response.

It should be mentioned that carriers generated outside the high field regions may con-
tribute to the output provided the electron-hole pairs manage to diffuse into the high field
region before recombination takes place. The problem with this is that carrier diffusion
is inherently a relatively slow process carriers to diffuse a distance d can be written as:

P2
2D.

(2.7)

Tdrift =

where D, is the minority coefficient. Thus distances of the order of micrometers typically
involve carrier diffusion times of the order of nanoseconds and so carriers generated outside
the depletion region may thus cause a ’slow’ tail to be present in the response as illustrated

in figure 2.2.

2.1.5 Dark current

The dark current I; is the leakage current that flows through the photodiode is in the
absence of any optical signal and originates from thermally generated electron-hole pairs,
while a reverse voltage is applied across the junction. The dark current is a result of
four major effects, including diffusion current, generation recombination current, surface
current, and avalanche current. The current-voltage characteristics of a photodiode with
no incident light is similar in nature to the normal p-n junction. When the photodiode
is forward biased, there is an exponential increase in the current. When a reverse bias is

applied, a small reverse saturation current appears. The dark current can be expressed

I =1, {exp (RZ‘B/T) - 1} (2.8)

35

as follows:




S
>

Optical pulse irradiance

y

Time

Slow response time effects
arising from the diffusion of
carriers to the depletion region

7

Time

Detector output

Figure 2.2: Response of a p-n junction detector to a narrow optical pulse. The effects
arising from the relatively long time it takes for carriers generated away from the depletion

region to diffuse to the junction [120].

where I; is the photodiode dark current, I, is the reverse saturation current, q is the
electron charge, V is the applied bias voltage, kg is the Boltzmann constant, and T is the
absolute temperature.

The photodiode device produces a total current that is a sum of the photocurrent I,

and the dark current /;, and can be expressed by:

v
Itotal = [s |:eXp <nZBT) - 1:| + Iph (29)

where I, is the photocurrent and ;44 is the current across the junction. Figure 2.3 shows

the characteristic I-V curves of the photodiode. It can be found that the generation of
electron-hole pairs in a p-n junction shifts the reverse ’breakdown’ characteristic toward
the origin when illuminating the photodiode with optical radiation. As the applied reverse
bias increases, there is a sharp increase in the photodiode current. The applied reverse
bias at this point is referred to as breakdown voltage. The photodiode should be operated

below the maximum applied reverse bias.
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Figure 2.3: Characteristic I-V curves of the photodiode.

2.1.6 UV-visible contrast

The absorption of light is the fundamental effect governing the dependence of the spectral
response of a photodetector as a function of the energy of the incident photons. In direct-
band gap semiconductors, we therefore observe a dramatic transition in the value of the
spectral response close to the band gap of the semiconductor material, dropping all at once
to a very low value when we drop below the band gap. In the case of UV photodetectors,
assigning an arbitrary limit to the wavelength of visible light of 400 nm, the UV-visible
contrast which also known as UV-visible-rejection-ratio UVVRR is defined by the ratio
Rimaz(A = Ag)/R; (A = 400 nm), where Rj;,, is the maximum value of the response
coefficient at the wavelength Ag of the band gap and R; (A = 400 nm) represents the
value of the response coefficient at the limit of visible light. The UV-visible contrast is

mostly limited by the two following factors [121]:

1. the presence in the band gap of the semiconductor of deep energy states which
are electrically and optically active. These originate in particular from extended
or localized defects in the crystal structure of the semiconductor, but can also be
attributed to the presence of deep energy levels due to impurities, or deep levels

caused by imperfections in the surface of the semiconductor;

2. in the case of Schottky junction photodetectors with semitransparent contacts, the

effects of photo-emission of carriers by the metal.
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2.1.7 Noise in photodetectors

As we have mentioned above, the output signal of a photodetector is an electrical signal.
It means that it is not a strictly stable quantity over time, but fluctuates due to electrical
noise. Noise it can be any undesired signal causing disturbances in the system that
appears as a result of an action from outside the system. In order to compare the different
noise mechanisms in different photodetectors, with different frequency bandwidths, it is
convenient to use the concept of noise spectral density, which consists of normalizing the

noise power to the frequency bandwidth considered:

I? .
Noise spectral density = % (2.10)
which is expressed in \/%. It exists several contributions to the noise in photodetectors

that will be briefly described in this sub-section.

Johnson noise

When the electrons collide with atoms or molecules in the matter, they constitute thermally-
activated charge carriers through the conductor known as thermal or Johnson noise. The
mean-square voltage of such noise can be calculated from:

(Vo

noise > Johonson

= 4kgTRAf (2.11)

where kp is the Boltzmann constant, T is the temperature of the conductor, R is its

electrical resistance, and A f is the frequency bandwidth of the noise.

Shot noise

In late 1918, Schottky showed that the random arrival of electrons on the collecting
electrode of a vacuum tube was responsible for a so-called shot noise. This noise is
present in all photons detectors due to the random arrival rate of photons from the source
of radiant energy under measurement and background radiation. For example the shot

noise in a p-n junction diode in the low operating frequency regime can be estimated by:

<[Zoise>sh0t = QQ(ID + QIO)Af (212)

where Ip=Iy(exp(£k)-1) and I, is the saturation current of the diode.
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Generation-recombination noise

This noise can be understood by random processes of charge carriers in semiconduc-
tors associated with the creation and annihilation of electron-hole pairs in the material.
This results in a random change of the voltage of the device, which is called generation-
recombination (G-R) noise. For an intrinsic semiconductor with a moderate bias, this
noise can be expressed as:

(Vaoise ) = jl‘;—bt ( bi:rl;) \/ anp + s iﬁfﬂ (2.13)
where V}, is the voltage bias, 1 is the length, w is the width, and t is the thickness of the

device, b is the ratio of the motilities Z—h , n and p are the electron and hole concentrations
respectively, 7 is the carrier lifetime in the semiconductor, w is the angular frequency of

operation, and Af is the frequency bandwidth within which the noise is measured.

2.2 III-N UV photodetectors: state of the art

In this section we will give a brief presentation of the various types of photodetectors
known but two photodetectors, the Schottky barrier and MSM photodiodes, will be the
focus of great detail. These photodetectors are presented in figure 2.4. Photoconductive
PD types are simple to fabricate, provide high gain and large noise. On the other hand, the
p-i-n varieties which operates near zero bias offer high quantum efficiency, low-frequency
noise, and high detectivity, but have a gain of unity. Avalanche photodiodes offer gain and
low dark current, but with low-frequency and also high frequency noise as the avalanching
process adds on additional statistical variations. Schottky barrier types PD operates
near zero bias, have low-frequency noise and offer simple device structure. The metal-
semiconductor-metal (MSM) varieties share much of the features of the Schottky barrier

PD types, but requires bias voltage.

2.2.1 Photoconductive detectors

It is the simplest optical detector that exhibits an internal gain mechanism. Its operation
is based on the photoexcitation of a specific region, which increases the conductivity. Pho-
toconductors based on AlGaN typically consist of an epitaxial layer of AlGaN on sapphire,
doped with silicon, with a thickness of 1 pm, onto which two ohmic contacts are attached
as shown in figure 2.5. The electrical bias circuit includes a DC voltage source connected

to the photoconductor, and the device is in series with a low-value load resistance. The
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of the electrical resistance of the layer, and decreases with temperature.
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Figure 2.4:  Schematic structure of different types of photodetectors.
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Figure 2.5:  Schematic structure of AlGaN-based photoconductor

current induced in the device can be easily deduced from measurement of the voltage
drop across the load resistance when the photoconductor is illuminated. Photoconduc-
tors based on GaN and AlGaN exhibit a gain under continuous illumination which can
reach 10°-10° and which strongly depends on the incident optical power. Its variation is a
function which decreases in proportion to P?7 over a range of five decades, with 0.5 < v <

0.95, where P is the incident optical power [122|. The value of v is a decreasing function
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response of photoconductors based on Al,Ga;_,N exhibits a cutoff at 298 nm for x =
0.319 nm for x = 0.22 and 368 nm for x = 0.35. The UV /visible contrast is significantly
smaller than the value obtained from a simple analysis based on the absorption coefficient
of these materials. The mechanism which explains the variation of the spectral response
of the photoconductor must therefore involve more than just the optical absorption of
the semiconductor. In addition, a sub-linear dependence of the photocurrent is observed
as a function of the power of the incident light. In the model developed by Garrido et
al. [123], the photoconductor’s responsiviy R, is the combination of two terms, one due to
the photogenerated free carriers, An, and the other due to the modification by the light
of the effective conducting crossection, AS. The responsiviy can be written as:

_ qVBte
LPopt

R, (SAn +nAS) (2.14)

where q is the elementary charge of the electron, pu. is the electron mobility, L is the
distance between the contacts, S is the conductive cross-section, V g is the bias voltage
and n is the concentration of free carriers. The absorption of light produces a reduction of
these depletion regions, leading to a modification of the conduction cross-section. Given
that An can be expressed in the form [10]:

k,
A, = ngTﬁ (2.15)

where 7 is the quantum efficiency, g the photoconduction gain, 7 the lifetime of the free

carriers and hc/ )\ the photon energy. By substituting equation 2.15 into equation 2.14, it
follows that:

qVpe (m(N)grS n
_ A 21
fx=—7 ( N (2.16)

Depending on the detector size, material, doping and applied voltage, the photoconductive
gain can vary from less than 1 up to 10°. The spectral variation of the first term in
this equation is given by A.n(\). Since the quantum efficiency is a direct function of the
absorption, this first term leads to a significant UV /visible contrast. However, experiments
show that the dominant mechanism in these photodetectors is represented by the second
term of equation 2.16. In other words, it depends strongly on the modification of the
effective transverse conduction cross-section. This mechanism can also explain the high
value of the spectral response for photon energies above the band gap energy: the energy
levels responsible for the absorption of light in the visible region can originate either
from point defects distributed homogenously within the semiconductor, either dopants or

vacancies, or in extended defects associated with lattice discontinuities. If these defects
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are electrically charged, they create a depletion region around them, which reduces the
effective conduction cross-section of the device. Complete absorption of light through
these defects can be treated as negligible, so that their presence has little effect on the
absorption coefficient, and hence on the first term of equation 2.16. However, their effect
on the photoconduction spectral response is large, since the electrical charge concentrated
at these lattice discontinuities is modified by the light, which alters the effective transverse

conduction cross-section.

2.2.2 P-I-N photodiodes

A p-i-n photodiode is a simple diode structure which consists in a p-n junction separated
by an intrinsic or i-region with a thickness less or equal to 1/, where, « is the optical
absorption coefficient of the intrinsic region. Because of the very low density of free
carriers in the i-region and its high resistivity, any applied bias is dropped almost entirely
across this i-layer, which is then fully depleted at low reverse bias. The p-i-n diode has
a "controlled" depletion layer width, which can be tailored to meet the requirements of
photoresponse and frequency bandwidth. The absorption and carrier generation processes
in a p-i-n photodiode are shown in figure 2.6. In the recent developments, one of the main

(@ h"vwiny

o— I 1 #n o

diffusion U

Figure 2.6:  (a) Schematic structure of a reverse-biased p-i-n diode, with the incident
light arriving on the p-type side; (b) the absorption of photons creates electron-hole pairs
in the ptype, n-type and the i-region where they then become spatially separated through

the electric field across the space charge region.
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objectives relate to achieve true solar-blind operation and high quantum efficiencies, and
to use device designs that would allow focal plane arrays. To achieve high performance
p-i-n devices, high quality and high Al mole fractions (>0.4), with good n- and p-type
conductivity layers and ohmic contacts are required. The use of higher Al mole fractions
implies new difficulties in the ohmic contact technology, and higher series resistances are
usually obtained. Solar-blind operation can be achieved using absorbing layers with Al
mole fractions in the 40% range. Because of the lattice mismatch problems, cracks in
the layers are usually present. For the p-type region, such compositions pose a severe
problem to really achieve p-type conduction and ohmic contacting. High resistivity layers
are usually obtained. At shorter wavelengths, photons are absorbed very close to the
surface, and surface problems, band-bending effects, and electric field crowding problems
(non-uniform spatial variations) tend to be present. To minimize such effects, the thinning
of the p-type AlGaN, and the use of a semitransparent metal contact (Ni/Au) on top, to
collect carriers more efficiently and to lower the series resistance, have been used [124].
In general, improvements in ohmic contacts to the p-type AlGaN layer are obtained by
contacting on a p*-GaN layer deposited on the p-type AlGaN region. By controlling
the Al composition in the active region, peak responsivities in the 362 to 225 nm were
reported. Such devices showed an UV /visible contrast up to six orders of magnitude, and
peak responsivities of 0.20 AW ! at 262 nm were obtained without applying bias as shown
in figure 2.7 . Front and back illuminated structures were developed. A similar structure
has been reported by Brown et al. [125], with an n-type AlggsGag3sN window and an
absorbing layer with 0.47 Al mole fraction. A responsivity of 51 mA W ! at 273 nm was
achieved. Table 2.1 gives responsivity, UVRR, and current density recently reported in

literature.

2.2.3 Avalanche photodiodes

The most basic structure of an avalanche photodiode is a p-i-n junction. An avalanche
photodiode operates by converting each absorbed photon into a cascade of electron-hole
pairs. It offers the combined advantages of a fast operation, high gain, and high sensitivity.
As described in figure 2.8 the high electric field present in the i-region accelerates the
photogenerated carriers until they reach a certain threshold energy (depending on the
semiconductor material used), at which point they generate secondary electron-hole pairs
across the band gap. These in turn gain energy from the field and create their own

secondary pairs and so on. This gives rise to large currents flowing in the reverse-bias
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Figure 2.7:  Spectral responses of Al, Gay_, N p-i-n photodiodes. The dotted line represents

the theoretical limit for an external quantum efficiency of 100% [126].

Table 2.1: Major progress of III-Nitride p-i-n photodiodes.

Materials Type Device Responsivity  UVRR Current Density
area (um?) (A/W) I; (A/cm?)

GaN [127] p-i-n 707 0.23 at 5V - 7n at 5V
GaN |128| p-i-n — 0.11 at OV 1200

(A=365 nm)
GaN [129] p-i-n 31416 0.23 at -5V 6700

(A=356 nm)
Alg44GagsgN  p-i-n 2.5x10° 12x1073  at 10° 4x10719 at -5V
[130] (A=270 nm)

direction. This carrier generation process is known as the impact ionization process and is

responsible for carrier multiplication, generating gain. This is the reason why the process

is called avalanching. For a p-i-n junction, the photocurrent I, generated by the incident

on the active region barely varies with the operating voltage. In contrast, for APDs,

above a certain bias voltage the photocurrent 1, grows steadily, reaching its maximum

value when the bias voltage is equal to the breakdown voltage V 5 of the junction. The
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Figure 2.8: Schematic representation of the multiplication process in an avalanche pho-

todiode.

gain M is given by: Lp(V) (V) — I4(V)
ph = —d
M= 1006 = T0Vh) — Lu(Va) o

where 1,4, I and I are respectively the photocurrent, the total current flowing across the

junction, and the dark current. V and V are the operating voltage and the reference
voltage for which M=1 respectively. I,,(V) and I,(V,) are the primary photocurrent and
the primary dark current respectively.

Photodiodes based on GaN and AlGaN have a reduced density of dislocations, resulting
in improved performance. Surprisingly, devices are operable even with large numbers of
dislocations. In the case of avalanche photodiodes, a minimum dislocation density is
required before gain can be obtained. The high electric field needed to initiate avalanche
multiplication (greater than ~1.6 MVem™!) simply cannot be reached in material with
high dislocation density [131]. GaN-based avalanche photodiodes have been reported
using material grown by MOVPE [132,133]. Figure 2.9 shows the room temperature I-V
characteristics of a GaN avalanche photodiode. For low bias voltages, down to zero bias,
The device diameter was 24 pm, and a low leakage current of about ~ 2x107 A at a
reverse bias of 5 V was obtained [132|. The responsivity of the device was independent
of the voltage. A clear onset of the gain with respect to voltage is noted near 35 V,

and a maximum gain of approximately 25 was achieved near the breakdown voltage of ~
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Figure 2.9:  Current-voltage and gain-voltage plots for a GaN avalanche photodector [132]

48-50V, which led to the estimation that the breakdown field is about ~ 3.5 MVem™?.

2.2.4 Schottky Barrier Photodiodes

Schottky barrier photodiodes have been studied extensively and have found various appli-
cations. They are currently the most frequently used photodetectors in industry because
of their efficiency and low cost. They are simple to fabricate, because they do not require
p-type, and thus no high temperature diffusion processes. This give them some advan-
tages over p-n junction photodiodes. Both planar and vertical structures are used for
Schottky barrier photodiodes. The vertical structures device is good for attaining fast
switching speed and having a high responsivity. Once the ohmic contact is deposited and
annealed, the Schottky contact that typically uses Au, Pd or Pt is deposited. It is also
possible to form two back-to-back Schottky contacts in the form of interdigitated metal
fingers separated from each other by a few micrometers. This goes by the nomenclature
of MSM detectors and will be discussed separately. The rectification arises from the pres-
ence of an electrostatic barrier between the metal and the semiconductor, which is due to
the difference in work functions ¢,, and ¢, of the metal and semiconductor, respectively,
as shown in figure 2.10 for a n-type and a p-type semiconductor. The current transport
across metal-semiconductor junctions is mainly due to the majority carriers, in contrast
to p-n junctions where current transport is mainly due to minority carriers. It is now

widely accepted that thermionic emission is the main process of carrier transport across

46



Vacuum Vacuum
level level

n-type
Metal . p-type
(a) Semiconductor (b) Metal Semiconductor

Top view

Figure 2.10:  Equilibrium energy band diagram of Schottky contacts: (a) metal-(n-type)
semiconductor (¢, >¢s); (b) metal-(p-type) semiconductor (¢, <¢s). A Schottky contact
15 obtained in each case because the magjority carriers in the semiconductor erperience
a potential barrier which prevents their free movement across the metal-semiconductor

junction. (c) Optical top view image of Schottky diode after realization.

Schottky barriers, and the current density is given by:

49Bn

T = Jyom + e = A2 55) [e(%) - 1} T = Jsp [eB57 1] (2.18)

where A* is richardson constant, T is the temperature. AlGaN-based Schottky barrier
detectors are, at this point, somewhat less advanced than their GaN cousins. In spite of
this, detectors fabricated with AlGaN (with the Al content up to 0.35) exhibited ultravi-
olet spectral response peaking at 280-290 nm with a responsivity of 0.1AW ~! [134,135].
A very large drop in the below band gap response (four orders of magnitude) has been
demonstrated, even in the absence of sophisticated postgrowth processing. This high
UV-to-visible ratio was maintained even for AlGaN-based detectors on Si(1 1 1) sub-
strates [136].

The normalized responsivity of Al,Ga;_,N Schottky barriers with AIN molar fraction
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from the binary (representing no AIN) to 0.35 is shown in figure 2.11 Schottky barrier de-
vices show a linear dependence of the photocurrent on the incident power over five orders
of magnitude (from 10 mWm ™2 to 2 kWm™2) as shown in the inset of figure 2.11, which
represents a welcome deviation from photoconductive varieties. Figure 2.11 a UV /visible
contrast ratio of more than three decades is achieved. The cutoff wavelength shifts from
362 to 293nm as one traverse from GaN to Alg35GaggsN. While the normalized respon-
sivity is flat for wavelengths below the band gap, the absolute responsivity decreases with

increasing AIN molar fraction, namely, 0.054, 0.045, 0.030, and 0.010 AW ~! for x— 0,

0.19, 0.26, and 0.35, respectively. The rapid drop in the responsivity for radiation below
the band gap is indicative of the effect of the defects in the absorbing material only, in

contrast with the results obtained in photoconductive detectors. Table 2.2 compiles the

recent progress on Schottky barrier photodiodes.  However, the typical dark current
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Figure 2.11:  Normalized room-temperature spectral response of Al,Gay_,N Schottky bar-

rier photodiodes for different values of the Al mole fraction. The inset shows the depen-
dence of the photocurrent on the incident light power [137]

density of the state-of-the art MSM photodiodes is still three orders higher than that of
the p-n junction photodiodes due to the fundamental device limitation [12|. It is impor-
tant to achieve a high Schottky barrier height at the metal-semiconductor interface for
smaller leakage current and higher breakdown voltages. Most of the recent studies are fo-
cused on the metal-semiconductor interface studies, such as un-activated Mg-doped GaN
layers [144,145], interface states effects in Pt/n-GaN Schottky diodes [146] and dielec-
tric/GaN heterojunctions [139]. Generally a large dark current is due to a high-density
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Table 2.2: Comparing major progress of III-Nitride with ZnO, SiC, Diamond Schottky
photodiodes

Materials Responsivity (A/W) UVRR Jg (A/cm?)
GaN/GaN [138]  0.09 at OV (A=360 nm)  2x10° .
GaN/Sapp. [139]  0.015 at 0V (A=360 nm)  4x10°  51x10~%at -3V

AlGaN/Sapp. [140]  0.13 at -20V (A=272 nm)  — 1x10~Sat 20V

AlInN/Sapp. [141]  0.14 at OV (A=230 nm) — 12x107% at -5V
AIN/n-SiC [142] 0.12 at OV (A=200 nm) 1x10*  1.27x1078 at -50V

Zn0 [143] 2.6x10% at 5V (A 200 nm)  1x10*  4x1076 at -5V

threading dislocations and high background carrier concentration. To reduce the dark
current, an insulation layer between the Schottky contact and the active layer can be
used. Sang et al. [147] proposed to use a deposited CaFy layer on InGaN material. The
dark current of the PD was reduced by six orders of magnitude compared with those
without CaFy layer, with a value of the internal gain equal to 40. Using a less complex
process, Lee et al. [148] used a thin low-temperature GaN cap layer on top of undoped
GaN layer and below the Schottky contact. In this case, the dark current of the PD was
reduced by four orders of magnitude compared with those without cap layer, but without
any internal gain. In the context of this work, we took the initiative to use a BAIGaN
alloy grown on both GaN and AIN templates in an attempt to fabricate a solar blind
MSM PD on these materials. Instead of using the approach of insulation layer between
the Schottky contact and the active layer, we aim to develop large internal gain MSM
PD with reduced dark current based on GaN-type active layer with low electrical conduc-
tivity. To achieve this purpose, we show that, by using BGaN or quasi-alloy of BGaAIN
superlattices (SL) as an active layer, the dark current can be lowered with keeping high
DC internal gain (up to 10° for optical power in the nW range) and low time response
(few tens ns) in AC regime. Moreover, thank to the boron incorporation, the UV cutoff

wavelength can be also tuned.

2.2.5 Metal-Semiconductor-Metal Photodetector

In the past few years, MSM photodetectors became very popular in the field of optical
communications because of their numerous advantages. One of its most advantageous

properties results in extremely low capacitance, which matches the requirements of high-
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speed performance very well. It is one of the simplest photodetectors in terms of epitaxial
growth and fabrication, geometry convenience, speed, and not requiring p-n junctions.
The lateral and planar structure of these devices consists of interdigitated back-to-back
Schottky metal contacts on the top of an active layer. Therefore, compared to other
photodetectors the MSM structure is an attractive candidate for UV photodetectors, due
to its fabrication simplicity, need of a single active layer, low dark current, potential to
achieve high quantum efficiency. It has been realized in materials such as AlGaN/GaN
[149,150]. Furthermore, the fabrication process for MSM photodiodes is compatible with
field effect transistors, which makes them suitable for integration in an optical detection
and amplifier [151]. A typical schematic diagram of such an MSM structure, and the
energy band diagram under applied bias is depicted in figure 2.12. When a bias voltage

(a) Side view

Schottky Contact (b)
L Top view
| |
| )| }
LN 2
Semiconductor \/Y

| \
/ \

Electric field line Depletion region

fi\ Semiconductor

(©) E-

Figure 2.12: Schematic representation of a typical MSM detector structure, (a) Side view,
(b) Top view, (¢) Energy band diagram of MSM photodiode under bias.

is applied to the contact pads, one of the diodes is forward biased and the other is reverse
biased. Since it is a unipolar device one of the junctions will always be reverse biased.
Therefore, current is not allowed to pass in each direction [152|. As the applied voltage

increases, the sum of space-charge regions also increases. At reach-through voltage, the
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two depletion regions touch each other, so that the area between the electrodes become
fully depleted. The maximum voltage that can be applied to the MSM structure is limited
by the avalanche breakdown. When the semiconductor absorbs an incident photon (figure
2.12(c)), an electron-hole pair is created. The electron and the hole are spatially separated
and accelerated under the influence of the applied electric field until they reach the metal
contacts where they enter the biasing electrical circuit. The carriers are transported to
the contact pads under the applied voltage. Thus, the device detects photons by collecting
electric signals generated by photo-excited electrons and holes in the semiconductor, which
drift under the electrical field applied between the fingers. Figure 2.13 shows the current-
voltage characteristics of Schottky diodes obtained on two GaN MSM detectors, one
having been fabricated by using a 1.5 mm thick and the other by using a 4.0 mm thick
GaN grown by MOVPE on sapphire substrates, which exhibits Hall measured n-type
carrier concentrations of about 6x10%cm=3. At low voltage, Schottky diodes exhibited
current densities in the mid-10x10"5Acm™2 range [153], with detectors fabricated on 4.0
mm thick GaN showing markedly improved I-V characteristics. The dashed line in figure
2.13 shows calculations assuming that the current transport is due to either thermionic
emission [154] or thermionic fieldemission including tunneling currents [12], see chapter

3, for details. The MSM detector arena has been expanded to include AlGaN-based

10°
Q lo—ll} -
*g -
E |
O 10T 7
10']“1' 1 1 1
0 5 10 15 20

Reverse bias (V)

Figure 2.13: Current-voltage characteristics of Schottky diodes fabricated on GaN epitazial
layers of different thicknesses. The upper curve is for the case of 1.5 mm thick GaN while
the lower is for 4.0 mm thick GaN. The dashed lines represent calculations [153].

photodiodes with two interdigitated Ni/Au Schottky contacts deposited on 1 mm thick
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Al,Ga;_,N with unintentionally doped epitaxial layers, and 2, 4, and 7 mm finger widths
and spacing [122]. The optical area of the devices investigated ranged from (250x250
pm?) to (1x3 pum?). The normalized spectral response of AlGaN MSM photodiodes for

various AIN molar fractions and bias voltages is shown in figure 2.14. The responsivity is
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Figure 2.14: Spectral response of AlGaN MSM photodiodes, measured under different bias.
Triangles were obtained with the 458 and 488 nm lines of an Ar™t laser [155].

relatively flat over the band gap and the cutoff wavelength shifts to shorter wavelengths
with increasing AIN molar fraction [155]. A UV /visible rejection ratio of four to five
orders of magnitude is observed. The variation of the responsivity with bias has also
been investigated for diodes of different sizes for excitation above the band gap, and the
results are shown in figure 2.15. For Vp < 2V, the responsivity scales sublinearly with
bias (Ry oc V%), which fits the theoretical behavior expected for an MSM photodiode in
the absence of gain and calculated from a one-dimensional model (solid line). An abrupt
increase of the responsivity is observed between 2 and 5 V, indicative of a bias activated
gain mechanism that saturates for higher bias voltages. This behavior is independent of
the finger width and the gap spacing, as also shown in figure 2.15. The gain mechanism at
high bias was also wavelength dependent [137|. For wavelengths corresponding to below
bandgap response, the detectors follow the trend expected for an MSM photodiode in the
absence of gain. Gain in interdigitated MSM photodiodes has been attributed to different
mechanisms [157,158]. The most often suggested mechanism consists of electron tunneling
enhanced by trap-mitigated hole accumulation at the cathode. Trapping at surface states

or dislocations produces persistent photoconductivity effects and a sublinear behavior
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Figure 2.15: Responsivity dependence on bias for GaN MSM photodiodes, measured with
an excitation wavelength of 325 nm, which is above the band gap. Performances of three
sizes of devices with finger widths and spacings of 2x2, 4x4, and 77 pm? in an active area
of 2502250 um? are shown. The model calculations of the responsivity for the 4z pm?

active area are also shown with the solid line [137,156].

with optical power, degrading the spectral response.
Monroy et al. [159] reported that for a given detector area, there is an optimum finger
separation for the maximum speed of response as shown in figure 2.16. The estimates

agree well with experimental data of Carrano et al. [160] for 50x50 pm? devices with gap

spacings of 2 and 10 mm.

2.2.6 Gain mechanism in Schottky and Metal-Semiconductor-Metal
photodetector

As already shown in tables 2.2, 2.3 and 2.1 recently high-quality III-Nitride based MSM,
Schottky barrier and p-i-n photodiodes have been reported. Photodiodes based on the
Schottky-barrier junction, such as MSM and Schottky barrier photodiodes, have the ad-
vantages of high response speeds and simple fabrication processes that are compatible
with Field Effect Transistor (FET) technology. Schottky and MSM PDs are not expected
to exhibit gain, but internal photocurrent gain is sometimes observed in these photode-

tectors. While several physical mechanisms have been proposed for the explanation of
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Figure 2.16: Clalculated time response of GaN MSM photodiodes as a function of finger
separation for devices with various active areas. A saturation velocity vy, of 107 em s~

is assumed [159]. The experimental data points are from Ref. [160)].

Table 2.3: Comparing the major progress of III-Nitride with ZnO, SiC, and Diamond
MSM photodiodes.

Materials Responsivity (A/W) UVRR Ja(A/cm?) Gain
GaN/Sapp. [144,161] 0.017 at -0.5V(A=350nm)  1.44x10* — —
GaN/Sapp. [161] 0.132 at 5V(A—350nm) . 25x1073(-10V)
GaN [162] 94 at 5V(A=365nm) — 3x1077 50

ZnO [163| 27x10% at 8V 300 50 (10V) 104
AlposGagrsN [164]  70A/mW (100V)(A=312nm) 10 5%1078 .
InGaN [165| 0.24 (A=390 to 360 nm)  7.11x10°  1.21x10°%  —
Mgo.4Zno 6O [166] 1.3 at 3V(\=320nm) . 40x10~° .
SC-Diamond [167] 100 at 90V (A=210nm) 1x108 8.8x1076 —
AL O3 /Si0,/4H-SIC [168]  0.12 at 20V (\—290nm) — 75x107 A

such gain, most of the authors [147,162,163,169-175| attribute the gain phenomenon to
the existence of trapping states at the active layer-metal interface, caused by long-lifetime

traps located either within the barrier-enhancement layer or at the heterointerface. In
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GaN-type materials, these traps are generally attributed to threading dislocations, hav-
ing acceptor-like nature [147|. These interface states can trap photogenerated holes, thus
reducing the Schottky barrier height (SBH) and producing a secondary photocurrent as

shown in figure 2.17. Another theory is that when photogenerated holes are accumu-

v q¢b2 "~ Fm
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Figure 2.17: Trapping states at the active layer-metal interface, which under illumination,

can trap photogenerated holes, leading to a Schottky barrier height decrease A®p and

producing a secondary photocurrent.

lated at the valence-band peak near the cathode, these positive charges increase the field
across the wide-energy-gap barrier-enhancement layer and induce a larger electron tun-
neling current. A similar effect can be true for electrons accumulated near the anode,
and the hole tunneling current is enhanced. More recently, Katz et al. [162] reported
on persistent photoconductivity in GaN Schottky photodetectors. Gain saturation and
persistent photoconductivity were observed and modeled theoretically. The two effects
were shown to be related and arising from the modification of Schottky barrier height
from carrier trap-related effects at the Schottky junction interface. Under illumination,
these interface states can trap photo-generated holes, leading to a Schottky barrier height
(SBH) decrease A®;, and producing a secondary photocurrent [162] I¢:

I€ = Ler, (2.19)

where [, is the dark current in the structure, leading to a gain in the PD. This secondary

current appears in addition to the "true" photocurrent generated by the photodetector
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given by:

IA:quxP(l—exp<—a M)) (2.20)
qNp

where q is the electronic charge, S is the area of the contact, P is the optical power, « is
the optical absorption coefficient at the corresponding excitation wavelength A, Vi, is the
built in potential of the diode, V is the external applied voltage and ¢ is the semiconductor
dielectric constant. The total current I;;,,, produced by the device is then the sum of
I¢ and I, and thus, the responsivity R of the detector, according to equations 2.19 and
2.20, can be written as:

Litgum — 1a_ (expSme —1) I+ Iy
P P

R= (2.21)

Figure 2.18 (a) and (b) shows the responsivity variation between the experimental and
theocratical model of Schottky and MSM PDs respectivily. Normally, in Schottky diode
the experimental responsivity variation obtained by Katz [162] is always expected, while
for theoretical model responsivity in reverse bias is more candidate than in the forward
bias. In contrary, for MSM both of experimental and theoretical are expected and our
experimental work reveals a responsivity variation very closely to the experimental work

obtained by Katz et al. [162].

(a) Schottky diode (b) MSM diode
R 4 . R A

Experimental

Conventional Theory

—

Experimental
Conventional Theory

Figure 2.18: Voltage dependence of the responsivity in Schottky and MSM PDs based on
the model proposed by Katz et al. [162].
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3.1 Introduction

The objective of this chapter is to provide an overview of the basic theory of metal-
semiconductor contacts. First the energy band diagrams of both ideal and practical
metal-semiconductor contacts will be considered. Second, the current transport processes,
which govern the conduction properties of these contacts, will be discussed. Furthermore,
we will address in detail the technological process used to fabricate the Schottky bar-
rier and MSM photodetector. Finally, we will characterize the obtained devices by using
electrical and optical measurements. All the information in this chapter is broadly ref-
erenced from [12,176-179|. The earliest systematic investigation on metal-semiconductor
rectifying systems is generally attributed to Braun, who in 1874 noted the dependence
of the total resistance of a point contact on the polarity of the applied voltage and on
the detailed surface conditions [180]. The point-contact rectifier in various forms found
practical applications beginning in 1904 [181]. In 1931, Wilson formulated the transport
theory of semiconductors based on the band theory of solid [182]. This theory was then
applied to metal-semiconductor contacts. In 1938, Schottky suggested that the potential
barrier could arise from stable space charges in the semiconductor alone without the pres-
ence of a chemical layer [183]. The model arising from this consideration is known as the
Schottky barrier. In 1938, Mott also devised a more appropriate theoretical model for
swept-out metal-semiconductor contacts that is known as the Mott barrier. These models
were further enhanced by Bethe in 1942 to become the thermionic-emission model which

accurately describes the electrical behavior [184].

3.2 Metal-semiconductor contacts

3.2.1 Energy band diagrams

In this section we will consider the energy band diagrams of two limiting cases of the
metal-semiconductor contact. The first limiting case is that of an ideal contact between
a metal and a n-type semiconductor in the absence of surface states. The second limiting
case is that of a practical contact between a metal and a n-type semiconductor, where
a thin interfacial layer with an infinitely large density of surface states is present on
the semiconductor surface. Figures 3.1 and 3.2 show the energy band diagrams for the
first and the second limiting case respectively. Figure 3.1 (a) shows the flat band

situation for a semiconductor without a surface layer and surface states. When a metal is
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Figure 3.1: FEnergy band diagrams of a metal-semiconductor contact without an inter-
facial layer and surface states before (a) and after (b) intimate contact under thermal

equilibrium.
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Figure 3.2: Energy band diagrams of a metal-semiconductor contact with a thin interfacial
layer § and a large density of surface states before (a) and after (b) intimate contact under

thermal equilibrium.

placed in intimate contact with such a semiconductor, the conduction E. and valence E,
energy bands have to bend in order to reach thermal equilibrium. In the case of thermal
equilibrium (no external voltages are applied, no currents are induced, no temperature
gradients are present), the Fermi levels in the metal and the semiconductor are at an
equal level (Ep,, = Eps ). Figure 3.1 (b) shows the barrier that has been formed at
the metal-semiconductor interface after establishing thermal equilibrium. Figure 3.2 (a)
shows the energy band diagram of a semiconductor with a thin surface layer e.g. a

native oxide and a large density of surface states. If a metal is placed into contact
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with such a semiconductor, the physics of the junction are not governed by the bulk
properties of the metal and semiconductor material but by the properties of the surface
boundaries and primarily those of the semiconductor surface [177|. The strong influence
of the semiconductor surface is due to the surface states that are present inside the band
gap. In this case it is possible to define a neutral level ®, that represents the position of
the Fermi level in the case that the semiconductor surface is electrically neutral. If the
surface states below ®( are empty the semiconductor surface will be positively charged
and if surface the states above @, are filled the semiconductor surface will be negatively
charged. If the Fermi level at the surface does not coincide with the neutral level &,
there will be a net charge at the surface. This charge produces an electric field (E) in the
semiconductor which causes the energy bands to bend. If the surface charge is negative,
as is the case for practical n-type Al,Ga;_,N layers [185], the energy bands will bend
upwards towards the surface. As a consequence, the semiconductor material near the
surface is already depleted before it has been brought into contact with the metal as can
be observed in Figure 3.2 (a). This figure also shows that the energy levels of the surface
states are occupied with electrons up to E z,, which in the case of an infinitely large density
of surface states equals ®, in order to establish thermal equilibrium between the surface
states and the bulk of the semiconductor material. Figure 3.2 (b) shows the energy band
diagram of such a practical metal-semiconductor contact.

If no surface states are present, the height of the potential barrier, which the electrons
have to overcome if they flow from the metal into the semiconductor, is ideally equal
to the difference between the metal work function ®,, and the semiconductor electron
affinity y,. Actually, the image-force-induced lowering of the barrier height in the case of
an applied electric field E, which is known as the Schottky effect, should also be taken

into account. The value of the resulting barrier height ®p, is then given by:

where A® represents the Schottky barrier lowering. In the case of a metal-semiconductor
system A® is given by [12]:

qF
Ameper s

Ad =

(3.2)

where E is the maximum electric field at the interface, €, the permittivity of free space and
€, s is the relative permittivity of the semiconductor material. The observed change of the
band gap of the semiconductor material at the metal-semiconductor interface compared

to that in the bulk of the semiconductor could be explained by the distortion of the
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periodicity of the potential function of the atoms near this interface. If the density of the
surface states is infinitely large, the barrier height ® 5, and as a consequence the energy
band diagram change only very little after placing the metal into intimate contact with
the semiconductor. Thermal equilibrium between the two materials will be established
by a small drop of the semiconductor Fermi level relative to that of the metal. The drop
of Eps is small because the electrons, which are required for this process, are provided
by the occupied surface states below E ;. In this case the Fermi level at the interface is
"pinned" by the surface states at a value q®q above the valence band E,. The barrier
height ®p,, is independent of the metal work function ®,, and is entirely determined by
the doping and surface properties of the semiconductor. If again the Schottky effect is

taken into account, the resulting barrier height is given by [12]:

qbBn = q(Ey — q®o) — AP (3.3)

3.2.2 Current transport mechanisms

The current transport in metal-semiconductor contacts is mainly due to majority carriers,
in contrast to p-n junctions where it is the minority carriers that are responsible of the
transport. Figure 3.3 shows the four basic transport processes under forward bias for a
metal-n-type semiconductor contact. The inverse processes occur under reverse bias. The

mechanisms are [177]:

1. Emission of electrons from the semiconductor over the top of the barrier into the

metal.

2. Quantum mechanical tunneling of electrons from the semiconductor through the

barrier into the metal.
3. Recombination of electrons and holes in the depletion region.

4. Recombination of electrons and holes in the neutral region ("hole injection").

3.2.2.1 Emission over the barrier

The emission of electrons from the semiconductor over the top of the potential barrier
into the metal can be described by two basic mechanisms, which in fact are two limiting
cases. For high mobility semiconductors the transport can be adequately described by the

thermionic emission theory. The transport in low mobility semiconductor material can
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Figure 3.3: Four basic transport processes under forward bias.

be understood using the diffusion theory. In practice, the true behavior of the transport
process will lie somewhere between these two extremes of the thermionic emission theory
and the diffusion theory. This consideration has led to the development of the combined
thermionic emission-diffusion theory. In the following subsection we will describe the
thermionic emission theory combined with the effect of the image force on the current-

voltage relationship and the tunneling through the barrier.

3.2.2.2 Thermionic emission theory

The thermionic emission theory by Bethe (1942) is derived from the assumptions [12]
that:

e The barrier height q®p,, is much larger than kT, where kg is the Boltzmann factor

and T is the absolute temperature.
e Thermal equilibrium is established at the plane that determines emission.

e The existence of a net current flow does not affect this equilibrium, so that the two
current fluxes, one from the semiconductor to the metal and one from the metal to

the semiconductor, can be superimposed.

e The current-limiting process is the actual transfer of the electrons across the inter-

face between the semiconductor and the metal.
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e The width of the region over which a kgT drop in potential energy occurs at the

barrier should be smaller than the electron mean free path.

According to these assumptions the shape of the barrier profile is immaterial and the
current flow depends only on the barrier height. Hence, if the thermal energy of an
electron is sufficiently high to surmount the potential barrier, this transport process is
called thermionic emission. In the case of thermal equilibrium the electron flow from the
semiconductor into the metal is equal to that from the metal into the semiconductor. As
a consequence, the total current density J across the interface is equal to zero because the
current densities in reverse and forward direction cancel each other out. If a forward bias
voltage V; > 0 is applied, the Fermi level in the semiconductor shifts to a higher energetic
level with respect to the Fermi level in the metal by an amount of qV ¢. As a result, the
barrier height for electron flow from the semiconductor into the metal, which is determined
by the built-in voltage Vy;, is lowered. The current density in forward direction is now
larger than that in reverse direction because electrons with smaller thermal energies can
also surmount the potential barrier. If a reverse bias voltage V, < 0 is applied, the Fermi
level in the semiconductor shifts to a lower energetic level with respect to the Fermi level
in the metal by an amount of qV,. The barrier V¢ in the semiconductor is enlarged
and the current density in forward direction falls below that in reverse direction. It has
to be noted that the current density in reverse direction is independent of the polarity
of the applied bias and remains constant because the barrier for electrons flowing from
the metal into the semiconductor q®p, remains unchanged. The total current density

according to the thermionic emission theory is given by [12,177]:

J=J {emp <% — 1)] = A*T?exp (—i¢?> {eajp (% — 1>] (3.4)
B B B

J, = A*T%exp (—‘ﬁ?) (3.5)
kT J
OB = —% o (3.6)

where A* is the Richardson constant, T the absolute temperature, q the electron charge,
kp is the Boltzmann’s constant, ¢p,, is the barrier height to electron flow from the metal
into the semiconductor, V the applied voltage across the barrier and J, is the saturation
current density according to the thermionic emission theory.

The current-voltage relationship predicted by the thermionic emission theory (equation
3.4) has the form of an ideal rectifier characteristic, provided that the barrier height is

independent of bias. However, there are several reasons why the barrier height depends on
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the electric field in the depletion region and hence on the applied bias. In particular, even
in an ideal contact with no interfacial layer, the barrier height is reduced as a result of the
image force by an amount A® which depends on the bias voltage. If a forward bias voltage
V¢ > 0is applied, the barrier height is larger than at zero bias. However, if a reverse bias
voltage V, > 0 is applied the barrier height is smaller than at zero bias. The effective
barrier that electrons have to surmount before they can reach the metal is therefore given
by ®.—®p,-AdP. Moreover, in the presence of an interfacial layer the barrier height ®p,,
depends on the bias voltage. The bias dependence of ®. is very important with respect
to the reverse current-voltage characteristics of a Schottky diode and it will consequently

modify these current-voltage characteristics and is given by:

B, = (B)o + eV (3.7)
with
(q)e)O = (CI)Bn)O - (A@)O (38)

where (®.)o, (Ppn)o and (AD)y refer to the effective Schottky barrier height, the uncor-
rected barrier height and the image-force-induced barrier lowering at zero bias respectively.

Assuming that ®./V is constant, the effective barrier height is given by [186]:
O, = (Ppn)o— (AD)y + SV (3.9)

where the coefficient § is positive because ®. always increases with increasing forward

bias. Inserting equation 3.9 in the current - voltage relationship of the ideal rectifier

gives:
Ppn)o — (AP)o + BV) qv
_ A Teqp — 180 ) -1 1
J exp ( T exp T (3.10)
_ _qpV V. \
J = Jsexp ( k‘BT) {exp <k:BT) 1] (3.11)
where
P — (A®
J, = A*T?exp _ 2(®n)o = (A)o) (3.12)
kgT
Equation 3.11 can be written as:
B qV B _qv
J = Jsexp (nk‘BT) [1 exp ( _kBT>] (3.13)
where
1 0P,
—=1—-8=1-— 3.14
g=1-2 (3.14)
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n is called the ideality factor. If ®./V is constant, n is still constant too. For values of V

larger than 3kgT/q, equation 3.13 can be written as:

_ @\ G-V
J = Js [exp (nkBT> exp < T

Equation 3.15 has the advantage that n can be determined experimentally by plotting
In|J/ (1 - exp(-qV/kgT))| versus V. This graph should be a straight line with a slope of

(3.15)

q/nkpT if the ideality factor n is constant, even for V < 3k 5T /q and for reverse bias [186].
In practice however, ®./V is not constant and the plot of In[l/ (1 - exp(-qV/kgJ))| versus
V is not linear. The ideality factor defined by equation 3.14 is in that case a function of the
bias. However, it is still a useful concept which can be determined from the experimentally

obtained current-voltage characteristic through the relationship:

[ (=)

=T 57 (3.16)

When the interface states are in equilibrium with the semiconductor, the interface states

density is related to the ideality factor by [186]:

€o€;
8s T
0q?

€o€SC
—1)— 3.17

where W is the depletion width, ¢; is the relative dielectric constant of the interfacial layer
with a thickness ¢ larger than 3 nm (condition for equilibrium between the interface states
and the semiconductor [186]). Figure 3.4 shows the current-voltage (J-V) characteristics of
a Schottky diode under reverse and forward bias according to equation 3.13. Furthermore,
it shows the dependence of the (J-V) characteristics on the ideality factor n. It can be
observed that as n increases, the Schottky diode becomes increasingly leaky and shows
better conduction in the reverse than in the forward direction. Tunneling through the
barrier is the basic process under forward bias for a metal-n-type semiconductor contact.
Depending on the circumstances it may be possible for electrons with energies below
the top of the potential barrier to penetrate the barrier by tunneling. This tunneling
process modifies the ordinary thermionic emission process in one of the two ways which
are shown in figure 3.5. The energy band diagrams in the case of field emission (FE)
and thermionic field emission (TFE) respectively. In the case of a very highly doped
(degenerate) region of the semiconductor material near the surface (figure 3.5 (a)), at
low temperature the current in the forward direction is due to the tunneling of electrons

with energies close to the Fermi energy in the semiconductor. This is known as field
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Figure 3.4: Normalized current-voltage characteristic predicted by equation 3.15.

Metal Semiconductor Metal Semiconductor

E £ (b)
t,, (a) t,,

Figure 3.5: Energy band diagrams in the case of field emission (FE) (a) and thermionic

field emission (TFE) (b) under forward bias for a metal-n-type semiconductor contact.

emission (FE). Field emission is of considerable importance with respect to ohmic contacts
which usually consist of Schottky barriers on very highly doped semiconductor material.
If the temperature is raised, electrons are excited to higher energies and the tunneling

probability increases very rapidly because the electrons encounter a thinner and lower
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potential barrier. In this case, electrons can tunnel through the barrier at a height E-E .
above the bottom of the conduction band. This is known as thermally assisted tunneling
or thermionic field emission (TFE). If the temperature is raised still further, a point is
eventually reached in which virtually all of the electrons have enough energy to go over
the top of the barrier. The effect of tunneling is then negligible and pure thermionic
emission (TE) remains [12,186].

To arrive at a universal expression for the current densities in the different current
transport mechanisms (TE, TFE and FE, respectively) we can use the ideality factor n

introduced above. This universal equation is given by [178]:

n=1 (TE) (a)
J = Jeexp <nlz‘B/T) {1 —exp (—;B—VT>} , l<n<?2 (TFE) (b) (3.18)
n>2 (FE) (c)

The conduction mechanisms for a metal-n-type semiconductor are illustrated in figure

3.6. For lightly-doped semiconductors the current flows as a result of thermionic emis-

Low Np, Intermediate Np, High Ny,
Thermionic Thermionic/Field Field
Emission Emission Emission
(a) (b) (o)

Figure 3.6: Depletion-type contacts to n-type substrates with increasing doping concen-

trations. The electron flow is schematically indicated by the electrons and their arrows.

sion (TE) shown in figure 3.6(a) with electrons thermally excited over the barrier. In
the intermediate doping range thermionic-field emission (TFE) figure 3.6(b) dominates
with carriers thermally excited to an energy where the barrier is sufficiently narrow for
tunneling to take place. For high doping densities the barrier is sufficiently narrow at
or near the bottom of the conduction band for the electrons to tunnel directly, known
as field emission (FE) (direct tunneling dominates the current Ju,,,) as shown in figure

3.6(c) [187], the three regimes can be differentiated by:
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Jrp = AT x exp (_Q(‘De)o) X exp (M) X [1 —exp (M)}

]fBT nkBT kBT
(3.19)
and
Eooq(Pe)o =V = ¢§) q(V — R,1)
Jrp = A7 YT F00
TrE kp cosh(Boo/ksT) P | oy coth(Eoo/k5T)
q§ q((Pe)o — §)
— — 3.20
e erp { kol ~ Fagcoth(BaafkpTy| 20
and ) I
—2(q® B,
JFE — AT2 EOO q)Bn - Ve(3E00~/qun*qv) (321)
kgT D,

where £ is the Fermi level with respect to the conduction-band edge in an n-type semi-
conductor and with respect to the valence-band in a p-type semiconductor and E( is the

characteristic energy defined by:

h N N(em—3
Bo= N ige w0 [N, (3.22)
AT \| € s€0miyn €rs( m;};“ )

where h is planck’s constant, N p is the doping density, €, s is the semiconductor dielectric

constant, my,,, is the tunneling effective mass, and m the free electron mass. The effective
barrier and ideality factor variations due to this tunneling effect are given respectively

by [186,188]:

A (T) = (1.5 % Eoo)3 x Vi2(T) (3.23)
and
qEq0 qEo0
T) = h 24
ntunn( ) kBT COt (kBT) (3 )

where Vj is the built-in voltage, A is the reduced Planck constant. Equation 3.22 is plotted
in figure 3.7. A comparison of Eqy to the thermal energy kgT shows thermionic emission
to dominate for kgT > Egg, thermionic-field emission kgT ~ Eqg and field emission for
kpT < Egp. For simplicity we have chosen the demarcation points on figure 3.7 as: for
TE: Eoo < 0.5 kgT, for TFE: 0.5 kgT < Eg < 5 kgT, and for FE: Eqg > 0.5 kgT.
For practical matters it is generally assumed that if n is equal to unity, equation 3.18
(a) describes pure thermionic emission (TE). In the case of 1 < n < 2, equation 3.18
(b) is assumed to describe thermionic field emission (TFE). Finally, in the case of n >
2, equation 3.18 (c) is assumed to describe field emission (FE) [178]. Hence, it can be
concluded that if the thermionic field emission and field emission become increasingly

dominant, the "ideality factor" will consequently increase.
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Figure 3.7: Eyy and kg T as a function of doping density [187].

3.3 Device processing

In this work, the ohmic contact used consists of four constitutive layers of (Ti/Al/Ti/Au-
8/250/10/100 nm), and for schottky contact one layer of (Pt-150 nm). The primary
contribution to the contact resistance is at the metal-semiconductor interface where tun-
neling and thermionic emission of the electrons must occur for the contact to be ohmic.
It has been shown that Ti ions reacts with GaN to form TiN, leading to N vacancies in
the GaN compound that acts as donors, thereby increasing the doping level at the metal-
semiconductor interface. For having these contacts in geometrical form of interdigitated
and circular photodiode, we need lithography process, surface chemical treatment, metal
evaporation, mask, clean facilities and annealing at high temperature. In the following we
will illustrate in details how we fabricate or build these photodiodes, for UV-PD applica-
tions, on GaN, BGaN, AlGaN, and BAIN-BGaAIN. As it is known the most important
step in the lithographic process is the minimization of the defects, caused by particles
either falling on the surface prior to epitaxy or during the steps of lithography. This
is the reason why semiconductor processing is performed in ultra clean facilities, known
as a cleanrooms, which uses sophisticated filtration such as filters employing laminar or
turbulent air flow (figure 3.8) to remove airbone particulate. The cleanliness of a clean-
room is measured by the size and number of dust particles in a given volume of air. The

photodetector fabrication was carried out in the Minalor Platform in the Institute Jean
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Lamour (IJL) clean room facility (figure 3.9) at Nancy University.

Figure 3.8: a) Laminar air flow system, directly filter downward air in a constant stream
towards filters located on walls near the cleanroom floor. b) Turbulent air flow which uses
both laminar air flow hoods and non-specific velocity filters to keep air in a clearoom in

constant motion

Figure 3.9: Minalor cleanroom facilities and equipments used in our device processing and
fabrication. To the right is the "salle rouge” for doing lithography and to the left is the

sputtering and thermal evaporator for doing metal deposition.

3.3.1 Photolithography process

Nowadays several types of lithography techniques are used depending on the method used
to activate the resist film. Currently the most widely used technique in microelectronics

industry is the lithography which uses ultraviolet light and is called photolithography,
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which is the same technique that we use in our process. To do so, the surface of the
semiconductor must be carefully prepared prior to the resist deposition. In this section,
we will describe in detail the photolithography method that we applied on our samples.
We will address the sample preparation and chemical treatment used to clean the samples

prior to any deposition, then followed by the photoresist implementation.

3.3.1.1 Sample preparation and chemical treatment

Surface preparation is an integral part of any fabrication or patterning process required in
our experiments. Also it is one of the most important issues on semiconductor materials
studies. The appropriate chemical etchants to clean the surface prior to the deposition
of metal contact is the most important step, in particular for contacts. Figure 3.10(a)
shows the effect of chemical treatment on the ohmicity of the contacts, where the current
is significantly increased from 0.5 (before) to 2.5 (after) mA at 2V. Before processing the
device fabrication on the samples, an optimized specific cleaning process is implemented
for our experiments. This includes sample surface cleaning in acetone bath during 5 min
to remove the presence of any organic residues, and unwanted inorganic as well, followed
by isopropanol bath for 30 seconds, to remove acetone. It is well known that the nitrides
materials form a thin film of GaO when exposed to air. The (1:2 HCL:H20) etching during
5 minutes has been shown to be successful and effective in removing a large amount of
the surface oxide as shown in figure 3.10(b). A one minute of de-ionized water rinse is
the final step of the surface sample preparation and finally samples are blown dry with

nitrogen flux.

3.3.1.2 Photoresist parameters

In the photolithography process, the resist is called photoresist, it is a photosensitive
material, made of three main components: a resin or base material, a photo-active com-
pound and an organic solvent. They are used to transfer the image of the mask to the
wafer surface of oxides, metals, and semiconductors materials. It can be of either of two
types: positive and negative photoresist depending on its chemistry which determines
its property when exposed to light. They can be more or less easily dissolved using a
developing solution, depending on the amount of light they have been exposed to. Our
experiments required positive photoresist, since the choice of a positive or negative pho-
toresist is determined by the subsequent sequence of processing steps to be performed.

Let us illustrate all the steps that we pass through to fabricate a device by considering
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Figure 3.10: Effect of the chemical treatment on the ohmicity, (a) I(V) characteristic
of contacts before and after chemical treatment. (b) Effect of acetone and HCL on the

surface before and after cleaning.

an example applied to GaN, BGaN and AlGaN substrates. After the surface chemical
treatment of the substrates, the substrate, is attached to a spindle using a vacuum chuck,
a small puddle of a lift-off resist film (LOR3A) in a yellow light cleanroom environment,
to avoid any white light (rich in ultraviolet) that can degrade the resist. The spindle is
then spun rapidly; rotating the substrate at several thousand revolutions per minute for
a given duration until the desired thickness of the photoresist film is achieved. Once the
photoresist is applied, a prebake, or a softbake, step is performed at 140°C during 10
min. Softbaking is used to drive out the solvents present in the resist and to improve the
adhesion. After the deposition of the first resist layer the same procedure is used for the

deposition of a second layer of the photoresist (S1813) as shown in figure3.11(a) with a
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Figure 3.11: Photolithography process sequence. When using positive resist, the exposed
regions are dissolved in the developing solution, while the unexposed areas remain intact.
(a) The positive photoresist is exposed using a source of intense ultraviolet light. (b) The

wafer is removed from the alignment station and areas exposed are dissolved in a solution.

softbake step at 115°C during 1 min. Once the lift-off resist (LOR3A) and photoresist
(S1813) are deposited on the substrate and prebake is completed, the GaN, BGaN and
AlGaN substrates are then ready for the mask alignment and exposure. In figure 3.11(a),
the positive photoresist (S1813) is exposed using a source of intense ultraviolet light dur-
ing 3 seconds which alters its chemical bonding to make it more soluble where it has been
exposed. The wafer is removed from the alignment station and ready for etching. The
etching process can be achieved through either chemical etching (known as wet etching),
or physical etching (known as dry etching). In our process we used wet chemical etching
figure 3.11(b). We immerse the wafer in a chemical developer solution for 80 sec. The
exposed regions of the photoresist layer are dissolved in the developing solution, leaving
the unexposed areas intact. In other words, for a photoresist, the light from the exposure
step increases the solubility of the resist in the developing solution by depolymerizing the

resist material.
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Figure 3.12:  (a) when the metal is deposited it will stick to the substrate. (b)The lift-off

layer is removed the metal contact stuck to the substrate will remain.

3.3.2 Metal deposition

3.3.2.1 Vacuum evaporation

In the steps illustrated in figure 3.12(a) and (b) when the metal contacts is deposited
it will stick to the substrate and the photoresist is no longer needed, and removed by
a chemical remover, while the metal contacts stuck to the substrate will remain. The
result of the photolithographic process is shown in figure 3.12(b) while after the layer of
resist has been removed, only the patterned layer of metal contacts is left as shown in
the final structure, which is a real image of metal contacts on GaN substrate, consisting
of four constitutive layers of metal (Ti/Al/Ti/Au-8/250/10/100 nm). The deposition of
metal contact (Ti/Al/Ti/Au-8/250/10/100 nm) on GaN, BGaN and AlGaN substrate is
commonly accomplished through vacuum deposition. Figure 3.13 shows a typical vacuum
deposition system. It consists of a vacuum chamber, maintained at a reduced pressure by
a pumping system. The shape of the chamber is generally a metal chamber that is made of
stainless steel. The deposition system contains a wafer holder, a shutter, a thickness range
monitor, heaters, and an ion gauge to monitor the chamber pressure. It is important to
operate at a reduced pressure for a number of reasons. Any air or oxygen molecule in the

vacuum chamber during the evaporation of aluminum, leads the metal to oxidize and as a
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result aluminum oxide would form in the deposited film, causing non ideal performance.
Reducing the pressure ensures that the concentration of residual oxygen molecules is small

enough to minimize the oxidation reaction.

1 HSSEH S&(

Vacuum chamber
106 Torr

Thickness Sample with

_} —=
Evaporated
atom
\
Metal
filament
Vacuum pump

Figure 3.13: Cross-section of a typical vacuum evaporation system which includes a vac-

uum chamber, a sample holder, a metal filament, and a thickness monitor.

3.3.2.2 Sputtering deposition

After annealing, the first step of metal contact (Ti/Al/Ti/Au-8/250/10/100 nm) is achieved.
Now for completing the device we need the second part of the metal contact which is Pt.
For doing so, we used a sputtering deposition system as shown in figure 3.14. It contains a
target of the Pt metal which is electrically grounded and serves as the cathode. Under vac-
uum conditions, argon gas is introduced into the chamber and is ionized into a positively
charged ion. These ions are accelerated toward the cathode target. By impacting the
target, enough metal atoms are dispersed such that they deposit onto the wafer surface.
The main feature of the sputtering method is that the target material is deposited on the
wafer. Sputtering has several advantages over other traditional evaporation techniques.
For example, the composition of the deposited film is precisely determined by that of
the target material, the step coverage is improved, and the sputtered films have a higher
adhesion. As with the evaporation technique, a high quality film can only be obtained

with a clean environment, clean chamber, pure source material and clean wafer surface.
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Figure 3.14: Cross-section schematic diagram of a typical sputtering, which is enclosed in
a vacuum chamber and includes the substrate which are placed on a heater, and a set of
electrodes, one of which is made from the target material to be sputtered. Argon gas is
supplied and ionized so that ions can impact the target to release atoms of the material to

be deposited.

3.3.2.3 Thermal annealing

Thermal annealing was performed with Rapid Thermal Processor (RTP). In RTP samples
are subjected to high temperatures for a reasonably short period of time. The reaction
chamber can be filled with gas, pumped down to vacuum or kept filled with room air
during the annealing. The process gases vary according to the process. Typical process
gases are inert, e.g., argon or nitrogen. Also oxygen can be used, if the process is used for
oxidation. Figure 3.15(a) shows the Jipelec JetFirst 200C furnace that is used for Rapid
Thermal Annealing (RTA) processing. Heating in Jipelec JetFirst 200C RTP is done with
18 infra red lamps as shown in figure 3.15(b). For measuring the process temperatures a
pyrometer is used. Annealed sample is located on a susceptor and the pyrometer measure
the temperature from the bottom of the susceptor. To achieve low resistance ohmic
contact, it is necessary that Ti and Al diffuse in the semiconductor layer in order to form
low resistance ohmic contacts. For this purpose a RTA is used. The resistivity of the
contacts is highly sensitive to the annealing temperature. Contacts should be annealed
for 30 s at 900°C. One example of the used annealing process is shown in figure 3.15(c).

The ramp up rate was set to 10°C/s. After the ramp up the temperature was kept steady
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for 30 s. The ramp down rate was limited in 10°C/s until 200°C reached. After the

process ended, the chamber was purged with nitrogen.
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Figure 3.15: General overview of the furnace (a), infrared halogen lamps heat up the sub-
strate through a quartz window located on the topside of the process chamber (b). Temper-
ature versus time profile, yellow line represent the power, green line represent the realtime

temperature of the sample and the white line shows the rise, steady and fall time (c).

3.3.3 Wire bonding

It is necessary to link the metal contacts which have microscopic sizes to a macroscopic
electrical connector. The method used is called wire bonding. In this technique the bond
is formed by pressure and mechanical vibration. In this case as the wire leaves the wedge,
the tip is pushed against the surface and the vibration removes any existing oxide and
allows the wire head to deform and flow under pressure at 70°C to create a strong bond.
The wire used in our process was a gold wire with a diameter of 25 pm. Figure 3.16(a)
illustrates the 6 simplified steps procedure for making an ultrasonic wire bonding between

the metal contact pad and the sample holder with a typical wedge-type tool.
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Figure 3.16: Schematic diagrams showing the sequence in the ultrasonic wire bonding
process (a). One of our samples connected to sample holder and ready for characterization
(b), Example of wire bonded device viewed under electron and optical microscopy taken

from our current work (c)

1. Wire is located between the contact pad surface and the wedge tool.

2. The tool is lowered and presses the wire to the contact pad surface with a pre-
determined force. Ultrasonic energy is applied for a preset time to make the first

bond.
3. The wedge tool is raised while the wire is bonded to the contact pad.

4. The "workholder" or the wedge tool moves the second bonding site under the tool,
the loop is formed, and the tool is lowered to its "second-search" position on the

sample holder (sample holder shown in figure 3.16(b) ).
5. The tool is lowered to the bonding pad, and the second bond is made.

6. A wire clamp (above the wedge tool) closes and pulls back on the wire to break

it at the heel of the bond. The tool is then raised, and the end of the wire is fed
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out underneath the tool until the end is located somewhat beyond the front of the
tool (the tail length). The bonder is then ready to repeat the cycle. Figure 3.16(c)

shows a bondable device taken by SEM and optical microscope.

3.4 Device characterization: Electrical measurements

In this section we will describe how we experimentally determine the ohmic and Schottky
contact parameters. These measurement techniques fall in two categories, the current-

voltage (I-V) method and the capacitance-voltage (C-V) method.

3.4.1 Ohmic contacts

This section deals with the first of the two limiting cases of metal - semiconductor con-
tacts: the ohmic contacts. The term "ohmic contact" is generally used to refer to con-
tacts for which the current - voltage characteristics are determined by the resistivity of
the semiconductor material or by the behavior of the device to which they belong, rather
than by the characteristics of the contacts themselves. The ideal contact would have
an impedance which is negligible compared to that of the semiconductor material. In
addition, the contact should not inject minority carriers and should be stable both elec-
trically and mechanically. Ohmic contacts with very low contact resistances are needed
to establish the connections between any semiconductor device or integrated circuit and
the outside world. Furthermore, high quality ohmic contacts are essential for perform-
ing very accurate Van der Pauw/Hall measurements. We will start with an overview of
the basic principles of ohmic contact formation. Next, the specific contact resistance p,,
which is the most important property of ohmic contacts, will be discussed. Finally, the
Transmission Line Model (TLM), which is the most commonly used analysis technique to

determine p., will be considered.

3.4.1.1 Basic principles of ohmic contact formation

The fabrication of ohmic contacts is still more an art than a science. Every laboratory
tends to have its own favorite recipes which involve particular metal or alloy systems,
particular deposition methods and particular forms of heat treatment. However, all these
recipes appear to depend on one of the following three basic principles [186]:

1) If the semiconductor conforms approximately to the simple Schottky - Mott theory

(PB=P,,-xs) it should be in principle possible to obtain a contact with a negative barrier
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height (which should behave as an ohmic contact) by finding a metal with a work function
less than the work function of an n-type semiconductor or greater than the work function
of a p-type semiconductor. Alternatively, if the barrier height is determined by Fermi level
pinning, it occasionally happens that the pinning position is within the conduction band
or valence band. In this case negative barrier heights should be obtainable on n-type or p-
type semiconductors respectively. Unfortunately, there are very few metal semiconductor
combinations with this property. However, if the barrier height is positive, but very small,
the contact should have a low enough resistance to be effectively ohmic.

2) The vast majority of ohmic contacts depend on the principle of having a thin
layer of very highly doped semiconductor material immediately adjacent to the metal-
semiconductor interface. In that case, the depletion region is so thin that field emission
takes place and the contact has a very low resistance at zero bias. The heavily doped
layer may be formed by diffusion techniques or by ion implantation. Alternatively, the
heavily doped region may result from the deposition and subsequent heat treatment of an
alloy containing an element which acts as a donor or acceptor in the semiconductor. The
heat treatment can be carried out in an ordinary furnace or by rapid thermal annealing
(RTA). When heated, some of the semiconductor dissolves in the metal and on subsequent
cooling it recrystallizes with a high concentration of the electrically active element in solid
solution.

3) If the surface of the semiconductor material is damaged (e.g. by etching, chemi-
cal treatment,...), crystal defects may be formed near the surface which act as efficient
recombination centers. If the density of these centers is high enough, recombination in
the depletion region will become the dominant conduction mechanism and will cause a

significant decrease in the contact resistance.

3.4.1.2 Specific contact resistance

The specific contact resistance p,. is the most important property of ohmic contacts. It
provides the most systematic way to compare different metallization schemes with respect
to the contact resistance. The specific contact resistance is due to the potential barrier

at the metal- semiconductor interface and is defined by:

oJ\ "
().,

where V is the voltage across the barrier and J is the current density through the barrier.
The expression for the current density depends on the ruling current transport mechanism.

The second basic principle of ohmic contact formation that has been described in previous
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section is the most widely occurring. Hence, the current transport mechanisms that are of
interest in ohmic contacts are thermionic emission (TE), thermionic field emission (TFE)
and field emission (FE) respectively. Using the definition of p. and equations 3.18 (a-
c¢) that give the expressions for the current densities in the case of TE, TFE and FE
respectively, the expressions for the specific contact resistance in each of these cases can

be determined by [179]:

Pe X €xp (f}zi) (TE) (a)

411 /m*eer s

Pe X €TP ; (%) tanh [m%;ﬂ / mﬁﬁm } (TFE) (b) (3.26)
411 /m*e€r s

Pe X €xp - (3’]3\,—7;)} (FE) ()

The value of p. in a given metal-semiconductor system is determined by the combination

of the following three parameters [179]:
1. the potential barrier height ®p,,,
2. the dopant concentration N, (in the case of an n-type semiconductor), and
3. the temperature T.

The relative effect of these parameters in the various current transport mechanisms can be
deduced from the exponential terms that contribute to p. . Equation 3.26 (a) shows that
in the thermionic emission process the specific contact resistance is independent of the
dopant concentration N,. In the case of a thermionic field emission tunneling mechanism
(equation 3.26 (b)), In(p.) varies nonlinearly with N;1/2. It does vary linearly with N;lﬂ,
however, when a low-temperature tunneling process, known as field emission (equation
3.26 (c)), is the mechanism for current transport across the barrier.

In order to determine the specific contact resistance, the actual contact resistance R
has to be measured. In the highly hypothetical case of a uniform current distribution over
the contact area, the resistance of the metal-semiconductor contact R . can be written as:

Pec
— e 2
R. (3.27)

where A is the area of the metal - semiconductor contact. In reality however, the current
density is seldom uniformly distributed across the contact area due to the voltage drop
in the semiconductor. This phenomenon is referred as the current crowding effect. In
practice, it is generally sufficient to mention that the current density is negligible beyond

a certain distance from the front edge of the contact. This distance, which is also an
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important property of ohmic contacts, is the so-called transfer length L,;. This quantity
is related to the lateral distance required for current to flow into or out of the contact.
The total current density passes through an imaginary plane at the edge of the contact,
as shown in figure 3.17. A portion of this current density flows into the metal very near

the edge of the contact while other portions enter the metal further from the edge. In the

Figure 3.17: Flow of the current density in a planar contact.

case of a rectangular metal contact and if the contact length d>>1; (electrically long), the
effective contact area A sy becomes L;xW, where W. is the contact width in the direction
perpendicular to the current flow. For such a contact, the contact resistance is given by:

Pe Pe
R, = = 3.28
Aeff Lt$Wc ( )

Unlike the contact resistance R., the specific contact resistance p. is unaffected by the
current crowding effect and as mentioned before, p. is determined by the barrier height,
the doping concentration and the temperature [179]. In other words, unlike the con-
tact resistance R, the specific contact resistance p. is a unique, geometry independent

characteristic of the metal-semiconductor interface.

3.4.1.3 Characterization

Transmission Line Model (TLM) was used by accessing the quality of contacts as well as
electrical properties of all thin films used in our study. This model is the most widely
used for obtaining the specific contact resistance, first proposed by Shockley [189]. Later

this model has been refined and expanded by Murramann and Widmann [190], Reeves
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and Harbison [191]. They used this method for obtaining both the semiconductor sheet
resistance Ry, and the specific contact resistivity p. of contacts using rectangular and
concentric contacts. A useful definition with regard to the latter modification is that of a

quantity called the sheet resistance R, which is given by [192]:

Ry = % (3.29)

where t is the thickness of the semiconductor layer used and R, has the dimensions of
ohms, but it is universally given in the units "ohms per square" (€2/sq). A "square"
of material (W=Z) has an end-to-end resistance of Ry,. The sheet resistance can be
usefully employed in calculations without any knowledge of the exact thickness of the
conductive layer (which may be hard to measure accurately). More importantly, the
concept of the sheet resistance is valid even when the resistivity of the conductive layer
is not uniform. Besides considering the finite thickness of the conductive layer, alloying
and sintering effects were included in the model by taking into account the difference
in sheet resistances of the conductive layer beneath R, and outside the contact area
Rgpn. Finally, circular TLM (CTLM) has been developed [191] in order to simplify the
fabrication procedure and achieve a more symmetrical current flow pattern by eliminating
the edge effects that exist in the linear TLM (LTLM). In our study we will address LTLM

method for calculating all the parameters Ry, p. and L.

3.4.1.4 Linear TLM

The simplest and most used configuration of the transmission length model is a linear
array of ohmic contacts, all of the same size but placed at increasing distances d; (dy <
dy < ... < d; ), on the semiconductor surface. Because of the linear arrangement of the
ohmic contacts, this configuration is often referred to as the linear transmission length
model (LTLM). Figure 3.18 (a) shows a schematic diagram of the LTLM configuration.
The figure also shows that the contacts have been isolated in order to restrict the current
to flow only across the distances d; and to prevent current spreading. This isolation can
be obtained by etching away areas of the electrically active semiconductor material down
to the semi-insulating substrate. Usually photolithography techniques are used to define
the areas that should be etched away. As a result, the so-called "mesas" of the active
semiconductor material are created. In this work we did not take into consideration the
so-called "mesas" structure due to the complicated nature of this step and the lack of
required mask. The linear TLM used in the current work consists of rectangular metal

pads of length (Z), width (W), and spacing gap (d) placed at different distances with
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the same area of each rectangular pad within the same pattern. As shown in figure 3.18
(b) the area of the rectangular pads are 300x150 pm? (pattern I), 300x80 pm? (pattern
[1-111), 150x100 pm? (pattern IV) and 150x50 pm? (pattern V), with spacing between the
contacts equal to 10, 20, 30, 50 and 100 um (pattern I and II) and 5, 10, 15, 20, and 25
pm (pattern III, IV and V). From figure 3.18 (c) the following equations describe the total

LTLM
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Figure 3.18: Schematic diagram of a semiconductor material with contact pads prepared

for LTLM analysis (a), schematic structure of all the pattern with the rectangular pads

dimension (b).

resistances R; and R, that correspond to the contact separations d; and dy respectively:

Ri=2R.+Ry, (%)

Z

(3.30)
Ry=2R+ Ry, (%)

where Ry, is the sheet resistance of the semiconductor material outside the contact area.

In principle, the contact resistance R, can be obtained by measuring the total resistances

R; and Rj. Solving for R, gives:

Rody—Rdy
2 (dy1—dy)

However, the disadvantage of this procedure is that usually the contact resistance is small

R.= (3.31)

compared with that of the semiconductor material between the contacts (2R . <Rygp,. Z)

In this case, R, is determined from equation 3.31 as a small difference of large quantities
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and thus is extremely sensitive to experimental errors in the values of R, Ry, d; and d,.
A somewhat better result can be obtained when the total resistance Rr (equation 3.32)
is plotted as a function of the distance d between several pairs of the planar contacts.

d
Ry=2R,+ R, (5> (3.32)

In this case, R, is determined by a linear extrapolation of the experimental data to d=0,
which is shown in figure 3.18 (¢). Note that the external resistance of the measurement
system, the probe resistance, is assumed to be negligible. Extraction of the specific
contact resistance p. from the contact resistance determined by the method described
above requires that a certain model of the planar metal-semiconductor contact is adopted.
A transmission line model is almost exclusively used for this purpose. It’s validity is based

on the fulfillment of the following conditions:
1. The current lines are normal to the metal-semiconductor interface.
2. The thickness of the metal and diffusion layers can be neglected.
3. The current-voltage characteristic of the contact is linear.

Among these three assumptions, only the third one can be verified directly by measuring
the current-voltage characteristic of the metal-semiconductor contact. Figure 3.19 shows
an equivalent circuit of the rectangular metal-semiconductor contact with approximately

one-dimensional current flow pattern. The resistance R’ and the conductance G’ per unit

Metal contact pad

X=0 X=d

Figure 3.19: Equivalent circuit of the rectangular metal-semiconductor contact pad.
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length of the contact, shown in Figure 3.19, can be written as:

/

R =% and G'=% (3.33)

Z Pc

where Ry, is the resistance under the pad contact. The metal layer is considered to be
equipotential, which, strictly speaking, is correct only when the metal sheet resistance
R,,<Rsi. Then, the voltage drop in the semiconductor material between the contacts

can be written as:
dV (z)=—RI (z)dx and dI (v)=—V (z) Gda’' (3.34)

where I(x) denotes the current in the semiconductor material between the contacts at
a distance x from the front edge of the contact. A differential equation of the one-

dimensional TLM follows from equation 3.34:

%_Ll%:() or ZZ—g—LL?ZO (3.35)
where the transfer length is defined as:
1 Pe

L= = 3.36
' \/m Rsk ( )

By introducing the current Iy and the voltage V at the input of the transmission line,

the boundary conditions can be formulated as:

V(0)=Vo
and (3.37)
I1(0)=I, or [—%—dzy)] x:OZIO

The solution of equation 3.35 subject to these boundary conditions yields [44]:

V() =Vp cosh <L%) —Z 1 sinh (%)

where (3.38)
Z:RL;:_ngLt — @

which denotes the characteristic resistance of the transmission line. The expression for

the current I(x) follows from equations 3.34 and 3.38:

1 dV (z) x Vo . x
- =Iycosh [ — ) = sinh | — .
R dx " <Lt) z (Lt> (3:39)

Returning to the equivalent circuit shown in figure 3.19, it has to be noted that I(x)= 0

I(x)=

for x>d. Hence, the current continuity requires that I(d)= 0 and according to equation

3.39:
Vo W
—=Zcoth | — A4
T cot (Lt) (3.40)
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Since the imaginary separation between the semiconductor material between the contacts
and the metal-semiconductor area is made at the contact edge (x=0), the contact resis-
tance R, appearing in equation 3.30 corresponds to the input resistance of the transmission

line given by equation 3.40. Using equation 3.38, R. can be given by:

L
JrYELC TR (K) (3.41)

A Ly

If the sheet resistance beneath the contacts, as a practical matter, is assumed to be
equal to the sheet resistance between the contacts, R =R, equation 3.41 can be solved
numerically with respect to L; by using the value of R, as determined by the extrapolation
technique mentioned earlier. The determination of the transfer length can be further
simplified in the case of electrically long contacts, that means if d>I;. In that case
equation 3.41 can be reduced to R.~Rg,1;/Z. The total resistance Ry between a pair of

identical contacts separated by a distance d then becomes:

Rp= <R§h> (2L+d) (3.42)

The transfer length is then determined by a linear extrapolation of the experimental data
to the point Rr— 0 as shown in equation 3.42. According to this equation the negative x-
axis intercept L,, hence, L;=L, /2. Once L;, is determined, the specific contact resistance

can be calculated using equation 3.36:
pe=Ra.L? (3.43)

where Ry, —Rgp.

3.4.1.5 Circular TLM

As we mentioned in the previous section that LTLM measurements are often performed
by using a mesa etching of the epitaxial layer to achieve an one-dimensional current
flow pattern and omit current spreading. As this mesa etching step requires additional
steps in the fabrication process, it has been tried to exclude them and hence simplify
the fabrication process. This can be done by choosing a different geometry of the test
structures. The use of a circular contact geometry eliminates the need for the mesa etch
of the epitaxial layer. Furthermore it can be noted that the use of circular TLM (CTLM)
structures eliminates the errors that are introduced by the lateral current crowding and
gap effect, which are always present in the linear TLM structures. Over the past decades,

many different configurations for circular test patterns were developed. In 1979, Reeves
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[191] proposed a test pattern consisting of a central disc contact and two concentric ring
contacts to determine the specific contact resistance. In 1981, Marlow and Das [193] used
a configuration were the inner disc contact is defined by removing circular rings with
varying diameter from a metal plate. In 1999, Rechid and Heime [194| refined Reeves’
configuration by increasing the number of concentric ring contacts from two up to seven.
This expansion is needed for the case that the resistivity of the metal contacts cannot
he neglected. Since Reeves used only three contacts (one disc and two rings), he was
not able to see the influence of the metallayer resistivity [194]. In order to calculate the
total resistance Ry . of any circular contact configuration, first the resistance of the
annular contact will be calculated. According to Reeves [191] this can he done using the
nonuniform transmission line model of the planar circular metal-semiconductor contact.
In this case, the usual resistances and conductances which describe the transmission line
model for a rectangular contact (equation 3.33) have to be modified to account for the
circular contact geometry. However, according to Cohen [179], it is also possible to arrive
at the same expression for Rr .. using a two-dimensional current continuity equation.

For the general case of an annular contact, the contact resistance is given by:

Rsh Rl 1 1
Ry cive = — |1 L — 3.44
T 27 |:H<R1—S>+ t(R1—8+R1):| ( )

where R, and R is the inner and outer radius respectively, s is the gap spacing between

the annular contact. The transfer length L, can now be determined by a least squares fit
of experimental data to equation 3.44. This fit also yields a value for Rg,. The specific
contact resistance p. can then be calculated using equation 3.43. In addition, it can be
observed that for 27 R;>>s equation 3.44 can be further simplified to obtain the same form
as equation 3.42 with Z=27R; and d=s.

3.4.1.6 Current-Voltage (I-V) method

Current-Voltage (I-V) characteristics were carried out using a Keithely Source Measure
Unit 2602 (see figure 3.20). The rectifying properties of the Schottky barrier diodes
are evaluated by using the (I-V) measurements. Effective Schottky barrier height ¢,
saturation current J,, series resistance Ry and ideality factor n can be extracted from
[-V measurements. Figure 3.21 illustrates the I-V characteristics of an ideal (solid red
line) and typical (dashed line) Schottky barrier diode. For an ideal Schottky diode,
n=1, while for typical it is above unity (n>1), depending on transport mechanisms. In
determining [-V parameters, it is assumed that the current transport is dominated by

thermionic emission. The current-voltage relationship of a Schottky diode has already
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Figure 3.20: Probe station for IV measurements (b) connected to Keithely Source Measure

Unit 2602 (c)
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Figure 3.21: I-V characteristics of an ideal and typical Schottky barrier diode. Generation-
Recombination current region (a), diffusion current (b), series resistance (c), reverse

leakage current due to generation-recombination and surface effects (d) [12]

been discussed in section metal semiconductor contact. The universal expression that
describes this current-voltage relationship is given by equation 3.18. A plot of In(J)
versus the applied forward bias (V) ideally yields a straight line with a slope that is equal
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to q/nkpT and a In(J)-axis intercept that is equal to In(J,). After the determination of
the slope of the forward I-V plot from the linear fit of region (b), the ideality factor n
can be calculated using equation 3.16. After the determination of the value of J4 from
the In(J)-axis intercept, the effective barrier height ®.=¢p,-AP can be calculated by
using equation 3.6. In practice however, the Schottky diode will not be ideal and the
plot will show noticeable deviations from linearity due to among others the presence of an
interfacial layer and surface states and the series resistance of the semiconductor material.
The series resistance is determined from region (c), where the voltage is high. The plot
assumes a flat state and R, is extracted from the I-V plot. The leakage current is defined
as the current flowing when an ideal current is zero. In particular, leakage occurs when
electrons or holes tunnel through an insulator and increases exponentially as the insulating
region becomes small [195]. In the case of Schottky contact, tunneling of carriers occurs
between the metal and the semiconductor at the interface. A high leakage current (region

(d)) leads to a failure device, it is of vital importance to measure it.

3.4.2 Van der Pauw and Hall effects

The Hall Effect, after Hall (1879), describes the behavior of the free carriers in a semi-
conductor when applying an electric as well as a magnetic field. If an electric current
flows through a conductor in a magnetic field, it exerts a transverse force on the moving
charge carriers which tends to push them to one side of the conductor. The basic prin-
ciple behind the Hall effect is the Lorentz force. When an electron or hole is subjected
to an electric field it experience a force, causing the electron to move. When it moves
in a plane perpendicular to an applied magnetic field it experiences an additional force
perpendicular to both the electric and magnetic field, called Lorentz force. From Drude’s

theory of DC conductivity, the Hall coefficient for an n-type samples is derived as:

1
Ry=—% =—— 3.45
" .B. q.n (3.45)

where F, is the electric field balancing the Lorentz force imposed by the magnetic field
B, and the current j,. The voltage related to the electric field E, is the Hall voltage
Vy. For and applied current I in the x-direction, the corresponding Hall coefficient for
a square sample with a thickness t and a width w, equation 3.46 can be written in the
simple form:

E, tVy 1

=_—— (3.46)

Ry =
=B~ L q.n
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where F, and Vy are negative quantities, which give a negative Hall coefficient in the
case of n-type carriers. Figure 3.22 shows the accumulation of charges due to the electric
and magnetic fields. The charges drift under the influence of the Lorentz force towards
the edge of the sample until the electric field is compensated by the built up voltage from
the accumulated charges. This is the Hall voltage and its magnitude is IB/qnd, where ¢
is the elementary charge, n is the charge density and t the thickness of the sample. It is

sometimes convenient to express the sheet density (ns—ny) instead of the bulk density:

/
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Figure 3.22: Schematic diagram of the carriers in an orientation perpendicular to the cur-

rent and magnetic field (a), A typical simple contact configuration for Hall meausrements

(b).

_IB

- 3.47
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N

By measuring the Hall voltage, from known values of I, B and ¢, the sheet charge of a
semiconductor can be determined. The Van der Pauw technique can be used to determine
the carrier mobility and sheet carrier density for which a combination of both resistivity
and Hall measurement is needed. Once the sheet resistance and the Hall voltage known,
the Hall mobility can be calculated using the following:

_|Vul

ng = R.IB (3.48)
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For a constant Hall coefficient the I'V-characteristics must be linear. The Van der Pauw
measurements require four small terminal contacts at the circumference of a uniform

thickness sample

3.4.3 Schottky contacts

This section deals with the second of the two limiting cases of metal-semiconductor con-
tacts: the Schottky contacts. Their excellent rectifying properties are used to form Schot-
tky diodes, which are majority carrier devices and hence have very short switching times
typically in the picoseconds range. It is this property that makes Schottky diodes very
suitable for high frequency applications. Therefore, the Schottky contacts should have a
high breakdown voltage V.. and a low reverse current I,. Also we will provide a brief
overview of the Schottky contact parameters that can be used to indicate their quality.
Furthermore, the different characterization methods that can be used to determine them

will be briefly discussed.

3.4.3.1 Choice of metal contact

Making a Schottky contact is relatively easy. Depositing a metal on a semiconductor
is sufficient to create it. Unfortunately, it is not possible to make a perfect Schottky
barrier contact with just any metal placed on a certain semiconductor. Some metals tend
to diffuse into the semiconductor and eventually the rectifying behavior of the contact
disappears. Good Schottky contact should exhibit a high barrier height and and ideality
factor close to unity. Pd, Ni, and Pt are proved to be good Schottky metals for n-type
GaN because of their high work function. The Schottky contact on GaN is still far from
ideal, because the large variation of Richardson’s constant from theoretical value, the
barrier height measured by I-V is lower than that measured by C-V, and the ideality
factors of the Schottky diodes are observed to be much larger than one [17]. Fang et
al. [196] reported that the deposition of Schottky metal onto Ga face is preffered over
N face for higher barrier height. Contact with low contact resistance is also required
for high quality GaN and AlGaN devices specially photodiodes. A better contact helps
improve the quantum efficiency. Lin et al. [197] have reported that the typical contact for
n-type GaN is Ti due to its low work function as well as the cubic TiN formation layer
resulting in a large excess of four vacancies in the GaN close to the interface after thermal
annealing. It is well known that N vacancies are acting as donors and are formed at

the contact interface. The contact region at the interface would be highly doped to help
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direct tunneling, which is considered to be the reason for the low resistance of the contact.
Motayed et al. [198] has shown that Ti/Al alloy can provide the lowest contact resitance
to n-type GaN, due to the close of the Al work function value with the GaN’s electron
affinity value. Usually the contact has a multi-layer structure. Due to the rapid oxidation
of the Al layer, a metal/Au bi-layer is used to prevent this oxidation which can increase
the contact resistance. The most commonly used metal to prevent the interdiffusion of

Ti/Al are Pd, Ti,Pt,Mo,Re,Ir,Ni and Nb [199].

3.4.3.2 Barrier height and ideality factor

Two very important parameters for the characterization of Schottky contacts, the barrier
height (¢p,) and the ideality factor (n), respectively, have already been discussed in the
previous section, which presents the basic theory of metal-semiconductor contacts. It
has been shown that in the case of an ideal Schottky contact the barrier height is bias
independent and the current is only determined by thermionic emission (TE). In that
case, the forward current-voltage characteristics are linear and the ideality factor is equal
to unity. In practice, however, the Schottky contact will generally be far from ideal. This
could among others be due to the bias dependency of the barrier height, the presence of
an interfacial layer or due to other current transport mechanisms being more dominant
than thermionic emission. As a result, the forward current-voltage characteristics will
show noticeable deviations from linearity. In that case, it can be described by equation
3.18 where the ideality factor exceeds unity. Khan et al. [200] showed that there is a linear
relationship between ® 3, and n, which is schematically shown in figure 3.23. The reverse
current I, and the breakdown voltage V., which is generally defined as the voltage at
which the reverse current is 1 mA taking into account the geometrical dimensions of the
device, are other very important Schottky parameters. Williams et al. [192| has shown that
the breakdown voltage is inversely proportional to the product of the doping concentration
Ny (in the case of an n-type semiconductor) and the thickness of the semiconductor contact
layer. Furthermore, the breakdown voltage of practical contacts is among others affected
by the presence of an interfacial layer and surface states. This makes the breakdown
voltage of practical contacts sensitive to process details. In addition, a very irregular line
definition of the ohmic and Schottky contacts could modify the electric field configuration

in such a way that the breakdown voltage is considerably diminished.

93



Barrier height (@,) [eV]

0.7 n 1 i 1 i 1 n 1

Ideality factor (n)

Figure 3.23: Linear relationship between the barrier height (¢p,) and the ideality factor
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3.4.3.3 Capacitance-Voltage method (case of n-type)

Schottky contacts capacitance is a very important parameter that enables the determi-
nation of the doping concentration of the semiconductor contact layer and the value of
the built-in voltage V. Figure 3.24 shows the energy band diagram of an ideal Schottky
diode (without any interfacial layer and surface states) on a n-type semiconductor under
reverse bias (V). The semiconductor material next to the metal-semiconductor interface
is depleted of electrons. What remains is a region containing the ionized donor atoms
N . This region is called the depletion region of a Schottky barrier. Depending on the
concentration of the donor atoms Ny, the applied bias V controls the depth W to which
the depletion region extends into the semiconductor material. In some respects, the de-
pletion region behaves like a parallel plate capacitor [178,186,192], which capacitance is

generally given by:
_SO.ST.A

14

where € is the permittivity of vacuum, ¢, the relative permittivity of the semiconductor

C

(3.49)

material, W the width between the parallel plates and A the area of the Schottky contact.
The same result can also be obtained more formally [178,186,192| using the fundamental

definition of capacitance C = dQ/dV. The potential difference in the depletion region is
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Figure 3.24: Energy band diagram of an ideal Schottky diode without any interfacial layer

and surface states on an n-type semiconductor under reverse bias (V).

equal to:
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q 2.80.€T

V=Vj— (3.50)

where Ny is the density of the donor atoms that are assumed to be uniformely distributed,
Vi the built-in voltage and KT /q the thermal voltage. Combining equation 3.50 with

the current-voltage relationship given by equation 3.13 yields:

q
—= 3.01
C?  q.eg.e..Ny.A? ( )

1 2 (%i_V_M>

This expression describes the dependence of the Schottky contact capacitance (C) on the
applied bias (V). The basic procedure to obtain a capacitance-voltage profile of a Schottky
contact is to apply a reverse DC bias to the contact, which results in the formation of
a depletion region with a certain depth and corresponding capacitance. A plot of 1/C?
versus the applied voltage (V) would then yield a straight line with a slope determined
by Ny as shown in figure 3.25. The modulus value of the built-in voltage (|V;|) can be
determined from the negative V-axis intercept, which can be used to calculate the flat

band barrier height ¢, by means of the relationship:

N, kT
— | + — 3.52
Nd) q (3.52)

kgT
CI’beZVE;H-LID(
q
where N, is the effective density of states in the conduction band. It has been observed
by many authors [17,201,202] that the values for the effective barrier height ®. derived

by the C-V method are generally higher than those derived by the I-V method. This
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Figure 3.25: Schematic representation of a plot of 1/C? versus the applied reverse bias

(V).

discrepancy of the experimental results between the different methods may arise among
others result from the Schottky effect, from the presence of a thin interfacial layer and
surface states, contamination in the interface and deep impurity levels acting as electron

traps [12,186,201]. After a derivation of equation 3.51 with respect to V, N, is given by:

2 -1
Ny= 3.53
T ge0e,. A2 %‘;2 (3.53)

Equation 3.53 shows that the doping profile of the semiconductor material can be deter-

mined from a measurement of the capacitance-voltage profile of a Schottky diode.

3.5 Electro-optical measurements

3.5.1 Quantum efficiency measurements

Quantum-efficiency (QE) measurements quantify the spectral response of a device. The
photocurrent response to a monochromatic probe beam is measured with defined QE.
QE measurements require a calibrated reference device. Results presented here use as a
reference, a crystalline silicon solar cell. It is necessary to distinguish between internal
quantum-efficiency and external quantum-efficiency. External QE is the more commonly
published result, and can be affected by factors "external" to the diode, such as reflections,
and absorption in glass layers. Internal QE considers only the collection of those photons
which are incident on the junction (rather than the device). Since internal QE is not

reduced by reflection /glass absorption, it always exceeds external QE, and is often close
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to unity over a significant spectral range. A schematic diagram of the QE measurement
setup is given in figure 3.26. A projector equipped with a 100 W Xenon arc lamp is used as

the light source at the input slit of the monochromator. A controlled mechanical chopper

Projector
Blub Chopper

) T

Monochromator E
H EEB

|
I Bias Light
|
>
Lock-In c tto Volt. 1
Amplifier HITEILE S YOTOgs
Preamplifier
Measure [— Measure [—
DC Current Voltage

Figure 3.26: Schematic diagram for QFE measurement.

modulates the probe beam at a specific frequency of 8 Hz, the beam is then collimated and
focused into spot on the test device. The device is connected to a voltmeter for voltage
monitoring. In parallel with the voltmeter, a current-to-voltage preamplifier converts the
AC photocurrent into an oscillating voltage. The preamplifier allows the adjustment of
the voltage bias. The oscillating voltage output of the preamplifier is measured by a lock-
in amplifier. The lock-in reference frequency comes directly from the chopper controller,
and a time-constant of 100 ms is generally used for data acquisition.

The fabricated devices were attached to a specific sample holder with two tips directed
to the device (see figue 3.27 (a)) for measuring the photocurrent. The spectral response
set-up is shown in figure 3.27 (b). QE data is taken in the range 350-500 nm with 5-
nm increments. Temperature control during QE measurement is not necessary, since
with monochromatic illumination and relatively weak bias light, devices stay at room
temperature during measurement. The continuous output of the Xenon lamp passes
through a computer controlled monochromator to produce a single wavelength output.
The output of the monochromator is sent to the photodetector which is mounted on the
probe station. We apply a DC bias with the Keithley 236 voltage source (see figure 3.28).

Furthermore, in order for the device to attain equilibrium a delay of 5 seconds between
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Figure 3.27: Spectral response measurement set-up

each wavelength step was used for all spectral response measurements.

Digital oscilloscope

266 nm Nd:YAG laser

Sample with
indium contact

Laser spot

Figure 3.28: Responsivity measurement set-up.

Figure 3.29 shows the absorption coefficient of GaN at 300K as a function of the
photon energy. Electrons in the valence band of a semiconductor can absorb photons
whose energy are higher than the band gap energy E, and jump to the conduction band.

For a direct semiconductor, the absorption coefficient a(E) for an energy E higher than
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Figure 3.29: Ezperimental absorption coefficient of wurtzite GaN at 300 K [203].

the band gap energy is given by:

E-FE

a(E) =g 7, g (3.54)

In addition, the layer thickness play an important role in absorption process. In this study
layer thickness used was between 400 nm to 500 nm. However light should be absorbed in
the depletion region of the diode formed in the active layer, to ensure that the electrons and
holes are separated by the electric field and contribute to the photocurrent. This implies
that a depletion region larger than the absorption length must exist in the detector. This
is easily assured by making the absorbing layer undoped. Only a very small voltage is
required to deplete the undoped region. If a minimum electric field is required throughout
the absorbing layer, to ensure a short transit time, it is also the undoped structure, which
satisfies this condition with a minimal voltage across the region, because the electric field

is constant. The width of the depletion region can be approximated by:

. \/2@ X ég X (Vi = V) (3.55)

qNq

In our case, this calculation leads to an average value of the width which can be assumed
to be larger than 300 nm. The length for which 99% of the photons are absorbed in the

layer can be calculated using:

[n100
Ly =— 3.56
o(E) (3.56)
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For our samples, the values of L, are equal to 260 nm at A=266 nm and 450 nm at A=360
nm, respectively. At A=266 nm, one can consider that all the photons are absorbed
within the depletion region. On contrary, this is not totally the case at A=360 nm.
All responsivity measurements were performed by scanning the detector in the x and y
directions until the maximum photocurrent at a specific wavelength was found. Since the
wavelength range was limited to 350 nm minimum and for doing measurements in deep
UV which is not reachable with this setup, we used a separate laser sources, Nd:YAG
laser (emitting a wavelength of 266 nm, 0.1 ns pulse width, 10 kHz repetition rates as
shown in figure 3.28) attached to a home made holder and mounted directly to the device.
The laser spot area is equal to 0.05 cm? which is larger than all the devices under test,

2 and

where the smallest (circular) and largest (interdigitated) device are 3.8x10~% c¢m
9x10~% c¢m? respectively. For an accurate measurements we did a simple calculation for
obtaining exactly how much does our devices absorb. The output signal, voltage and time
dependencies of the responsivity were recorded by a digital oscilloscope with a resolution of
1 ns as shown in figure 3.28. The responsivity measurements used in our study are voltage
dependence R(V) and wavelength dependence R(A). R(V) is obtained by maintaining the
laser at a specific wavelength while illuminating the device and applying a variable voltage

at the same time. R(\) is obtained by applying a fixed bias while illuminating the device

with variable wavelengths.

3.5.2 Time resolved measurements of the photocurrent

A photodiode takes a certain amount of time to respond to a sudden change in light levels.
It is expressed in terms of rise time t, and fall time t; as shown in figure 3.30. Rise time
is the time required for the output to rise from 10% to 90% of its final value. t s is the fall
time, defined as the time required for the output to fall from 90% to 10% of its value. The
response time of a photodiode depends on many factors, like wavelength of incident light,
the value of applied voltage across the diode which affects the junction capacitor and
the load resistance. Time resolved measurements or time dependence of the photocurrent
was divided into two categories long time and short time measurements as shown in figure
3.31. In long time measurements we calibrate the oscilloscope to count average power of
the laser pulse. We start by illuminating our devices by specific wavelength for a few
seconds and cutting the light immediately by using an automatic shutter (of 10 ms speed)
after we see that the current is fully saturated and is not increasing with time. After the

shutter blocking the incoming light, the devices is kept in dark while the current decrease
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Figure 3.30: Optical response of the photodiode.

slowly with time until it reaches a nearly zero value. In short time measurements we
calibrate the oscilloscope to take in account all the pulse power. The devices in this case

absorbs optical pulse of duration about 1 ns and peak power of 11W.

Long time measurements Short time measurements

100 ps
—

100 ps

Optical excitation
Optical excitation
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Figure 3.31: Long and short time dependence of the photocurrent.
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4.1 Ohmic contact

In this chapter we will present the results obtained from our experiment on GaN and
AlGaN devices in order to compare them to the new BAIGaN devices. Due to its wide
band gap, ITI-Nitrides pose a problem in the development of low resistance ohmic contacts.
Several attempts have been made over the past few years to obtain low resistance ohmic
contacts on GaN [197,204-206]. Foresi et al. [204] used Au or Al after annealing at
575°C, leading to contacts with a specific contact resistance p.—107°Qcm?.  Tungsten
(W) ohmic contacts on highly doped n-GaN with p.=107*Qcm? have been obtained by
Lin et al. [207|. Later, ohmic contacts on n-GaN were significantly improved [197| by
using Ti/Al bilayer on GaN epitaxial layer followed by rapid thermal annealing (RTA)
at 900C for 30s in an Ny ambient, yielding p.=8x1075Qcm?. But Ti/Al metallization
suffered from Ga outdiffusion and the subsequent reaction with Al leads to surface metal
which is discontinuous with high resistivity. To overcome this problem and minimize the
resistivity Wu et al. [206] added a second set of Ti/Al layer, following the annealing step,

2. Despite the high metal resistivity and

leading to a lowered resistivity p.—3x107%Qcm
oxidation problem, the commonly accepted ohmic contact for n-GaN is the Ti/Al based
metallization schemes, which have been investigated extensively [208-211|. However, the
most frequently reported metallization schemes for ohmic contacts on Al,Ga;_,N/GaN
heterostructures were formed by Ti/Al/Ti/Au, Ti/Al/Ni/Au and Ti/Al/Pt/Au [209,212,
213|. These metallization schemes have shown the lowest contact resistances (0.04 2 [212]
< Re < 0.6 Q [214]) and corresponding specific contact resistances (5 x1078Qcm? < p, <
3x107%Qcm? [214]). p. was showed to depend on the Al content in the Al,Ga; N layers.
Kim et al. [215] have reported an ohmic contact resistivity on AlGaN/GaN of about
7.5x107"Qem? on Ti/Al/Ti/Au contacts annealed at 900°C which is lower than our value
on AlGaN. The various metal layers in the metallization schemes described above, have
their specific role in the formation of an ohmic contact to the Al,Ga;_,N/GaN structures.
Ti is the first layer that is deposited on the top and is believed to serve as an adhesion
layer in order to provide good mechanical stability [209], dissolve the native oxide on
the surface of the Al,Ga;_,N material [17,212] and create nitrogen vacancies (Vy) by
reacting with nitrogen atoms from the Al,Ga;_,N material at the interface and hence
rendering this Al,Ga;_,N layer highly n-type doped [209,212|. The followed Al metal
layer is applied in order to react with Ti and form an Al3Ti layer which is assumed to
reduce the oxidation of the contracting Ti layer at the bottom [209,212| and serves as a

diffusion barrier for Ni or Pt because these metals form high Schottky barriers to n-type
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Al,Ga;_,N [17]. Ni and Pt are used to form a diffusion barrier for the Au top layer.
Furthermore, the Ni/Au or Pt/Au layers on top of the Ti/Al layers prohibit the Al to
form drops or to smear out during high temperature annealing. From this overview of
the literature we can notice that the actual mechanism of ohmic contact formation is still
subject of discussion and yet to be understood. In this work we have used Ti/Al/Ti/Au
(15/200/15/200nm) as ohmic contact on several GaN and AlGaN samples see (table 4.1).

The fabrication process has been described in chapter 2.

Table 4.1: Different types of GaN and AlGaN samples used in our experiment. * GaN on
sapphire, ** GaN on GaN-template

Materials Thickness (pm) Doping Supplier  Np (em™3)  Label
GaN~* 0.4 NID TDI 4.83x101'8 GaN-A
GaN~ 2 NID TDI 4.9x1017 GaN-B
GaN* 2 Fe-doped TDI 1.72x10'"  GaN-C
GaN* 2.2 Si-doped TDI 1.18x10*®  GaN-D
GaN~* 3.5 NID LUMILOG 3x1018 GaN-E

GaN/GaN** 0.4/3.5 NID LMOPS 5.93x1018 GaN-F
AlGaN 1 Si-doped (~20% Al)  TDI —~ AlGaN-A
AlGaN/GaN** 0.14/3.5 undoped (~20% Al) LMOPS 2.61x10'®  AlGaN-B
AlGaN/GaN** 0.3/3.5 undoped LMOPS  2.61x10'®  AlGaN-C

All the samples mentioned in table 4.1, were prepared according to the procedure

described in chapter 3. Figure 4.1 shows an example of I-V measurements on the different
samples. These measurements indicate that the variation of the current with voltage is
perfectly linear with high current level up to 16 mA at low applied voltage. Contact
resistances were derived from the plot of measured resistance versus gap spacing by TLM.
From the I-V measurements the specific contact resistance is calculated and is repeated for
contacts with same area and different spacing. By using a least squares linear regression
fit to the experimental data, the specific contact resistance p., sheet resistance R, and
transfer length L; are calculated and deduced from the plot. This process is repeated for
contacts of different areas.

Figure 4.2 shows the plot of the total resistance Ry versus the gap spacing d obtained

in different samples. The sheet resistance is calculated from the slope of the line, the
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Figure 4.1: An example of I-V measurements on various GaN and AlGaN samples.

tranfer length Lp is extracted from the x-intercept of the line, and the total contact
resistance is obtained from the y-intercept. The specific contact resistance is calculated
using equation 3.43 in chapter 3. The determination of the specific contact resistances
obtained for different contacts areas on different GaN and AlGaN samples is based on
the assumption that the semiconductor sheet resistance R,, underneath the contacts
remains unchanged. This procedure has been used to the different samples under test.
The results are summarized in the tables 4.2 to 4.6. Patterns with small gap spacings
(patterns III, IV and V) leads to values of R, p., Ly and Ry, that are different from those
obtained using patterns with larger spacing (I, IT). This is probably due to the limitation
of our photolithography process, for which the lift-off process is not always successful
for removing all the residual between the pad gap, leading to pad connecting to each
other and failure structure. ~ Table 4.7 and 4.8 gives the average values of the different
parameters extracted from table 4.2-4.6 according to the two sets (I-II and III-IV-V) of
different spacing distance between electrodes. For a given patterns some values are out of
the range of the others. These values have been excluded for the calculation of the average
values. For example, in GaN-B, GaN-D and AlGaN-B the values of R, of patterns V is
not in agreement with the rest of the values, which indicates that this may be due to a
technical problem during the lithography process or due to a too small area of the contact
pad compared to patterns I and II. In contrary, for GaN-D and GaN-F the results are
in good agreement for both set of patterns I-IT and III-IV-V. In both cases (I-II and
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Figure 4.2: Total resistance versus spacing as deduced from I-V measurements in the

different devices.

Table 4.2: Values of R, Lr, R, and p. obtained on GaN-A and TLM analysis.
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GaN-A Pattern I Pattern II Pattern III Pattern IV Pattern V
R, (Q) 49.5 44.7 26.2 45.9
Ly (um) 12 9.6 4.4
R, (2/0) 1230 1395 1800 1569
pe (Q.cm?) 1.77x107%  1.28x107%  3.42x10~* 3x10~4
Pad surface (um?)  300x150 300x80 300x80 150x100
Pad spacing (um) 10-20-30-50-100 5-10-15-20-25

III-IV-V), AlGaN-B sample exhibits the largest values of Ry, and p.. This is due to its
large electrical resistivity, as extracted from Hall measurements and reported in table 4.9,
since AlGaN material is known to be highly resistive due to the AIN composition. Among
GaN samples, in both cases (I-II and III-IV-V), GaN-A exhibits the largest values of R g,
and p.. This is due again to its large electrical resistivity (see table 4.9). The GaN-D
sample shows, in a good agreement with its resistivity value, the lowest value of R, and
pe. Surprisingly, the value of Ry, for GaN-B sample, which has the largest resistivity, is
relatively low and nearly equal to the corresponding value of the GaN-F sample for which

the resistivity is the lowest one and two order of magnitude lower than the one of the
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Table 4.3: Values of R., L7, Ry, and p. obtained on GaN-B and TLM analysis.

GaN-B Pattern I Pattern II Pattern III Pattern IV  Pattern V
R. (Q) 18.3 18 14.5 224 37.7
Ly (pm) 14.9 13 8.4 7.6 15.7
R, (€2/00) 369 414 516 441 721.5
pe (Q.cm?) 8.13x107*  6.9x1074 3.6x107%  2.54x10*  1.76x1073
Pad surface (um?)  300x150 300x80 300x80 150x100 150x150
Pad spacing (um) 10-20-30-50-100 5-10-15-20-25

Table 4.4: Values of R., L7, Ry, and p. obtained on GaN-D and TLM analysis.

GaN-D Pattern I Pattern II Pattern III Pattern IV Pattern V
R. () 3.5 3.4 2.8 3.6 4.6
Ly (pum) 17.5 18.8 13.4 9.7 8.1
R, (©2/0) 60 53.7 63 56.6 85
pe (Q.cm?) 1.83x107* 1.89x10~* 1.12x10~*  0.5x10~*  0.55x10~*
Pad surface (um?)  300x150 300x80 300x80 150x100 150x150
Pad spacing (um) 10-20-30-50-100 5-10-15-20-25

Table 4.5: Values of R., Ly, Ry, and p. obtained on GaN-F and TLM analysis.

GaN-F Pattern I Pattern II Pattern III Pattern IV Pattern V
R. (©2) 19.5 18.9 7.66 18.7 11.7
Ly (pm) 13.9 15 3.4 6.4 3.6
R, (©2/00) 416 375 336 435 393
pe (Q.cm?) 8x107*  5.77x107*  8.35x107°  1.8x107°  6.3x107°
Pad surface (um?) 300x150  300x80 300x80 150x100 150x150
Pad spacing (um) 10-20-30-50-100 5-10-15-20-25

GaN-B sample. It is also to be noticed that the GaN-D and GaN-F, which have nearly
the same resistivity, exhibit a large difference in their values of R ;. This two facts could
be attributed to the thickness difference of the layers (see table 4.9).

The reproducibility of the ohmic contact fabrication process and its results are ex-
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Table 4.6: Values of R., L7, Ry, and p. obtained on AIGaN-B and TLM analysis.

AlGaN-B Pattern I Pattern II Pattern III Pattern IV Pattern V
R. () 110 106.6 11.7 76.3 82.8
Ly (pm) 6.2 5.4 7 1.7 1.7
R, (€2/00) 5280 5943 5011 6684 7215
pe (Qcm?) 2x107%  1.72x107*  2.4x10~* 1.9x10~* 2.1x10~*
Pad surface (um?)  300x150 300x80 300x80 150x100 150x150
Pad spacing (um) 10-20-30-50-100 5-10-15-20-25

Table 4.7: Average values of Np, Rgp, pe, Re, L7 and d of patterns I and II of gap spacing

10 pm.

Np (em™3) Ry, (2/0) pe (Q.cm?) R, (©) Ly (um)

d (pm)

GaN-A  4.8x108 1310480  (1.5+0.25)x1073  47.142 10.8+1
GaN-B  4.9x10Y7 390420  (7.5+0.2)x10™*  18.240.2 13.95+0.95
GaN-D  1.2x10%® 5743  (1.8640.03)x10™*  3.45+0.05 18.15+0,65
GaN-F 6x1018 395420  (6.9+1.3)x107*  19.14£0.2  14.5+0.6
AlGaN-B  4.5x10'® 56104300 (1.86+ 0.14)x10~® 108.3+1.7  5.840.4

0.4
2
2.2
0.4
0.14

Table 4.8: Average values of Np, Ry, pe, Re, Ly and d of patterns III, IV and V of
spacing 5 pm.

gap

Np (em™) Ren (2/0)  pe (Q.cm?) Re (©) Ly (pm) d (pm)

GaN-A 4.8x101® 1750£120  2.7440.54 x10~*  37.14£6.5 3.940.43 0.4

GaN-B 4.9x107 480140 7.945 x1074 2497  10.6£2.7

2

GaN-D 1.2x10'8 d7£3 7.34+0.2 x107° 3.7£0.6 10.4£1.8 2.2
GaN-F 6x1018 390140 5.542.2 x107°  12.743.7  4.6+0.9 0.4

AlGaN-B  4.5x10'® 69504300  2.240.16 x10~* o723  3.47x£1.76 0

14

tremely important for a reliable implementation of the photodetector fabrication process.

We are convinced that our systematic approach of the optimization procedure has re-
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Table 4.9: Link between electrical resistivity and Ry, and p. values in GaN and AlGaN

samples.
p (cm?/v.s) Np (em™@)  p (Qm) Ry (2/0) pe (Q.cm?) d (pm)
GaN-A 46 4.8x10'® 23x1073 1310 - 1750  (0.27 - 1.5)x 1073 0.4
GaN-B 71 4.9x1017 17x1072 390 - 480 (7.5-7.9) x 107 2
GaN-D 248 1.2x10'%  28x10~* 57 (7.3-18.6) x 1075 2.2
GaN-F 20 6x10'8 21x1074 390 - 395 (5.5 -69) x 107° 0.4
AlGaN-B 33 4.5x10%  4.16x1072 5610 - 6950 (2.2-18.6) x 10°*  0.14

sulted in ohmic contacts with as low as possible values for R. and p. as compared to
literature [214,215]. A contact resistance as low as 3.45 © and 57 €2 and specific contact
resistance of values 5.5x10°Qcm? and 2.2x107%Qcm? on GaN and AlGaN respectively

have been achieved.

4.2 Schottky contact

Schottky contacts on n-GaN play a vital role and is a critical step for the realization of
a lot of electronic devices [201,216-224]. The ideality factor n and more especially the
barrier height ¢p,, are the most important characteristics of metal-semiconductor Schottky
barrier contacts, both in researching their properties and in device applications. There are
still large variations in barrier heights reported by different authors for standard metals
(Ti, Pt, Au, Pd and Ni) on GaN. Pd appears to produce the lowest consistent values
(0.51-0.97 eV) with Pt producing the highest values (0.99-1.08 eV) as reported in table
4.10. This variation appears due to the presence of different transport mechanisms, and to
materials and process factors such as defects present in the active layer, the effectiveness
of surface cleans prior to metal deposition, and variations in surface roughness which
could affect uniformity of the results. Schmitz et al. [201] have reported different values
on barrier heights and on the ideality factor that are independent of the metal type used.
An increase in the value of ¢p, with increasing temperature [219,223, 225, 228| has been
reported in various studies. This unexpected temperature dependence was attributed
to some inhomogeneities of the Schottky barrier [225,228] or to the tunneling effect in
a highly defective material [219]. The debate is still open, despite all these numerous
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Table 4.10: The different values of the Schottky barrier and ideality factor in GaN ac-
cording to literature. Different growth techniques have been used: LPMOCVD [201],
MOVPE [221], MOCVD [223,225,226], MBE [217].

Metal Barrier height ¢, (eV) Ideality factor n
Pt 1.08 [201], 0.88 [221], 0.99 [225] 1.04 [201], 1.1 [221], 1.42 [225)]
Au 0.88 [201], 0.82 [223], 1.1 [217] 1.04 [201], 1.15 [223], 1.4 [217]
Ni 0.9 [201], 0.61-0.69 [219], 0.75 [225],0.82 [226] 1.04 [201], 1.19 [219)], 1.98 [226]
Pd 0.92 [201], 0.69 [225], 0.51 and 0.97 [227] 1.04 [201], 1.58 [225], 2 [227]

studies for the realization of electrical contacts on GalN materials.

Schottky diode

We have then undertaken a larger study on the realization of Schottky diode on different
GaN and AlGaN achieve layers. In this section we will address the Schottky diode which
is the Schottky contact by applying Pt metallization scheme. I(V) measurements will be
fully studied on this part of the diode on various GaN and AlGaN samples.

I-V characterization

A schematic structure of Schottky circular diodes used in this measurements are shown
in figure 4.3. I-V measurements are used to evaluate the rectifying properties of the
Schottky barrier diodes. I-V measurements were performed at room temperature on all
the samples mentioned in the table 4.1 except for GaN-C omitted from this study due to its
high resistivity that iron-doped caused. Figure 4.4 shows the typical (I-V) characteristics
of circular Ti/Al/Ti/Au-GaN-Pt contacts on different GaN samples. A positive voltage
has been applied to the Pt-Schottky contact, and a negative voltage has been applied
to the Ti/Al/Ti/Au-Ohmic contact. The I-V characteristic shows a diode-like behavior
for all GaN samples except for AlGaN samples (not shown here) the shape of the curves
was not expected and its probably due to the high Al concentration. In order to find
the values of n and ¢p, of the GaN and AlGaN materials, we plotted a graph of In(I)
against V as shown in figure 4.5. The slope and the intercept from the linear fit to the
log plot yield the ideality factor (n) and the barrier height ¢p,.  The values of the

Schottky barrier height ¢p, and ideality factor n are deduced from the I-V measurements
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Figure 4.3: Cross-sectional view (a), Optical microscope image (b)
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Figure 4.4: I-V characteristics of Pt-Schottky contacts on different samples of GaN and
AlGaN

of figure 4.4 according to equation 3.6 in chapter 3, and reported in table 4.11. Since
we applied the same conditions on whole the samples (chemical treatment, lithography,
metal contact and annealed temperature) the output result yields high values of ideality
factor and low values of barrier height and it is clear that the diodes ideality factor are
much higher than the expected values (between 1 and 2) in GaN and AlGaN except for
GaN-E. But these high values of n observed in our case are still in agreement with many
cases reported in literature [229-234|. The high value of ideality factor is still not fully
understood in GaN diodes. There are a lot of authors who have observed a high ideality
factor ranging between 2 to 7 [230,231,235,236]. For example, in GaN-based LEDs the
high ideality factors (n>>2) was attributed to deep level assisted tunneling [230,231,235].

Ideality factors close to 2 were attributed to space charge region recombination, consistent
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Figure 4.5: Semilogarithmic plot of the current as a function of the bias voltage.

with the theory proposed by Sah-Noyce-Schokley [237] due to temperature dependent
slopes of (logl)-versus-V plots. Furthermore, Dumin and Pearson [238| stated that the
excess currents in GaAs diodes were attributed to tunneling. However, the authors did
not state the exact tunneling mechanism and suggested that the excess current could
be due to band-to-band tunneling, band-impurity, or a cascade process. Since the only
results obtained on GaN-E was in good agreement and comparable with state-of-the-art,

therefore, we decided to go through further study on GaN-E.

Table 4.11: Barrier height and ideality factor of Schottky diode.

Sample (Circular diode) Ideality factor n  Barrier height ¢, (eV)

GaN-A 10.2 0.255
GaN-B 4.5 0.32
GaN-D 2.7 0.24
GaN-E 1.3 0.74
GaN-F 3 0.23
AlGaN-A 6.8 0.34
AlGaN-B 2.9 0.42
AlGaN-C 4.4 0.56
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Further study on GaN-E
I-vV-T

Figure 4.6 shows an example of I-V curves obtained in a Pt-GaN-E Schottky diode at
different temperature. For relatively large voltage (>0.7 V) the current saturates due
to the effect of the series resistance [186]. For lower voltage, the characteristic exhibits
two regimes characterized by two different slopes corresponding to different transport
mechanisms. The one taking place in the intermediate voltage range (0.2-0.6 V) was shown
[216] to be driven by thermionic emission (TE) and is preponderant at high temperature.
In contrary, in the low voltage range (0 - 0.45 V), the current flow is dominated by the
thermionic field emission (TFE), the total current is then the sum of both (see equation

3.19 and 3.20).

.l{.f\;’cmz)

-6 i 1 A 1 i L i 1

0.2 0.4 0.6 0.8 1.0

V(W)

Figure 4.6: Temperature dependence of the J —V characteristics in a Pt/N-GaN Schottky
diode. Temperature increases by step of 20K in the arrow direction. The dot-line indicates
the separation between the two regimes: behind this line the TFFE is preponderant, above

this line the TE takes place.

Ideality factor

Figure 4.7 shows that the values of n are ranging between 1.9 and 1.3 in the temperature

range 180-300 K, and become larger than 2 for lower temperatures. The same dependence

113



of n with temperature has been reported for (Au, Pt, Pd, Ni) /N-GaN Schottky diodes [223,
225| with values of n in a rather good agreement with our results. This decrease of n with
temperature has been interpreted in several ways. It has been described as a Tj problem
by Rhoderick [186], and attributed to fluctuations of the barrier height by Werner and
Giittler [188| and Tung [239], as well as to the presence of a high interface states density
by Levine [240] and Crowell [241]. The value of n obtained at room temperature (n = 1.3)

3.0

25+

15}

1.0 | s | s | s | s |
100 150 200 250 300

T(K)

Figure 4.7: Temperature dependence of the ideality factor in Pt/N-GaN Schottky structures

is in a good agreement with the values reported in the literature [201, 216,221, 224| for
Pt/N-GaN Schottky diodes. Its higher-than-unity value can also be attributed to a higher
doping concentration (3.9x10'%cm™3), since it is well known that the ideality factor departs

substantially when doping is increased [12].

Zero bias Schottky barrier height

The value of the Schottky barrier height has been deduced from the data of figure 4.6
according to equation 3.6, by extrapolating the logarithmic I — V plot to V = 0. As
shown in figure 4.8, the value of ¢p, increases linearly with increasing temperature, in
opposite to what could be expected for an ideal diode: the barrier height should decrease
with temperature, owing to lattice expansion [186]. This increase of ¢p, has also been
reported for (Au, Pt, Pd, Ni)/N-GaN Schottky diodes [223,225]. TFE mechanism, which

is a tunneling through the top of the barrier, can induce barrier height and ideality factor
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changes with temperature. Using the values of V,;(T) as deduced from the intercept
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Figure 4.8: Effective barrier height versus temperature as deduced from I —V measure-

ments.

of the 1/C? plot (not shown here), the barrier height variation has been estimated and
plotted on figure 4.9. It shows that A@;,,, increases linearly with temperature, and that
the contribution of this tunnel effect to the barrier height variation is equal to a ten of
meV. This low value cannot explain the large variation of 0.4 eV observed in figure 4.8
between 100 K and 300 K. Thus the TFE effect cannot be responsible for the variations
of ¢, shown in figure 4.8. This is reenforced by the calculated temperature dependence,
according to equation 3.24, of the ideality factor which is plotted on figure 4.9. It results in
a linear increase of the value of ny,,, from 1.1 to 1.3 for temperature varying between 77 K
to 300 K, in contrast with our experiment which show a decrease of the ideality factor (see
figure 4.7). Here we assume that this unexpected temperature dependence of ¢, is due
to an unintentional interfacial layer, which can appear at the surface of the sample during
the fabrication process or which can be due to an interface states effect linked to structural
defects in the active layer such as nitrogen antisite or vacancies, for example. Thus we
suggest an additional tunneling effect via the interface states, acting as an interfacial

layer, as being responsible for these behavior of ¢z, and n versus temperature.
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Figure 4.9: Temperature dependence of the TFE contribution to the Schottky barrier height

variation and ideality factor for the studied structures

Interface states effects

The changes in the slope of the -V curves observed on figure 4.6 reveal a change in the
ideality factor n as a function of the voltage. These variations, as deduced from equation
3.19, and given by equation 3.16 are shown on figure 4.10. For each temperature, n
increases with the increase of the voltage, up to a maximum and then decreases. Such
behavior has been reported elsewhere on oxidized surfaces of GaAs [242] and InP [243]
and has been attributed to interfaces states effects. Using equation 3.17 and data of figure
4.10, the voltage dependence N (V) can be determined. According to the relationship
E-E=¢pno-qV [225], where ¢pno is the room temperature value of the barrier height, the
energy dependence of the interface states distribution N gg(E.-E) has been derived and
plotted on figure 4.11. This approach has been used in the case of GaAs [242| and InP
[243], showing results in a good agreement with those obtained via DLTS measurements.
This technique has the advantage to give a rapid way to get a correct estimation of
the states density involved in the conduction mechanism since, these states being in
equilibrium with the semiconductor, they allow charge transfer to, or from, the conduction
band by capture and emission mechanism. As shown in figure 4.11, the energy dependence

of N, exhibits the same behavior whatever the temperature. The interface states density
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Figure 4.10: Variations of the ideality factor n versus bias voltage V of Pt/N-GaN struc-

tures

shows a broad peak centered at an energy which depends on the temperature. These
energy values, ranging between 0.35 eV and 0.55 eV according to the temperature, are in
a good agreement with those obtained by Cho et al. [244] (0.5-0.6 V), Gotz et al. [245]
(0.49 eV), and Tsarova et al. [246] (0.6 V) using DLTS in GaN Schottky diodes, and are
attributed to nitrogen anti-sites. These peaks can also originate from an unintentional
surface oxidization which can occur during the fabrication process steps. Additional work
is needed to precisely determine its origin.

The interface states play a major role in the charge transfer to or from the conduction
band by capture and emission mechanisms or with the metal by tunneling. Those states
behave like an interfacial layer through which carriers can move to the metal by tunneling
and are responsible for the linear variation of ¢p, and n versus temperature. As shown
from the temperature dependence of the interface states density (see inset of figure 4.11),
a temperature decrease leads the Fermi level to move into a higher interface states density,
which makes it difficult to move, and consequently partially or completely pins the surface
potential variations under an applied voltage. This results in an apparent higher ideality
factor (see figure 4.10). The interface states acts as a low barrier height and thus, assist
the tunneling of carriers to the metal and result in a higher current flow through the

structure. In the opposite, when temperature increases, the interface states are partially
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or completely filled, making the surface potential variations easier, and the corresponding
ideality factor smaller. The current then follows the thermionic emission behavior and
the measured barrier height is thus closer to the theoretical expected values.

These interfaces defects can also be responsible for some inhomogeneities of the Schot-
tky barrier height as reported by Mamor et al. [225] and Mtangi et al. [228]. To confirm
this interpretation, according to the data of figure 4.8a) and figure 4.7, we have plotted
both the variations of ¢p, and (n~!-1) versus ﬁ (see figure 4.12), and ¢p,, versus n (see
inset of figure 4.12). The results show a quasi linear variation in both cases indicating a
Gaussian barrier height distribution and a laterally inhomogeneous distribution of barrier
heights as shown by Werner et Giittler [188] and Schmitsdorf et al. [247], respectively.
From the data of the inset of figure 4.12 (extrapolated to n = 1), we can derive the value
of the real barrier height which is equal to 0.74 eV in a rather good agreement with values

obtained at room temperature. However, data of figure 4.12 (extrapolated to gives a

T
zero bias barrier height value of 0.9 eV. This value is higher than all the measured values,
but as reported by Werner et al. [188] the values of ¢p, derived from I-V measurements
are always smaller than this zero bias value.

Therefore, all these results show that, in accordance with Roccaforte et al. [248],

the distribution of the interface states density can be pointed out as responsible for the
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Figure 4.12: Barrier height ¢, and (n~!-1) versus ﬁ in the Pt/n—GaN Schottky diodes.

The inset shows the barrier height ¢, as a function of n for the structure under test.

temperature dependence of ¢, and n. The interface states density is linked to the high
dislocation density, generally observed in the GaN near surface region, which acts as defect
traps, leading to a high interface defects density. The latter can partially pin the Fermi
level, resulting in the wide variability of the Schottky barrier height values found in the

literature, which are generally lower than the theoretically predicted ones.

4.3 Schottky photodetector

All the Schottky structures have been thus characterized for their electro-optical response.
In this section we will thus report the optical properties of the Schottky photodetectors.
For this, dark and photo-current have been measured and voltage and wavelength depen-

dencies of the responsivity have been derived for the different samples.

Voltage and wavelength dependencies of the responsivity

Figure 4.13 shows a typical example of the voltage dependence of R as we have measured
on the whole set of samples. This dependence indicates the presence of an internal gain
and is in a good agreement with the one which is described by the model proposed by

Katz et al. [162] (see section 2.2.6). As shown in figure 4.14, the best value of the SBH
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decrease A¢, to correctly fit the experimental data is equal to 1.2 meV. A variation of 0.1
meV in the value of A¢, yields a non correct fit of the voltage dependence. This allow
us to estimate the error on the A¢, parameter. In the following, the reported values of
all the SBH decrease will be based on the same estimation obtained here and in all next

analysis for Schottky and MSM based PDs.
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Figure 4.13: Ezample of the model by Katz et al [162] applied to the voltage dependence
of the responsivity with different values of the SBH decrease in the GaN-A based Schottky
PD at A\=266nm.

Figure 4.14 shows the voltage dependence of R obtained for the Schottky PD devices
realized on GaN-A, GaN-D, GaN-F and AlGaN-A at A=266nm with an optical power of
31.5 pW. This figure shows also the corresponding curves obtained with the model by Katz
et al [162]. Internal gain is observed in GaN-A, GaN-D, GaN-F and AlGaN-A PDs for
reverse applied voltage larger than 0.43V, 0.075V, 0.049V and 0.14V respectively. In order
to discuss these results, the responsivity, dark current, SBH decrease and internal gain
are reported in table 4.12. As expected, in the GaN-based PDs, since the SBH decrease
values are nearly the same, the larger is the dark current, the larger are the responsivity
and internal gain. In AlGaN-based PD, even if A¢, is rather large, the weak dark current
(the dark current density is high because of the small area of the Schottky contact, but
actually the dark current value is low) leads to a lower value of the responsivity and

internal gain than in GaN-based PDs.
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Figure 4.14: Voltage dependence of the responsivity in GaN and AlGaN Schottky PDs at
A=266nm. The small doted lines and dashed line corresponds respectively to the model

proposed by Katz [162] and theoretical value of R for 100% of Q.E. at A=266nm.

Table 4.12: Comparison between GaN and AlGaN Schottky photodetectors.

Sample R (A/W) I; (A)  J; (A/em?) A¢p (meV)  Gain
at A=266nm, -3V at -3V at -3V at -3V
GaN-A 2.2+ 0.1 61x 1076 1.4 1.2+ 0.1 10
GaN-D 62+ 3 1x 1073 32.4 1.4+ 0.2 290
GaN-F 344+ 1.7 8.2x 1074 20.6 1.3+ 0.1 160
AlGaN-A 9+ 0.5 2.6x 10~* 50.4 20+ 1 42

4.4 MSM photodetectors

In this section we will address the electrical and electro-optical characterizations of the
GaN and AlGaN-based MSM PDs in order to obtain their voltage and wavelength respon-
sivity dependences. The interdigitating PDs structures were fabricated with finger width
equal to 300 pym and finger separation of 10um. The fabrication process is obtained by
using photolithography techniques outlined in chapter 3. This width and finger separation

were chosen in accordance with the results of Monroy et al. [249] and Blue et al. [250],
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who showed that width and finger separations <10 pum are required to maximize the mea-
surable quantum efficiency of a MSM photodetector. Figure 2.12 shows fabricated MSM
structure with detailed scale dimension. The overall dimension of the MSM was 300 x300

pm?. This 10 um finger spacing design has an active area of 4 x 10%m?.

4.4.1 Dark currents measurements

Dark current measurements of the fabricated MSM photodiodes were performed up to
a bias of &= 10V. All I-V measurements were performed in a dark environment at room

temperature and are shown in figure 4.15. As expected, the detectors exhibited a sym-
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Figure 4.15: Dark current versus voltage of different types of GaN based MSM photodiode

metrical Schottky behavior with an equal current value in forward and reverse bias. This
is because the structure has two diodes connected back to back so that the current can-
not pass through in each direction. As expected, due to the Fe doping and thus a high
electrical resistivity, the MSM photodiode fabricated on GaN-C has the lowest dark cur-
rent. On contrary, the other MSM photodiodes exhibit rather large dark currents, with
the largest one in GaN-F sample. This large dark current probably originates from a
high-density threading dislocations and high background carrier concentration present in

these samples.
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4.4.2 Responsivity measurements

Figure 4.16 shows a typical example of the voltage dependence of R as we have measured
on the whole set of samples. This dependence indicates the presence of an internal gain
and is in a good agreement with the one which is described by the model proposed by
Katz et al. [162] (see section 2.2.6). As shown in figure 4.14, the best value of the SBH
decrease A¢y to correctly fit the experimental data is equal to 6 meV. A variation of 0.3
meV in the value of A¢, yields a non correct fit of the voltage dependence. As in the

previous section, this allow us to estimate the error on the A¢, parameter. Figure 4.14
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Figure 4.16: Ezample of the model by Katz et al [162] applied to the voltage dependence
of the responsivity at A=266 nm with different values of the SBH decrease in the GaN-A
based MSM PD.

shows the voltage dependence of R obtained for the MSM PD devices realized on GaN-A,
GaN-B, GaN-C and GaN-F at A—=266nm with an optical power of 56 pW. This figure
shows also the corresponding curves obtained with the model by Katz et al [162]. As
expected no internal gain is observed in GaN-C based PD whatever the applied bias due
to the iron doping which limits the dark current. On contrary, internal gain is observed
in GaN-B, GaN-A, and GaN-F for reverse applied voltage larger than 0.4V, 0.5V and
2.3V respectively. In order to discuss these results, the responsivity, dark current, SBH
decrease and internal gain are reported in table 4.13. In contrary to Schottky PDs, the
GaN-based PDs exhibit relatively different values of the SBH decrease. GaN-A and GaN-
F based MSM PDs show close values of R. In this case, the effect on the internal gain

123



AIW)

0.1+
=
=
[72)
C
(@]
o
[72]
(O]
o
1E-8 ] . , .
0 5 10
Voltage (V)

Figure 4.17: Voltage dependence of the responsivity of the MSM photodetector with the
model at A=266 nm and P=56 pW. The small doted lines and dashed line corresponds to
the model proposed by Katz [162] and theoretical value of R for 100% of Q.E. respectively.

of the three times higher dark current in the GaN-F sample compared to the GaN-A, is
counterbalanced by a three times lower SBH decrease. In the same way, the highest value
of the dark current, which is obtained for the GaN-B sample, leads to a weak value of the

internal gain since the SBH decrease is very low.

Table 4.13: Comparison between GaN MSM photodetectors under a bias of 10V.

Sample R (A/W) at A=266nm I; (A) Ja (A/em?)  A¢y (meV) Gain UVVR

GaN-A 19+ 1 44 x 1073 11.1 6+ 0.3 90 2230
GaN-B 34 0.15 26 x 1073 7.5 0.2+ 0.01 15 570
GaN-C (3£ 0.15) x 107 294 x 107 735 x10~7 50+ 3 - 550
GaN-F 184+ 1 14.2 x 1073 35.5 24 0.1 84 500

4.4.3 Spectral response

Normalized spectral response scans were made from 350 nm to 500 nm with a 1 nm

wavelength step. Figure 4.18 shows the spectral response curves of the MSM GaN pho-

124



todetectors at an applied bias of 17 V. All the spectral response curves exhibit a photopeak
located at 360 nm, 361 nm, 366 nm and 370 nm for GaN-A, GaN-F, GaN-B , and GaN-C
based MSM PDs, respectively. These peaks correspond to the cut-off wavelengths .. For
wavelengths larger than \. the photocurrent drops by several orders of magnitude and the
response of the detector is cut-off. This red-shift of the wavelength cutoff is due, in the
case of GaN-C based PD, to the absorption introduced by the density of states tails, and
the Fe™-ions incorporated in the GaN-lattice [251]. In contrary, the wavelength cutoff
of GaN-A are very close to GaN-F and far from GaN-B. The reason for this wavelength
cutoff shift is probably related to the difference in GaN layer thickness and maybe due to
a variation in threading dislocations from one sample to other. It is important to notice
that the decrease of R after the cut off wavelength in the case of the GaN-F sample is less
pronounced than for the others samples. This could be attributed to a higher dislocation
density existing in this sample. Due to the same reason the UV /Visible contrast ratio
(calculated as a ratio of the photocurrent at 266 nm divided by the photocurrent at 500
nm) reported in table 4.13 is higher for GaN-A than for GaN-B, GaN-C and GaN-F based
PDs.
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Figure 4.18: Spectral response curves measured at a bias of 17 V in the MSM GaN PDs

125



4.5 Conclusions

We have designed, fabricated, and characterized GaN and AlGaN based Schottky and
MSM photodetectors. These studies have arrived at different conclusions with some of
the results obtained on both Schottky and MSM PDs supporting the literature and the
state-of-the-art achievements while other findings were inconsistent with published results
and displayed high variation. This inconsistency in part of our results could probably re-
late to the various origins of GaN and AlGaN layers (thickness, carrier concentration,
dislocations, surface quality and etc...) used and supplied by three different laboratory
LUMILOG, LMOPS and TDI. Among all the samples used in our study, we have suc-
ceeded in developing excellent Schottky diode on GaN (GaN-E, LUMILOG) and AlGaN
(AlGaN-A, TDI) and in obtaining low ohmic contact resistance, low dark current, high
responsivity and gain on almost all the devices. We have presented herein a full study
on Schottky and MSM PDs, covering complete analysis of the electrical measurements
of the ohmic contact by using the linear TLM model. In this work, we have achieved a
metallization scheme of Ti/Al/Ti/Au with low contact resistance on GaN and AlGaN.
Furthermore, low dark current of Pt contact on the second part of the Schottky diode
has been obtained on various GaN and AlGaN. Since all GaN materials showed high
ideality factor and low barrier height except for GaN-E which resulted in ideality factor
and Schottky barrier values highly consistent with state-of-the-art studies and therefore

further studies are being carried out on GaN-E to elucidate the underlying reason.
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5.1 Introduction

In an attempt to improve the reliability and performance of UV photodetectors, we have
thus incorporated boron in GaN materials. The lattice-mismatch reduction with AIN sub-
strate leads to better structural and morphological qualities, optimized electronic trans-
port properties is expected. In this chapter we are going to fabricate and characterize
electrically and optically the Schottky and MSM PDs on B,Ga;_,N material. To study the
electrical and optical transport properties of this material two steps are initially required.
The first step is to realize and optimize ohmic and Schottky contacts and the second step
is illuminating these diodes by specific wavelengths. Ohmic and Schottky contact used in
this study consist of the same recipe (Ti/Al/Ti/Au-ohmic and Pt-Schottky) used on GaN
and AlGaN material as already shown in chapter 4. The BGaN material-based PDs are
fall in two categories the design of the samples used in this work are schematically shown
in figure 5.1. The first category are the BGaN monolayers with several boron incorpora-

tion rates varying from 0% (GaN-F) up to 0.82% grown on GaN and AIN templates. The
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Figure 5.1: Schematic structure of the BGaN supper lattice on GaN and AIN templates

second category are BGaN supperlattices structures which is divided into three parts:

1. part one is BGaN-GaN consisting of 10 pairs of 20 nm thick BGaN with 3.6% B
and 20 nm thick GaN.

2. part two is BGaN-AIN consisting of 10 pair of 2nm thick BGaN with 6% B and 2
nm thick AIN and finally.
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3. part three is BAIN-AIN consisting of 18 pair of 34 nm(AIN) and 32nm (BAIN) thick
with 28% B grown on GaN and AIN templates respectively.

All the samples used in this work are reported in table 5.1 below. It is not easy to obtain
good quality ohmic contacts in large band gap semiconductors such as BGaN and specially
with high boron concentration (BGaN-SLs) which exhibits moreover a large electrical
resistivity even for low boron concentration [106]. Since BGaN supperlattices exhibit
high resistivity there were no possibility to obtain ohmic contacts on them. Therefore,
Schottky PDs are only fabricated on BGaN monolayers and MSM PDs are fabricated
on both BGaN monolayer and supperlattices. All the BGaN structures (monolayers and

Table 5.1: BGaN monolayer and quasi-alloy with different boron (%) composition

Material Boron composition (%) Type
GaN-F 0 Monolayer
B,Ga;_,N/GaN 0.05 Monolayer
B,Ga;_,N/GaN 0.48 Monolayer
B,.Ga;_,N/AIN 0.5 Monolayer
B,.Ga; ,N/AIN 0.6 Monolayer
B.Ga; ,N/AIN 0.7 Monolayer
B.Ga; ,N/AIN 0.82 Monolayer
BGaN/GaN-SL 3.6 SupperLattice
BGaN/AIN-SL 6 SupperLattice
BAIN/AIN-SL 28 SupperLattice

SLs) were grown by MOVPE using a T-shape reactor. TMG, TEB and NH 3 were used as
source for gallium, boron, and nitrogen, respectively. Details on the growth conditions,
boron incorporation, and layers morphology are mentioned in previous works [92,93|. As
we already mentioned in chapter 4, a large variety of GaN and AlGaN samples have been
studied. Among all these GaN samples we chose our home-made GaN-F sample as a
reference for Schottky PDs and GaN-A sample as a reference for MSM PDs due to their

convenient layer thicknesses and performances.
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5.2 Ohmic contact on B,Ga;_,N

In this section, ohmic contact study will address the B,Ga;_,N monolayer with boron
composition up to 0.7%. The fabrication of the ohmic contact on BGaN of 0.82% was
almost impossible due to the high layer resistivity. Figure 5.2 shows an example of current-
voltage measurements in the BGaN samples for different boron concentrations. All the
[-V dependencies are linear, indicating a perfect ohmic behavior of the electrical contact.
As expected, for a same value of the applied voltage, higher is the boron concentration,

lower is the injected current. Figure 5.3 shows an example of the dependence of the total

8M- . GaN-F (0% B)
6m 0.48 % B
|+ 05%B
4m1 4 06%B

2m—- —~v—07%B

Current (A)

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

Voltage (V)

Figure 5.2: Ezample of I-V measurements in BGaN samples for different boron concen-

trations

resistance Ry, as it can be derived from I-V meaurements in BGaN with 0.5% of boron
and for different pad lengths. The values of the sheet resistance Rgy and the specific
contact resistance p. derived from data of figure 5.3 are reported in table 5.2. All these
values are obtained by using the different set of pads distributed on the whole surface
of the samples. For boron concentrations up to 0.48%, the value of p, is in the range of
10~*Qcm?, increases to 1073Qcm? for boron concentration up to 0.6% and reaches tens of
Qcm? for higher concentrations. This increase is expected since, as seen in table 5.2, the
resistivity, and thus the sheet resistance Rgy, of the BGaN films increases with the boron
concentration leading to less efficient ohmic contacts. Table 5.2 and figure 5.4 show also
a spreading of the values of both Rgy and p. for boron concentration higher than 0.6%,
revealing inhomogeneous properties of the BGaN layer for high boron concentrations,

which was evidenced by our group by using transmission electronic microscopy [95]. We
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Figure 5.3: Plot of the total resistance Ry as function of the spacing d between two pads
in BGaN with boron concentration of 0.5%.

have shown that for high boron concentration, nanometer sized zinc-blend BGaN clusters,
containing about 20% of boron and representing a few percent of the total volume, appear
in the BGaN matrix. These clusters, if not homogeneously distributed in the matrix, can
affect the transport properties and lead to variations of the sheet resistance in the BGaN

layer.

Table 5.2: Values of the sheet resistance Rgy and the specific contact resistance p. in

BGaN for different boron concentrations

Boron Specific contact Rsy
concentration (%) resistance (Q.cm?) (Q/0)
0 1x10~%-3x10~* 03+1
0.48 2x1074-6x10~* 445450
0.5 1x1073-2x1073 (4.34:0.6)x103
0.6 0.6x1073-6x1073 10x103-30x103
0.7 2-40 80x103-285x103

131



250k ~

200k

150k

100k |

Sheet Resistance (Q)

50k

0.0 0.2 0.4 0.6 0.8
Boron (%)

Figure 5.4: Dependence of the sheet resistance Rgy with the boron concentration in BGaN.

5.3 B,Ga;_,N Schottky diodes

I-V characteristics

As we mentioned above, due to the large resistivity of the BGaN layer, Schottky barrier
diodes are only fabricated on BGaN monolayer with B concentration up to 0.7%. The -V
characteristics for B, Ga;_,N Schottky diodes with as deposited Schottky Pt (150nm) and
annealed ohmic contacts Ti/Al/Ti/Au (10/250/8/150nm) are shown in figure 5.5. All the
measurements were undertaken in dark condition for the whole set of BGaN devices (from
x=0% to x=0.82%) and a Schottky diode like behavior is obtained. The dark current in the
BGaN monolayers decreases as expected, down to a few pA at high reverse bias (I;=0.51
pA at -100V for x=0.82%B) due to the large increase of the layer resistivity caused by
the increase of the boron concentration. It is clear that the boron composition control the
BGaN layer resistivity since, at -5V for x=0% [,=27 mA, and by adding a small amount
of x=0.05% of B the dark current is slightly decreased to I;=21 mA. By continuing adding
B up to 0.82%B the layer become very resistive and the dark current reaches 2.8 nA. In
Schottky barrier diodes, the barrier height depends on the voltage and surface conditions
prior to metal deposition. The surface condition includes the thickness of the interfacial
oxide, which affects the current-transport mechanisms. These include the thermionic
emission, which is characterized by ideality factor close to unity and thermionic field

emission and field emission. These mechanisms are affected by series resistance, tunneling
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Figure 5.5: The dark current-voltage (I-V) characteristics for B,Ga;_,N Schottky pho-

todetectors.

and generation recombination in the depletion region. By using the data of figure 5.5,
the values of the Schottky barrier height ¢p,,, ideality factor n are deduced from equation
3.6 (based on the same analysis done on GaN and AlGaN material in chapter 4) and

the carrier concentration from Hall measurements are reported in table 5.3. It is obvious

Table 5.3: Barrier height and Ideality factor for circular photodiode

B,Ga;_,N Ideality factor n  Barrier height ¢p, (V) Carrier Concentration (cm™?)

x=0 % (GaN-F) 4.5 0.4 5.9x1018
x=0.05 % 6 0.5 4.7x1018
x=0.48 % 4.4 0.42 2.4x10'8
x=0.7 % 2.9 0.47 3x10%7
x=0.82 % 6 0.83 1x10%7

that the ideality factors n for BGaN is above unity and it is attributed to, interface
states due to thin oxide layer between the metal and the semiconductor, including other
contaminations, tunneling currents in highly doped semiconductors, image-force lowering
of the Schottky barrier in electric field at the interface, and generation-recombination
currents within the depletion region [177]. The barrier height ¢p, varies between 0.4 to

0.8 eV while the carrier concentration decrease with B concentration increase. Seemingly,
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as the boron concentration increase the carrier concentration decrease, which also provide
us with an additional explanation for why the dark current decrease with the increase of

the boron concentration.

5.4 B,Ga;_,N Schottky photodetector

Voltage dependence of the responsivity

We first have studied the photocurrent and thus the responsivity at a bias of 0 V. Figure 5.6
shows the dependence of the responsivity at a bias of 0 V with the boron concentration

for Schottky-based PDs. Under this condition, no internal gain is expected and the

} 5)

where S is the device area, P is the optical power, d is the active layer thickness, and « is

photocurrent is given by:

In=qSP{l —exp(—ad)} = ¢SP {1 — exp [—a
qNp

the absorption coefficient. Since the B incorporation yields a decrease of N p, according
to the previous equation, the responsivity should increase with the B incorporation. As
shown in figure 5.6, this is the case for B incorporation ranging between 0.05% and 0.82
%. Nevertheless, a large decrease in the responsivity is observed between the pure GaN
sample and the one with 0.05 % B. This could be attributed to a higher recombination
center number in the BGaN sample than in the GaN sample, since BGaN material exhibits
higher structural defects than GaN material.

Figure 5.7 shows the voltage dependence of the responsivity for the different BGaN
devices at A= 266 nm and an optical power of 31.5 uW. This figure shows also the
corresponding curves obtained with the model by Katz et al [162]. An internal gain is
observed for an applied reverse voltage larger than 0.072V (0%B), 0.38V (0.05%B), 1.2V
(0.48%B) and 1.5V (0.7%B) and for direct voltage larger than 0.077 V (0%B), 0.34 V
(0.05%B), 0.51 V (0.48%B) and 0.46 V (0.7%B). In contrary, in the BGaN(0.82%B) PD,
no internal gain is observed whatever the applied reverse bias voltage. In order to discuss
these results, the responsivity, dark current, SBH decrease and internal gain for all PDs
are reported in table 5.4. It is obvious that the incorporation of B in GaN leads to a
high resistive material and consequently decrease the dark current as well as the gain.
The variation of the responsivity from one PD to the other is closely related to the value
of the dark current. It is also to be noticed that the SBH decrease increases with the B

incorporation up to 0.7%.
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Figure 5.6: Responsivity as function of the boron concentration at zero bias for Schottky
photodetector illuminated at 266 nm with an optical power of 31.5 uW. The doted line
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Figure 5.7: Voltage dependence of the responsivity in BGaN based Schottky photodetectors
measured at 266 nm and with an optical power of 31.5 pW.

5.5 BGaN and BAlGaN superlattice MSM photodetec-

tors

5.5.1 1I-V characterization

Figure 5.8 shows the I-V characteristics for the whole set of BGaN devices measured in

dark condition. A symmetrical rectifying behavior is obtained, indicating back-to-back
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Material R(A/W) 15 (A) A®,  Gain
GaN-F(x=0%B) 39 27 mA  2meV 182
BGaN(x=0.05%B) 29 21 mA  2.5meV 135
BGaN(x—0.48%B) 7.8 420 uA  15meV 36
BGaN(x—=0.7%B)  0.73  7.61 uA 35meV 3.5
BGaN(x=0.82%B) 0.072 2.8 nA — —

Table 5.4: Responsivity, dark current and SBH decrease at 266 nm with an optical power
of 56 uW and at a bias voltage of -5 V in the different BGaN Schottky PDs of surface

area 3.4x10% pm?.

Schottky contacts. With the increase of the boron concentration and thus large increase
of the layer resistivity, the dark current in the BGaN monolayers decreases, as expected,

down to a few nA for a B concentration of 0.82%. In the case of the SL structures,
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Figure 5.8: I-V characteristics for the whole set of BGaN devices measured in dark con-

dition.

the BGaN-AIN SL-based PD exhibits very low dark current (few pA) while the BGaN-
GaN SL-based PD shows a relatively high value of the dark current (few hundreds of
pA) although the high B concentration (3.6%). This probably originates from the GaN
interlayers, which, in contrary to AIN interlayers, possess low value of resistivity and thus

allow large current flow.
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5.5.2 Voltage dependence of the responsivity

Figure 5.9 shows the voltage dependence of R obtained, for the MSM PDs, at A = 266 nm
corresponding thus to a photon energy well above the band gap of the different PDs except
in the case of the BGaN-AIN SL structure (this will be discussed in the next section), and
for an optical power of 31.5 ©W. This figure shows also the corresponding curves obtained

with the model by Katz et al [162]. In contrary to BGaN-AIN SL-based PDs for which
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Figure 5.9: Voltage dependence of the responsivity of the different MSM PDs at \=266nm
and P=56puW. The small doted lines and dashed line corresponds to the model proposed
by Katz [162] and theoretical value of R for 100% of Q.E. respectively.

no internal gain is observed whatever the bias voltage since the measurements are done
at a wavelength above its cut off wavelength, all the BGaN-, BGaN-GaN SL- and GaN-
based PDs exhibit internal gain for applied voltages above 5V (0.7%B and 0.82%B), 2V
((0.05%B), 1.5V (0.48%), 1V (BGaN-GaN), and 0.5V (GaN). In order to discuss these
results, the responsivity, dark current, SBH decrease and internal gain for all PDs are
reported in table 5.5. As it was mentioned before the variation of R from one PD to
the other is closely related to the value of the dark current, which mainly controls the
internal gain. According to the data of table 5.5, figure 5.10 shows the B concentration
dependence of the dark current density (red dots), Schottky barrier decrease (black dots)
and low optical power gain (gray line) in BGaN monolayer-based and BGaN SL-based
UV photodetectors. In the case of the BGaN monolayer-based PD, the B concentration

increase leads to the increase of the active layer resistivity and thus to the decrease of
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the dark current density. As the BGaN monolayers are thick (400 nm), they exhibit a
high-density threading dislocations leading to a large number of trapping states at the
active layer-metal interface, and thus to an enhancement of the SBH decrease under
illumination yielding large internal gain PD if the dark current is not too weak. In the
case of BGaN-GaN SIL-based PD, even for large B concentration, due to leakage current in
the GaN interlayers, the dark current density is higher than the one of BGaN monolayer-
based PD. As the BGaN monolayers in the SL structure is thin (20 nm), they exhibit a
lower-density threading dislocations leading to a lower number of trapping states at the
active layer-metal interface, and thus to a decrease of the SBH decrease under illumination
yielding large internal gain PD since the dark current is relatively large. In the case of
BGaN-AIN SL-based PD, the large B concentration, and the high resistivity of the AIN
interlayers, leads to a very weak dark current density. Even if the BGaN monolayers
in the SL structure is very thin (2 nm), the large B concentration yields a high-density
threading dislocations leading to a large number of trapping states at the active layer-
metal interface, and thus to an enhancement of the SBH decrease under illumination
yielding large internal gain PD if the dark current is not too weak. It is to be noted that
for this last structure, the value of the SBH decrease under illumination has been obtained

at a wavelength of 266 nm far away from the maximum absorption of the structure.

5.5.3 Optical power dependence of the responsivity

Figure 5.11 presents the optical power dependence of the responsivity for three types of
PDs, It is to be noted that with the decreasing optical power P, responsivity increases
for each PD as P2 relationship. This relationship suggests [172] the existence of traps
in the band gap acting as recombination centers with an acceptor character, supporting
the explanation of the existence of internal gain described above. Thus, when operating
at low optical power (nW range), the internal gain, of GaN- and BGaN-GaN SL-based
PDs for instance, which is equal to 90 and 35, respectively, for an optical power of 56 uW
(case of the data plotted in figure 5.9), becomes very high and reaches values equal to 10°
and 3x10%, respectively. Table 5.6 reports the comparison of the responsivity and gain
at high (W range), medium (uW range) and low (nW range) optical power for two types
of PDs.
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Figure 5.11: Optical power dependence of the responsivity of three type of PDs measured
at A=355 nm.

High optical power Medium optical power Low optical power

Material (W range) (1W range) (nW range)
R (A/W) Gain R (A/W) Gain R (A/W)  Gain
GaN-A 0.024 - 19.2 90 6 x 10 10°
BGaN-SL (x 3.6 %B)  0.03 . 7.4 35 3 x10°  3.5%10°

Table 5.6: Values of the responsivity and gain at high (W range), medium (uW range)
and low (nW range) optical power for two types of PDs

5.5.4 Spectral response

The normalized spectral responsivity of the whole set of PDs measured under a bias of
10V are shown in figure 5.13. It is to be noticed that in the case of the BGaN-AIN SL-
based PD, in order to determine the cutoff wavelength of the BGaN-AIN SL-based PD,
since the wavelength cutoff of the xenon arc lamp is equal to 350 nm, the photocurrent
under 212 nm, 244 nm, and 266 nm laser irradiations have been measured and reported in
figure 5.12. Unfortunately, the data of figure 5.12 do not allow any accurate conclusions
to be drawn and only indicate that the wavelength corresponding to the maximum value
of the photocurrent ranges between 212 nm and 266 nm. Additional measurements for

intermediate wavelengths are needed to clarify this point. From the data of the figure 5.13,
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Figure 5.12: I-V characteristics of the BGaN-AIN SL-based PD measured under different

UV radiations.

the cutoff wavelength and UV visible rejection ratio can be deduced and are reported in

table 5.7. The wavelength cutoff, corresponding to the value of the wavelength at which

the responsivity is maximum, is found to be equal to 360 nm for the GaN-based PD,
and increases to values equal to 361 nm (0.05% B), 367 nm (0.48% B), 373 nm (0.7%
B), and 380 nm (0.82% B) for the BGaN-based PDs, respectively. — This red-shift of

Device Cutoff (nm) UVRR
GaN-A 360 2x10°
x=0.05 %B 361 1.54x103
x=0.48 %B 367 322
x=0.7 %B 375 102
x=0.82 %B 380 39
BGaN/GaN-SL (x—3.6 %B) 365 1.3x10?
BGaN/AIN-SL (x—6 %B) ~ 260 >10°

Table 5.7: Summarized value of cutoff wavelength and UVRR of MSM photodetector.

the wavelength cutoff is due, as expected, to the band gap bowing induced by the boron
incorporation [105]. In the case of the BGaN-GaN SL-based PD, and according to this

band gap bowing, a wavelength cutoff equal to 387 nm should be observed. In contrary,
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Figure 5.13: Normalized spectral responsivity for the different UV PDs under a bias of
10V.

the wavelength cutoff is found to be equal to 365 nm, very close to the one of the GaN-
based PD. This discrepancy could probably be attributed to the extrapolation procedure
for the calculation of the wavelength cutoff for BGaN materials with B composition equal
to 3.6%, which is based on a value of the bowing coefficient determined according to
band gap measurements in BGaN materials for B composition up to only 1.8% [105].
Further studies need to be performed to clarify this point. It is also to be noted that the
decrease of R with increasing wavelength above the cutoff is less sharp for both BGaN-
and BGaN-GaN SL-based PDs than for the GaN-based PDs. This is probably due to the
higher dislocation density existing in the BGaN material. Due to the same reason, the
value of the UV /VIS rejection ratio is more than one order of magnitude higher for the

GaN based PD (2x10%) than for the BGaN- and BGaN-GaN SL-based PDs.

5.5.5 Response time

The records of the photocurrent transients of the three PDs, at A = 266 nm, V = 10V,
and for optical pulse duration of 0.1ns (11 W of optical peak power) and several tens
of seconds (56 W of optical peak power), respectively, are shown in figure 5.14. The
values of the 10% to 90% rise and fall times as well as those of the peak responsivity,
which can be deduced from the data of figure 5.14, are reported in table 5.8. At high
optical power, all PDs exhibit low values of the rise time (less than 15 ns). BGaN-GaN
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Figure 5.14: Time dependence of the photocurrent in the three MSM PDs recorded at
A=266 nm, for V=10 V, and for an optical pulse duration of 0.1ns with a peak power of
11W.

SL-based PDs exhibit relatively low photocurrent time-decays (90% of the response is
reached after 45 ns and 15 ns, respectively), whereas more than hundred times higher time-
decays are observed in the GaN- and BGaN monolayer-based PDs (90% of the response is
reached after 15 us and 6.7 s, respectively). These relatively slow time-decays (the initial
current value before illumination is recovered within less than 100 us after the optical
power is turned off) can be attributed to a persistent photoconductivity effect caused
by trapping/detrapping processes of photo-generated carriers at deep level defects in the
band gap of the material [174]. As it has been discussed above, at such high optical power,

High optical power Low optical power

Material T Tf T Tf
GaN-A 15ns 15us 42ms 4s

x=0.7 %B 15ns 6.7us 4s 60s
BGaN-SL (x=3.6 %B) 15ns 44ns 0.56s 20s

Table 5.8: 10% to 90% rise 7, and fall 74 times of the different PDs, measured at A=266
nm and V=10 V, for low (56 W) and high (11W) optical power.
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much lower internal gain is expected and R is in the mA /W range for all PDs. The highest
value of R, equal to 30mA /W, is obtained in the BGaN-GaN SL-based PD, and is 25%,
and 710% higher than those of the GaN-, and BGaN monolayer-based PD, respectively.
The low value of R for the BGaN monolayer-based PD can be explained by the relatively
poor structural quality of the 400 nm thick BGaN monolayer [93], yielding low values of
the photo-carrier mobility and diffusion length. In contrary, the higher structural quality
of the 20 nm thick BGaN layers [93] in the BGaN-GaN SL-based PD leads to higher
values of the photo-carrier mobility and diffusion length and, thus, responsivity. BGaN-
GaN SL- and GaN-based PDs exhibit relatively low photocurrent time-decays (see figure
5.14), whereas more than hundred times higher time-decays are observed in the GaN- and
BGaN-based PDs. At low optical power (see figure 5.15), and thus higher internal gain,
for all PDs, R is in the A/W range and the rise times and recovering times of the initial
current value are much longer and reach several tens of ms and seconds, respectively, as

reported in table 5.8.

8t . B Ga_N
I x= 0% (GaN-A)
—x=0.7%
2 Tt —— x=3.6 % (BGaN/GaN)
é I
{E 6;! =z
e
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Figure 5.15: Time dependence of the photocurrent for an optical pulse duration of several

tens of seconds with a peak power of 56uW.
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5.6 Conclusions

MSM solar-blind ultraviolet PDs were fabricated using BGaN monolayers and quasi-alloy
of BGaN/GaN SLs as the active layer. Table 5.9 compiles the summarized values of dark
current, SBH, gain in nano and micro watt range, wavelength cut-off and UV visible

rejection ratio of MSM PDs.

Device I AD (meV) Gain Cut off (nm) UVRR
(W) (uW)

GaN-A 4.4mA 6 10° 90 360 2x103
BGaN (0.7%B)  5.4uA 20 107 5 375 102
BGaN-SI(3.6%B)  0.47mA 16 3.5x10% 35 365 1.3x10?
BAIGaN-SL(6%B)  8pA 133 - - 280 103

Table 5.9: Summarized values of various GaN and BGaN devices.

Compared to the GaN-based MSM PD:

e in the BGaN monolayer (0.7% B) based MSM PD, the dark current is reduced by 3
orders of magnitude with still a large gain but with a larger cut off wavelength and

a decrease of the UVRR,

e in the BGaN-AIN SL (6% B), the dark current is reduced by 9 orders of magnitude

but without any internal gain

The best trade off [252] is thus obtained with the BGaN-GaN SL (3.6% B) based PD
in which the dark current is reduced by 1 order of magnitude while maintaining a large
gain. It allows also to tune the cut-off wavelength of the PD and, in the high optical
power regime, it exhibits more than two orders of magnitude lower time response and
25% higher responsivity than GaN-based PD. The improvement of the UV /VIS rejection
ratio and sharpness of the wavelength cutoff is in progress and relies on the optimization
of the crystal quality of the active layers which could be obtained by the growth of thinner
layers of the BGaN material.
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(General conclusion and perspectives

The aim of this work was to improve actual solar blind ultraviolet photodetectors by in-
troducing new active layers into these devices. We targeted the realization of low dark
current, high electro-optical response, low response time and more robust in harsh envi-
ronment photodetectors, for which the wavelength cut off can be tuned in the UV range.
For this, we fabricated, developed and achieved of a new category of solar-blind ultraviolet
photodetectors fabricated using monolayers and superlattices of BAIGaN semiconductor
alloys. The main idea lied on the role of the boron incorporation in GaN material, which
increases drastically the electrical resistivity and the strength of the bonds, helps to de-
crease the mismatch with the substrate (and thus could increase the structural quality of
the active layer), and finally allows to tune the wavelength cut off.

To reach this goal, several GaN, AlGaN, and BGaN monolayers as well as BGaN-GaN,
BGaN-AIN and BAIN-AIN superlattices were first grown using MOVPE technique. Then,
both Schottky and ohmic contacts on GaN, AlGaN and BAIGaN alloys were realized and
optimized. For this, a full process using photolithography, metal deposition and thermal
annealing was developed. Finally, the electrical and electro-optical properties were charac-
terized using a set of experimental techniques such as, from one part, Hall effect, Van der
Paw, I-V, C-V, and TLM methods for the study of the electrical transport mechanism
and, from the other part, photocurrent spectroscopy, external quantum efficiency, and
photocurrent time response measurements for the characterization of the photodetectors.

During this work, we succeeded to obtain ohmic contact with low specific contact
resistance as well as Schottky diodes in nearly all the different layers. We also evidenced
the existence of an interfacial layer between the metal and the semiconductor which is
present in all the devices. This interfacial layer plays an important role in the appearance
of a large internal gain in the photodetectors via the trapping of the photo generated
holes. As expected, the boron incorporation in the GaN material leaded to photodetectors
with a decrease of the dark current up to nine orders of magnitude compared to a GaN-

based photodetector, and cut off wavelength tunable in the range 260 nm - 380 nm.
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Unfortunately, in the device based on a BGaN monolayer, the internal gain was shown to
simultaneously decrease with the boron incorporation. This was not the case in devices
using BGaN-GaN superlattices, which are the best trade off, and for which the internal
gain is maintained while the dark current is reduced by one order of magnitude.

This work also allowed to show that the internal gain exhibited by the different devices
is largely dependent on the optical power and pulse duration of the radiation impinging
on the photodetector. At low optical power and long pulse duration the internal gain
is huge and the response time is long. The performances of BGaN-GaN superlattices-
based photodetectors are comparable to those of the GaN-based photodetectors, even if
the dark current is reduced by one order of magnitude. On contrary, at high optical
power and short pulse duration, the internal gain becomes very low and the response
time short. In this regime, the BGaN-GaN superlattices-based photodetector exhibits
large improvements compared to the GaN-based photodetector. Its responsivity is 25%
larger than the one of the GaN-based photodetector and its response time is reduced by
more than two order of magnitude.

This work provides valuable insight into the properties of photodetectors, but a myr-
iad of steps can be taken to add to the merit of this study. A great deal of development
and optimization in the field of material growth, process technology, and device charac-
terization is required and is the focus of our future research. There is also a great need for
physical models required for the optimization of material growth and evaluation of new
device structures by simulations. This work can also be improved by deep investigation
of the high internal gain reported in this study. The use of alternative ohmic contacts
(Ti/Al/Ni/Au) instead of Ti/Al/Ti/Au and semi-transparent Schottky contact in order
to let more light reach the active layer provides a mechanism to further explore this find-
ing. Wire bonding may also be another method used to avoid device contact damages
and scratches. Mesa structures should be used to isolate ohmic contacts, and Circular
Transmission Lime Model (CTLM) should be used instead of the Linear-TLM (TLM) to
investigate accurately the specific contact resistance.

The concept laid out in this work and the current findings open the doors to numerous
improvements in the field of photodetectors and other disciplines. One major impact of
this work could be in the field of neutron detector development. While most neutron
detectors are 3He based with a detection efficiency of 80%, in reality, their efficiency is
reduced to 30% due to their long term instability (leakage, buildup of electronegative
poison) apart from the inconveniences associated with the maintenance of such gas-based

detectors. By moving to solid state semiconductors, considerable gain in material density,
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low operating voltage, small device footprint and excellent stability can be achieved.
Moreover, despite the prevalence of Si-based detectors, GaN-based materials show two
advantages over the latter; GaN has two orders of magnitude higher radiation hardness
than Si and has a much wider bandgap and hence we propose the use of BGaN and BAIN

superlattices for the development of more robust devices.
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Résumé

Les développements récents des techniques de fabrication de matériaux semiconducteurs de
type III-N comme GaN et AlGaN permettent le développement de photo-détecteurs Schottky
et métal-semiconducteur-métal opérant dans le domaine de l'ultraviolet. Alors que les photo-
détecteurs a base de GaN et AlGaN ont un faible bruit et un temps de réponse rapide, ’absence
de gain interne est un obstacle majeur & leur utilisation dans des applications qui nécessitent
des photodétecteurs & haute sensibilité. Dans ce travail, nous avons concu et fabriqué des photo-
détecteurs a base d’alliage BAlGaN sous forme de monocouches et de super réseaux réalisés par
MOVPE et photo-lithographie. Une caractérisation compléte de leurs propriétés électriques et
électro-optiques a ensuite été réalisée. Nous montrons que ces nouveaux alliages BAIGaN ont
un impact majeur sur les performances des photo-détecteurs étudiés. Nous avons pu réaliser
des détecteurs présentant un important gain interne (jusqu’a 3x10°) donc avec une sensibilité
ameéliorée, un courant d’obscurité faible (jusqu’a 9 ordres de grandeurs plus faible que dans les
détecteurs a base de GaN réalisés), une longueur d’onde de coupure ajustable dans la gamme
260-380, et un temps de réponse deux fois plus rapide que dans les détecteurs & base de GaN
réalisés. Finalement, nous proposons une interprétation du mécanisme de gain dans ces nouvelles

structures reposant sur 1’existence de piéges profonds & électrons et & trous .

Recent developments in ITI-N material growth technology such as GaN and AlGaN made pos-
sible to fabricate high performance solar-blind Schottky, and metal-semiconductor-metal based
photodetectors operating in the ultraviolet range -based photodetectors. While GaN and AlGaN
have low noise and fast response times, the lack of high internal gain is a limitation for their use
in applications that require high sensitivity photodetectors. In this work, we have designed and
fabricated BAIGaN-based photodetectors. For this, several BGaN monolayer and superlattices
were grown using MOVPE and lithography processes followed by a full characterization of their
electrical and electro-optical properties. We show that these new BAIGaN alloys have tremen-
dous impact on the performance of these photodetectors. We were able to achieve photodetectors
with large internal gain (up to 3x10°) and thus improved sensitivity, low dark current (up to
nine orders of magnitude lower compared to our own GaN-based photodetectors), tunable cut-off
wavelength in the 260-380 nm range, and more than two orders of magnitude reduction in the
response time compared to our own GalN-based photodetectors. Finally, we propose an inter-
pretation, based on the existence of deep level electron and hole traps, to explain the different

mechanisms at the origin of the internal gain in these new structures.
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