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CHAPTER 1. INTRODUCTION

Gallium nitride (GaN), aluminum nitride (AIN), indium nitride (InN), boron nitride
(BN) and their ternaries along with the quaternary AllnGaN, are called the IlI-nitride
compound semiconductors, and are considered as the one of the most important
semiconductor materials next to silicon. While III-N binary compound semiconductor
materials have fixed value of direct bandgap energy (at a given temperature), III-N ternary
and quaternary compound semiconductor materials can have a wide range of bandgap
energies by adjusting the percentage of the group III elements. Thus, the III-N materials have
bandgap energy ranging from as small as 0.7 eV (InN) to as large as 6.4 eV (BN). This energy
range covers the spectral range from wavelengths in the infrared (IR, 1772 nm) to the
ultraviolet (UV, 200 nm) (Figure 1-1). Such a wide range of spectrum coverage can be useful
for optoelectronic applications such as light-emitting diodes (LEDs), lasers, photodetectors,
and avalanche photodiodes (APDs). In addition to having a wide bandgap, many of the III-N
materials also have a high breakdown electric field, a high electron drift velocity, and a high
thermal conductivity, compared with other conventional semiconductor materials such as
silicon, indium phosphide, and gallium arsenide. These properties make the Ill-nitride

semiconductor materials favorable for electronic applications in extreme environments.
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Figure 1-1 The bandgap energies of IlI-nitrides, and other conventional
semiconductors versus their lattice constants. [1]

However, compared with mature conventional semiconductor technology such as
silicon, the growth and fabrication of the III-nitride devices is challenging. The advantageous
properties of these wide bandgap semiconductors have a trade-off with the electrical
conductivity. Moreover, as the semiconductor bandgap energy increases, the obtainment of a
low-resistance ohmic contact between the semiconductor and the metal becomes more
difficult. Most important of all, if the structure consists of layers of [1I-nitride materials having
much different lattice constants (i.e., a heterojunction), then there is a lattice mismatch at the

heterojunction interface, which could induce undesirable stress, defects, and dislocations.

The objective of the proposed research is to develop Ill-nitride UV avalanche

photodiodes capable of Geiger-mode operation at room temperature and above. The following



section is an introduction to the Ill-nitride material properties and the MOCVD growth
system. Then, the development of photomultiplier tubes, silicon avalanche photodiodes,
silicon carbide avalanche photodiodes and gallium nitride avalanche photodiode will be
discussed, along with the Geiger-mode approach employed for these materials. Preliminary
experiments done so far and the experimental results will be presented, and in the last section,

the future work that needs to be done will be proposed.

1.1 III-nitride material properties

The wurtzite ((Zn,Fe)S) , zinc-blende (ZnS), and rock-salt (NaCl) crystal structures are
the three main crystallographic forms of the III-nitride materials [1]. The zinc-blende structure
can be stabilized by growing on the (001) crystal planes of a cubic crystal structure such as
Si, MgO, and GaAs, thus it is metastable for heteroepitaxial thin films. There are many
similarities between the wurtzite and zincblende structures. For both structures, the group III
element is surrounded by four atoms of the group V elements, at the edges of the tetrahedron.
However, the main difference between the wurtzite and zincblende structures is the stacking
sequence of the crystal planes. The wurtzite structure has a stacking sequence of ABAB along
[1] direction, and zinc-blende has stacking sequence of ABCABC. The rock-salt structure
form of the III-Ns is only stable at very high pressures. Thus, among these three crystalline
forms, the wurtzite structure is the most thermodynamically stable III-N material at room

temperature and atmospheric pressure [2].



Figure 1-2 The unit cell of the wurtzite structure for III-nitride semiconductors. Large
yellow spheres are Ga, In, Al sites, and small grey spheres are nitrogen sites. [3]

The hexagonal wurtzite structure of the Ill-nitride materials consists of two
interpenetrating hexagonal close-packed (HCP) sublattices, which contain six atoms of each
type. As shown in 2, there are two main lattice constants in the wurtzite structure, a and c.
These lattice constants are perpendicular to each other, and the ideal wurtzite structure has c/a
= 1.333. However, in the IlI-nitride materials system, c/a ratio is always lower than the ideal
value due to the large electronegativity difference between Group V and Group III atoms.
This large difference in electronegativity creates a distortion of the hexagonal unit cell and

induces a dipole moment along the c-axis. This is called spontaneous polarization.

The wide and direct bandgap energy are the most important properties of the wurtzite
[II-nitride materials. By carefully engineering the mole percentage of each element in the III-

N ternary and quaternary systems, the bandgap energy can be manipulated. For ternary



combinations, such as AlxGaixN and InxGaixN, Vegard’s law [4] can be used to determine

bandgap from the mole percentage.

Eg‘AxBl_xN(x) =X Eg,A + (1 - .X') . Eg,B + bx(]. - x) (1)

where Eg 4 g, n(X) is the bandgap energy of the ternary compound, Ej 4 and Eg p are
the bandgap energies of the AN and BN compounds, respectively, x is the percentage of the

alloy system, and b is the bandgap bowing parameter which is determined experimentally.
1.2 Metalorganic Chemical Vapor Deposition

There are two main growth methods for IIl-nitride semiconductor epitaxial materials.
One is molecular-beam epitaxy (MBE) [5, 6] and the other is metalorganic chemical vapor
deposition (MOCVD) [7, 8]. In the MBE process, the substrate is heated in ultra-high vacuum
(UHV) around 10 Torr, and growth is done by directing elemental beams onto the substrate
surface without using any carrier gases. Due to the UHV condition, the crystal grown by the
MBE can achieve high purity, and MBE is able to grow some thermodynamically forbidden
materials [9]. However, this requirement for expensive UHV equipment and high operating
costs hinders MBE from being used on a large scale commercially, making it inappropriate

for low-cost mass production.

The other growth method commonly used for III-N epitaxial growth is the MOCVD
process. In MOCVD, several gas-phase materials are transported into the chamber and
pyrolyzed in a hydrogen or nitrogen ambient. This pyrolysis creates reactant gases that reacts
with each other and form a thin epitaxial layer on the substrate (see Figure 1-3). In the typical

MOCVD process for III-N epitaxy, trimethylgallium (TMGa), triethylgallium (TEGa),



trimethylaluminum (TMAI) and trimethylindium (TMIn) are the major Group III
metalorganic precursors transported to the chamber, and ammonia (NH3) is the precursor for
nitrogen. Silane gas (SiH4) and cyclopentadienyl magnesium (Cp>Mg) are the precursors for
the n-type and p-type doping, respectively. The overall chemical reaction between the
metalorganic reactant gas and nitrogen to form the IIl-nitride material is expressed by the

equation below [10],

R;M(g) + NH; - MN(s) + 3RH(g) 2)

where R is the organic group of either methyl or ethyl, M is the Group III metal, N is nitrogen,
and H is hydrogen. The overall process occurring in MOCVD can be categorized into four
major processes: gas input, pyrolysis, diffusion (through a boundary layer), and surface
reactions. Several types of surface reactions may occur, which include adsorption, desorption,

and the diffusion of adatoms.
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Figure 1-3 The schematic diagram of a MOCVD system and the process.



1.3 Avalanche photodiodes and single-photon detection

The UV light is the part of the electromagnetic spectrum where the wavelength ranges
broadly from 10nm (near X-ray) to 400nm (near violet of the visible light). The UV light can
be divided into three sub-bands according to how the photons interact with the earth’s ozone
layer in the atmosphere. The first sub-band is UVA, which has a wavelength range from
315nm to 400nm, and is not absorbed by the ozone layer thus most of it reaches the ground.
The second sub-band UVB has a wavelength range from 280nm to 315nm, and it is mostly
absorbed by the ozone layer. The last sub-band is the UVC with wavelength range from
100nm to 280nm, which is fully absorbed by the ozone layer. Since the UVC radiation does
not reach the ground on earth, all the earth-based photosensors detecting this UV sub-band
can be utilized without being disturbed by ambient radiation. The photodetectors which detect

only UVC region are called solar-blind photodetectors.

Due to the work of pioneers such as Max Planck, Albert Einstein, Niels Bohr, Erwin
Schrodinger, and Werner Heisenberg, and the advent of quantum mechanics, light which was
considered a wave before was found to also exhibit a particle nature. The particle or quanta
of light, or the corresponding electromagnetic wave, is called a photon. It is a massless Boson,
without electrical charge, and has energy equivalent to the electromagnetic wave frequency
multiplied by the Planck’s constant. The energy of a single photon is insignificantly small
compared with the intensity of the everyday light sources we observe. It is usually much lower

than the minimum detectable level of typical optical sensor system.



To detect such a small energy, scientists and engineers have developed the technique
called the photon counting [11-14]. With this technique, special optical sensor systems such
as photomultiplier tubes or APDs with a suitable circuit system can count single photons. This
photon-counting operation mode of the photodetector is called the Geiger mode. In this way,
the minimum detectable level that those optical sensor systems inherently have can be

avoided.

An APD is a semiconductor photodiode detector which exploits an avalanche
breakdown effect called the impact-ionization process (Figure 1-4) [15]. In the impact-
ionization process, a large reverse bias is applied across the APD, which increases the electric
field in the multiplication region (typically, the i-layer, or depletion layer). Upon illumination
of the device with light having a photon energy equivalent to, or larger than, the bandgap
energy of the absorbing region of the APD device, an electron-hole pair can be created. The
high electric field can accelerate the free carriers (electrons and holes) to the saturation drift
velocity and the carriers can gain enough energy to overcome the ionization energy of the
covalent bond. When the accelerated by the electric field to a high drift velocity, the carrier
can collide with a covalent bond in the crystal lattice, and another electron-hole pair can be
created. The free carriers from the secondary electron-hole pair can accelerate and collide
with another covalent bond in the crystal lattice and the third electron-hole pair can be created,
etc. It is a regenerative process, and the overall photocurrent is amplified. In theory, the impact

ionization process creates a measurable photocurrent with a single photon.
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Figure 1-4 Schematic diagram of the impact-ionization process is depicted.

There are three modes of photodiode operation: 1) photodiode mode, 2) proportional
(linear) mode, and 3) Geiger mode (Figure 1-5) [16]. First let’s assume that the impact-
ionization coefficient of an electron, a, is greater than that of the hole, . In the photodiode
mode, the applied voltage is small, as well as is the electric field. Most of the photogenerated
electrons and holes are swept across the depletion layer, and the overall current is not
amplified. In the proportional mode, the applied voltage (and thus the electric field) is
increased, the probability of the impact ionization by electrons is high but that of holes is low,
only the electrons will participate in the impact ionization process, and holes are swept across
the depletion layer. The current is maximum when the last electron arrives at the n-layer and
the current flows until last hole arrives at the p-layer. In Geiger-mode operation, the reverse
bias voltage (and the electric field) is sufficiently high, so that the probability of the impact
ionization by holes is comparable with that of electrons. This is regenerative avalanche

process, with a higher multiplication factor.



Figure 1-5 Three modes of operation a) photodiode mode, b) proportional mode, and
¢) Geiger mode.

1.4 Previous research

1.4.1 Photomultiplier tubes and silicon avalanche photodiodes

Combining a UV photodetector with the Geiger-mode photon counting technique has
found numerous applications. These applications include quantum-key distribution (QKD)
[17], optical time-domain reflectometry [ 18], positron emission tomography [19], biomedical
research [20], and ultraviolet communication [21]. To enable these applications, bulky and
extremely sensitive photodetectors called photomultiplier tubes (PMTs) were used to detect
photons in early periods [22]. The PMTs can have high gain, low noise, and high frequency
response, but they are bulky, relatively fragile and require high voltage operation of 1 to 2 kV
[23]. Moreover, if the PMTs were to operate as UV detectors, bulky and expensive optical

filters must be installed to block the visible spectrum.

Alternatively, solid-state photodetectors such as silicon (Si) APDs have been designed

to detect UV photons and have been operated in Geiger mode [24]. Compared with the PMTs,
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Si APDs have the advantage of exploiting mature Si CMOS processing, enabling the Si APDs
to be fabricated into large-area arrays composed of smaller devices. This is important for
many applications. Thanks to the mature Si device technology, UV-enhanced Si APDs are
commercially available [25]. According to Hamamatsu Photonics, the photon counting
modules they currently provide can have a spectral response range down to a wavelength of
320nm, dark count rate of 7 cps, and peak photon detection efficiency of 70% at a wavelength
of 450nm [25]. However, like the PMTs, Si APDs designed to operate in the UV need optical
filters since silicon has an indirect bandgap of 1.1 eV. To overcome this problem, wide-
bandgap compound semiconductor materials such as silicon carbide (SiC) and the III-nitrides
have been studied. In principle, these materials have inherent visible blindness, which made

them suitable for the fabrication of UV photodetectors.

1.4.2 SiC APDs and Geiger-mode operation

SiC is a semiconductor material containing silicon and carbon, with 250 crystalline
forms [26]. Among those forms, 4H-SiC has an indirect bandgap of 3.2 eV [26], which makes
it suitable for UV photodetectors. The first demonstrated 4H-SiC APDs achieved a dark
current density of 1mA/cm?, a breakdown voltage of 93V, and a maximum spectral
responsivity of 106 A/W at a wavelength of 270 nm with a reverse-bias breakdown voltage
of -90V [27, 28]. In 2009, a group from the University of Virginia reported large-area
recessed-window 4H-SiC p-i-n APDs [29]. They achieved a dark current density of 0.6
nA/cm?, a multiplication gain of 10° with breakdown voltage of -142.5V, and maximum
spectral responsivity of 110 mA/W at wavelength of 280nm. They also reported dark count
probability of 8 X 10™* at a 10kHz pulse frequency, and a photon detection efficiency of 30%

at 280nm. In 2017, a group from Nanjing University demonstrated 4H-SiC APDs with a dark
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current density of 56 pA/cm?, a multiplication gain of 10® with breakdown voltage of -173.3V,
a maximum spectral responsivity of 120 mA/W at a wavelength of 280nm, a dark count rate
per unit area of 9Hz/um?, and a photon detection efficiency of 35% at 280nm [30]. In 2020,
the same group at Nanjing University reported a 4H-SiC APD with a dark current density of
56 pA/cm?, a breakdown voltage of 178.4V, a dark count probability of 6.6 X 107 at a 50kHz
pulse frequency, and a photon detection efficiency of 19.8% at 280nm [31]. However, the SiC
bandgap cannot be tuned easily, thus SiC APDs also require external UV filters for operating

in the solar-blind regime.

1.4.3 III-N APDs and Geiger-mode operation

[MI-nitride-based UV photodetectors can be categorized into four major types;
photoconductors, Schottky-barrier photodetectors, metal-semiconductor-metal
photodetectors, and p-i-n photodetectors. Among those various photodetectors, p-i-n
photodetectors are the most common type of the photodetectors, and have lower dark current
density, higher spectral responsivity, higher gain, making them favorable for APD [32, 33].
A research group from APA Optics Inc., have observed avalanche process in p-i-n GaN based
photodiodes [34], which has dark current density as low as 6uA up to -40V reverse bias,
breakdown voltage around -45V and the maximum avalanche gain more than 3. The first III-
nitride UV Geiger-mode operating GaN APD was demonstrated by a group at MIT Lincoln
Laboratory, [35]. They reported that dark count rate was 400kHz, and an SPDE of 13%
measured at 325nm. In the following year, the Lincoln Laboratory group reported the Geiger

mode operation of GaN APDs in linear gain mode [36].
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In recent publication of GaN APDs, the group from the Northwestern University had
achieved a dark current density of 22.2 nA/cm?, a multiplication gain of 5.12 X 10* with
breakdown voltage of -120V, a maximum spectral responsivity of 120 mA/W at wavelength
of 364nm, a dark count probability of 0.57 and a photon detection efficiency of 30.5% at a
wavelength of 340nm using back-illuminated GaN APDs [37]. In 2018, our lab at Georgia
Institute of Technology was able to demonstrate GaN based separate absorption and
multiplication (SAM) UV APDs [38]. The structure of the APD employed was p-i-p-i-n
instead of p-i-n, which separates photon absorption region and multiplication region of
photon-generated charge carrier. We showed dark current density of 0.1nA/cm? with a
breakdown voltage of 73V, a maximum gain of 5 X 10°, and a maximum spectral responsivity
of 320mA/W at wavelength of 376nm at -70V reverse bias. In 2020, The group from Stanford
University reported a GaN n-i-p inverted APD with a dark current density of 38 pA/cm? a
breakdown voltage of -278V, a maximum gain of 10°, and a maximum spectral responsivity

of 60A/W at a wavelength of 350nm [39].

The group from the Bilkent University, Turkey has demonstrated the first solar-blind
II-nitride APD, with a dark current density of 53pA/cm? at 5V reverse bias, avalanche
breakdown after -72V with an avalanche gain of 25, a spectral responsivity around 110 mA/W
at wavelength of 254 nm with a reverse bias of 25V [40]. Since then, the group from Nanjing
University published back-illuminated AlGaN SAM APD with and Al:Gai;..N x = 45%
absorption layer with a dark current density of 0.716 pA/cm?, an avalanche breakdown after
-101V with an avalanche gain 5.5 X 10% and a spectral responsivity of 212 mA/W at
wavelength of 275 nm [41]. In 2020, the same group from Nanjing University reported an

AlGaN SAM APD with an AliGaiN x = 40% absorption layer having a dark current density
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of 70.7 nA/cm?, an avalanche breakdown of -86V with an avalanche gain of 10°, and a spectral

responsivity of 40 mA/W at wavelength of 280 nm [42].

So far, most of the demonstrations of solar-blind AlIGaN APDs have been focused on
Al:GaiN absorption regions with an AIN mole fraction of x~0.4. In 2018, Fraunhofer
Institute published the first AloesGaossN p-i-n APD with a dark current density of 1.27
nA/cm?, an avalanche gain of 5500 at ~-80V, and a spectral responsivity of 58 mA/W at a
wavelength of 246 nm [43]. In 2020, Adroit Materials reported Alo.ssGao3sN APDs grown on
a bulk AIN substrate with a dark current density of 0.4 nA/cm?, an breakdown of -340V with
an gain of 10°, and a spectral responsivity of 90 mA/W at wavelength of 255 nm [44].
Recently, in 2021, Northwestern University reported an AlxGaixN APD with x > 0.5, with a
dark current density of 1.6 pA/cm2, a gain of 50,000, and an external quantum efficiency of

14% (28.79mA/W) at wavelength of 255nm [45].
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CHAPTER 2. DESIGN, GROWTH, FABRICATION AND
CHARACTERIZATION OF DEEP-ULTRAVIOLET ALUMINUM

GALLIUM NITRIDE AVALANCHE PHOTODIODES

2.1 Introduction

In this project, DUV p-i-n APD structures with AlyGa,.N absorbing regions were
designed, grown by MOCVD on a AIN bulk substrate and AIN/sapphire templates with
various crystalline quality, fabricated into devices with circular mesas of different detection
areas, and the devices were characterized. The devices show distinctive avalanche breakdown
J-V behaviors, with breakdown voltages around -140V, and a low-leakage current density of
<10 A/ecm?. Also, the temperature coefficients of the breakdown voltage were measured to
be negative, and the performance of the APDs grown on different AIN substrates was

analyzed.

2.2 Material characterization

2.2.1 X-ray diffraction

To characterize crystalline materials, X-ray diffraction (XRD) is commonly used. The
XRD is convenient and non-destructive characterization method, and is possible to understand
structural properties, including alloy composition, crystalline defects, multilayer thicknesses,
and strain and relaxation of films [46, 47]. The principle of the XRD is based on Bragg’s law,

and it is written as
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Zdhkl sin BB =ni (3)

Where dyy,; is a spacing between planes in an atomic lattice, 85 is the Bragg’s angle, n is an
order of the diffraction (£1,+2,+3...), and 4 is wavelength of the X-ray. Copper (Cu) ka
radiation is mainly used in the XRD system, and it has wavelength of 1.5406A. The lattice
spacing dyy; is different for each material, but we are interested in hexagonal lattice system.

The lattice spacing of the hexagonal lattice system is

1 4R’ +hk+k* 7
d?, 3 a? c?

4

where a and c are lattice constants of the hexagonal lattice system, and h, k and [ are the

Miller indices of the plane of interest.

Figure 2-1 A schematic diagram showing all the axes of rotation [46]. X denotes the X-
ray source and D denotes the detector.
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In the X-ray diffraction, the axes of rotation should be defined [46]. Let’s assume the
X-ray is incident on the sample surface with an incident angle w. The angle between a detector
and an imaginary line of the incident X-ray in the crystal is called 26. The other angles are 1,

which is a sample tilt angle, and ¢ which is the in-plane sample rotation angle.

w — 20-scan

dhkl

Figure 2-2 The incident (k,) and diffracted (k;) wavevector forms the scattering
vector , which points to the reciprocal lattice, and lies on the surface of the Ewald
sphere. The directions are depicted for different types of scans (w, 20 and w-20) in

reciprocal space.

With the rotation axes defined, the diffraction can be explained in reciprocal space. By
defining the incident (k,) and diffracted (kj) wavevector (k = 2m/A), it is possible to define

a scattering vector Q where Q = kj, — k, (Figure 2-2). The scattering vector points to a
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reciprocal lattice in the reciprocal space and lies on the surface of a sphere of radius |27 /A|

called the Ewald sphere.

There are several scan types available in the X-ray diffraction. Mainly, w and 26 angle
rotation is used. In the w-scan, the detector position is fixed, and the sample is rotated about
the w axis. In the reciprocal space, the scattering vector Q follows an arc centered on the
origin. The scattering vector length remains same, and its direction varies. In the 26 scan, the
sample and the source position is fixed, and the detector is rotated. In the reciprocal space, the
scattering vector Q follows an arc along the circumference of the Ewald sphere. The length
of the scattering vector as well as the direction varies. In the w-260 scan, when the sample
rotates an angle of w, the detector rotates an angle of 26. Their angular ratio is w: 20 = 1: 2,

and the length of the scattering vector varies while the direction is fixed.

There is another commonly used type of scanning called reciprocal space mapping
(RSM). This is done by taking a series of w-26 scans at different w angles and combining
them together to form a map. To plot the reciprocal space map, the angles are converted into

the reciprocal lattice g, and g, by using below equations.

Qx = 2771 [cos(20 — w) — cos w] (5)

q; = 2771 [sin(20 — w) + sin w] (6)

From the reciprocal lattice g, and g, it is also possible to determine the lattice constants a

and c of a certain semiconductor layer. For the case of aluminum gallium nitride (AlGaN)

material, the relationships between (qy, q,) and (a, c) are
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With the obtained lattice constants a and ¢, AIN mole fraction and strain can also be obtained

using following equations.

= Co(x)
€22 = —Co O )

_a- ao(x)
Exx = o) (10)
co(x) = xcay + (1 — x)Cgan (11)
ao(x) = xauy + (1 —x)agan (12)

_ 2Cy3(x)

€zz = — C33(x) Exx (13)
R(x) = Lall) —alS) (14)

ao(L) — ao(S)

€, 1s the strain in out-of-plane direction, €,.,, is the strain in in-plane direction, C;5(x) and
C53(x) are the components of the elastic stiffness tensor of the AlGaN material, a, and ¢, are
the lattice constants of the relaxed AlGaN material, and a and c are the lattice constants
obtained from the RSM. R(x) is the in-plane relaxation calculated by dividing the difference

of the measured lattice constant a with the difference of the calculated lattice constant a. The
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L and S denotes layer and substrate respectively. Inserting all the equations from (9) to (12)
into the equation (13), the equation (13) becomes a cubic equation of x. Solving for x
analytically using a program such as MATLAB, the AIN mole fraction can be obtained. Also

using the equation (14), we obtain the in-plane relaxation.

For the AIGaN heteroepitaxial layers, an asymmetric (105) reflection (hkl) is normally
used to determine the lattice constants a and c, the AIN mole fraction and the strain. The (105)
reflection has broader reciprocal space compared with (101) ~ (104) reflection due to high

index [46].

2.2.2  Absorbance spectra and bandgap energy

The bandgap energy is one of the important measurement parameters in the field of
semiconductors. The bandgap energy of a semiconductor is the energy required for an electron
to be excited from the valence band to the lowest-energy conduction band. There are various
methods to determine the bandgap energy of the material, and one of the methods is by using
absorbance spectrum measurements and the Tauc method [48]. To use the Tauc method, it is

assumed that the absorbance o can be expressed by the below expression,

(- )Y = B(hv — E,) (15)

where h is the Planck constant, v is the frequency of the photon, Ej is the bandgap energy,

and B is a constant. The factor ¥ is equal to 2 for a direct- and 2 for indirect-bandgap

transitions. To apply equation (15) for AlGaN materials (they are all direct bandgap), the
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absorbance spectrum is measured, and the data are multiplied with the energy of the photon
(hv), squared, then plotted vs. photon energy. The approximate bandgap energy can be

obtained by drawing two tangent lines to the data plots and calculating the x-intersection

(Figure 2-3a). The absorbance spectra of the AlGaN material samples were measured with a

Shimadzu UV-VIS 2401 PC spectrophotometer.
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Figure 2-3 a) Absorbance spectra of Alo.408Ga0.592N, Alo.602Ga0.398N, and Alo.74Gao.26N
are shown. The bandgap energy can be obtained by drawing two tangent line and
calculating the intersection point. b) The bandgap energy vs AIN mole fraction x is

plotted. The bandgap energies of GaN and AIN were obtained by Tauc method as well

2.3 Device characterization
The device characterization consists of three parts; 1) measurement of the voltage-

current (/-V) or voltage-current density (J-V)) characteristics, 2) spectral responsivity using a
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variable-wavelength light source, and (3) photoresponse using a single-wavelength light

source.

2.3.1 Current Voltage (I-V) characteristics and gain calculation

To measure the /-V characteristics of the GaN p-i-n APD, the diode anode and cathode
are connected to a Keithley 4200 Semiconductor Characterization System. Then a reverse
bias voltage is applied to the device, and the voltage is swept from zero to -200V. To get the
current density, the I-V characteristic is divided by the mesa area of the device. If the APD
device is measured without the light source, then the /- characteristic is called the dark-
current /-V characteristic, and if measured with the light source on, it is called the photocurrent
I-V characteristic. To measure the photocurrent, the light source setup must be installed. The
light source setup consists of a UV lamp (Newport Apex Illuminator housing with an ozone-
free 150W Oriel Xenon Lamp), a Newport Cornerstone 260 Monochromator system, and a
UV-grade optical fiber that directs the light from the monochromator to the photosensitive
area of the APD device. Additionally, a shutter is needed to completely block the light during

the dark-current measurement.

By comparing the photocurrent with the dark-current, the avalanche gain can be

calculated. The avalanche gain is evaluated as;

G = Iph - Idark

(16)

Iph(unity) - Idark(unity)
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where Iy, is the photo-current, I, is the dark-current, Iy, ynicy) 1S the unity photo-current,
and Iggrk unity) 18 unity dark-current. The unity dark/photo-current is defined as the average

of the dark/photo-current from zero-bias until a certain reverse bias where the current is

similar with the zero-bias current.

2.3.2 Spectral responsivity or photoresponse measurements

Spectral responsivity (R) is a term for evaluating detector efficiency vs. wavelength,
which is basically electrical current output per optical power input. It is usually expressed in
units of amperes per watt (A/W) and is typically defined as the ratio of the photocurrent (I,)
to the input optical power (W) at a specific wavelength of the light that detector detects.
The term spectral responsivity is interchangeably used with quantum efficiency (7), which
has definition of ratio of the number of the photocurrent carriers created due to the input light
to the number of the photons impinging on the device. The relationship between the spectral

responsivity and the quantum efficiency is described in the equation (17),

lpn q qA
R=214/W]l=n—=1n——
th[ /W] nhv 711240 (17

where L, is the measured photocurrent of the APD device, W, is the incident optical power

illuminating the APD device, q is an electrical charge, h is the Planck’s constant, v is the
photon frequency, and A4 is the wavelength of the light in nm. Consideration should be made

for the wavelength dependence of the reflectivity of the surface of the APD device.
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Figure 2-4 A schematic diagram of the spectral responsivity measurement setup using
a variable-wavelength light source.

Figure 2-4 is a schematic diagram of the spectral responsivity measurement setup used
in this study [49-51]. The light source is the Newport Apex Illuminator with an ozone-free
150W Oriel xenon lamp, providing the UV light in the spectral range from 200nm to 400nm.
The Newport Cornerstone 260 Monochromator system selects a single wavelength of the
input optical signal. An optical chopper is inserted between the lamp and the monochrometer
to modulate the illuminating light at a 100 Hz frequency. Then the selected single wavelength
of the optical signal at the output of the monochrometer is coupled using 'z inch diameter UV
focus lens through the multimode UV fiber having a 100 um diameter. The other end of the
UV fiber is directed to the APD photosensitive surface and positioned as close as possible.
The cathode of the device is connected to the power supply (a Keithley 4200 Semiconductor
Characterization System) to apply reverse bias, and the anode of the device is connected to a

Stanford Research System 830 lock-in amplifier to collect the photocurrent data. The
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monochrometer and the lock-in amplifier are controlled by the computer with HP VEE

software program through a GPIB interface.
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Figure 2-5 The calibreated photoresponse measurement using a DUV LED with 250nm
emission wavelength.

For the calibrated photoresponse measurements, a DUV LED with 250 nm emission
wavelength and a /2-inch diameter bandpass filter centered at 250 nm (FWHM of 10nm) were
used for illuminating the AIGaN DUV APD (Figure 6a). The bandpass filter was required to
filter unwanted visible light emission at ~480 nm that is emitted from the DUV LED. A
MOSFET was connected in series with the DUV LED, which is modulated with a rectangular
pulse train of 125 Hz frequency. Then the cathode of the APD device was connected to the
power supply to apply a reverse bias, and the anode of the device was connected to a Stanford

Research System 830 lock-in amplifier to collect the photocurrent data. A synchronous 125
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Hz rectangular pulse train was also sent to the lock in amplifier as well. A calibrated UV Si

photodiode was used to measure the input optical power from the DUV LED.

2.4 Design of deep UV (DUV) AlGaN p-i-n APDs

The objective in the design is to build an Al.GaixN APD structure with a peak
absorption wavelength around 240~260nm (which corresponds to an AIN mole fraction, x, of
0.6), with low leakage current and distinctive avalanche breakdown. Since it is a prototype
design, we start with a standard p-i-n structure. Above an i-AlosGao4N absorption layer, a p-
AlosGaosN layer grades in Al alloy composition to a p-GaN layer. Below the i-Alo.¢Gao4N

layer, an n-Alo.sGao 4N layer grades to an i-AlpsGao2N/AIN layer (Figure 2-6).
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Figure 2-6 Schematic design of the deep UV AlxGaixN APD with x = 0. 6.
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When designing for the DUV AlGaN p-i-n APD, there are number of aspects to

consider. Some aspects must require feedbacks from growth or fabrication steps. We will

discuss these aspects one by one.

Design Flow

Growth / Fabrication

Etching thickness

lonization coefficient AIN wafer Feedback
(@ Bp) (AIN template, AIN substrate)
lllumination p-type ochmic n-type ohmic
(front or back) contact contact
v experiment experiment
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Figure 2-7 The flow of the design, and some of the aspects require feedbacks from
growth or fabrication step.

2.4.1 Excess noise, ionization coefficient and front/back illumination
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The avalanche process generates excess noise (F;(M)) or amplification noise due to
statistical nature of the avalanche process. The excess noise can be expressed in two ways

depending on which carrier is injected into the multiplication region [15, 52].

F=§(M)+(1—§>(2—W1>) (18)
F=%(M)+(1—%>(2—W1)) (19)

The M is the multiplication factor (avalanche gain). The equation (18) is the excess noise from
an electron injection, and the equation (19) is the excess noise from a hole injection. £ is the
hole ionization coefficient, and a is the electron ionization coefficient. The ionization
coefficient is an average number of electron-hole pairs created by either an electron or a hole
per unit of distance in centimeters while the electron or the hole is moving in the high electric
field. The ratio k = f/a is used for the electron injection ratio, and 1/k = a/f is used for
the hole injection ratio. The excess noise factor increases as the multiplication factor increases
but decreases as the ratio k or 1/k decreases. Thus, to achieve low noise, 1) the impact
ionization coefficient of the carriers must differ sufficiently, and 2) the avalanche process

should be initiated by the carrier having the higher ionization coefficient.
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Figure 2-8 A plot of the excess noise factor versus the multiplication factor [15] The
ratio k = B/a is used for the electron injection ratio, and 1/k = a/p is used for the
hole injection ratio. The excess noise factor increases as the multiplication factor
increases but decreases as the ratio k or 1/k decreases.

For the GaN material, the hole ionization coefficient (4~5 X 10*/cm at 3MV /cm) is
larger than the electron ionization coefficient (0.2~1 X 10*/cm at 3MV /cm) [53-55], and
these coefficients depends on the electric field. The hole-initiated multiplication process can
be achieved by illuminating from the back, for the p-i-n diode with the p-side on the top. The
illumination from the n-side (back side) is preferred for the GaN p-i-n APD. However, for the
AlGaN material, the ratio of hole to electron ionization coefficient k = f/a varies from

larger than 1 (below x = 0.5) to much smaller than 1 (above x = 0.6) (Figure 2-9). Thus the

29



electron-initiated multiplication process is preferred, and the illumination from the p-side is

more preferred at least from this point of view.
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Figure 2-9 a) The ionization coefficient for AlxGaixN material. Notice that the electron
ionization coefficient gets bigger than the hole ionization coefficient once x reaches 0.6.
b) The ionization coefficients of the carriers for the Alo.cGao4N material is shown.
Notice that the ratio of electron (f) to hole («) ionization coefficient k = f/a is always
less than 1 for all the electric field.

2.4.2  Aluminum nitride (AIN) template vs. AIN substrate

Before growing the full AIGaN APD structure, two types of aluminium nitride (AIN)
on sapphire templates were prepared: 1) MOCVD grown AIN (thickness = 2.5 um) on (0001)
sapphire (Tsubstrate ~430 um) via a conventional high-temperature growth technique [56], and
2) MOCVD grown AIN (thickness = 0.97 um) on high-temperature sputtered and annealed
AIN (thickness ~1.1 um) deposited on (0001) sapphire [57]. These two types of AIN templates
consist of heteroepitaxial AIN layers few um thick grown on 2-in diameter c-plane oriented
sapphire wafers. (For the rest of the thesis, we refer these AIN/sapphire template as “Type-

A” and “Type-B” AIN templates, respectively) Besides these AIN templates, a commercially
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available 1-inch diameter c-plane oriented AIN bulk substrate (Tsusstrare ~550 pm) was also

employed.

The growth process of the Type-A AIN template is based on the three-step growth
method: 1) 1*' buffer AIN layer, 2) annealing at high temperature and 2" buffer AIN layer, 3)
main AIN layer [56]. On the other hand, the growth process of Type-B AIN template is based
on the four-step growth method, and requires different equipment at each step: 1) RF
sputtering of ~170 nm thick AIN on the sapphire wafer, 2) annealing at a temperature of
1700°C for 3 hours in a nitrogen ambient, 3) cleaning at 1300°C for 10 min, then 4) ~970 nm

thick AIN growth at 1300°C [57].

The Type-A AIN templates typically have XRD FWHM of (002) and (102) w-scans of
~340 and ~570 arcsec, respectively. This corresponds to an estimated dislocation density of
~10° cm™ [58]. The Type-B AIN template used here has (002) and (102) FWHMSs of ~76 and
~248 arcsec, respectively, and dislocation density of ~2x10% cm™ as evaluated by plan-view
transmission electron microscope [57], which has better quality in terms of dislocation density
than that of the Type-A AIN template. The AIN bulk substrate exhibits (002) and (102)
FWHMs of ~25 and ~53 arcsec, and has much lower dislocation density (< 10 cm™) [59]
compared to these AIN templates. However, the AIN bulk substrate sufferer from strong
defect-related optical absorption losses with a cut-off wavelength around 265nm due to a
complex of Al vacancies and O on N site impurities [60]. Due to this absorption in the AIN

bulk substrate, we designed a front-illuminated AlGaN APD structure.

2.4.3  Breakdown electric field of Al\Ga;..N
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The empirical expression for the breakdown electric field (Ej,-) as a function of the

bandgap energy (E;) can be written as [61],

Epy o EZ® (20)

With the breakdown electric field of the GaN about 3.3MV/cm and the AIN about 11.7MV/cm
[61], it is possible to plot the breakdown electric field versus the AIN mole fraction x (Figure
2-10). The research group from NIT corporation in Japan calculated the breakdown electric
field from the breakdown voltage (V},.) and the thickness of the i-AlGaN layer (W) [62], using

below equation.

CINDW2

e (21)

Vor = EpeW —

In the above equation, Np, is residual carrier concentration in the i-AlGaN layer, € is the

dielectric constant of the i-AlGaN layer. If the breakdown voltage is high, the 2" term can be

qNpW?
€

ignored (at Np = 5 x 107 /cm3, ~1V). Then the equation (21) simplifies to Vj, =

E,,-W. They reported the breakdown electric field of 8.1MV /cm for Alo.s7Gao.43N material.

From these two references, we estimated the breakdown electric field of Ejp, =
7.3~84 MV /cm (7.89MV /cm average) for the AlosGaosN material. Since our [-V

measurement power source (Keithley 4200 SCS) has a voltage limit up to 200V, the maximum

br ~

thickness of the i-layer in an AlosGaosn-based APD possible for us to analyze is Z— =
br

250nm.
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Figure 2-10 A plot of the breakdown electric field versus the AIN mole fraction x. The
black solid line represents the equation (20), with the breakdown electric field value
provided in the paper [61]. The red dot represents the breakdown electric field at x =
0.57, and red dashed line is an extrapolated line using equation (20)

2.4.4  Absorption coefficient and thickness of absorption/multiplication layer (i-layer)

Absorption coefficients of AlxGaixN can be found in Muth’s article [63], and an
absorption coefficient of Alo.cGao4N can be obtained by interpolating the data from the article
(Figure 2-11). Then the absorption wavelength is chosen slightly above the cut-off wavelength

of absorption, which is 244nm and the absorption coefficient is a~12.5 X 10*/cm.
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Figure 2-11 The interpolated absorption coefficient of the Alo.cGao4N from Muth’s
article [63]. The absorption wavelength is chosen slightly above the cut-off wavelength
of absorption, which is 244nm.

To obtain the highest sensitivity, the absorption layer should be sufficiently thick. Most
often, in Si APD, the thickness of the absorption region is designed as ~2/a [64], where « is

the absorption coefficient. This is derived from the Beer-Lambert law, which the reduction of
a photon flux is e?-fold. For the Alo¢Gao4N, the equivalent absorption layer thickness is % =

160n.

2.4.5 Thickness of p-type and n-type layers

For all the p-type layers in p-on-n APDs, the thickness should be as thin as possible to
reduce optical absorption due to the acceptor states. A thinner p-type layer will also be
beneficial for reducing the probability of creating defect sites. For the p-contact layer (p*'-

GaN:Mg), the maximum thickness is 20nm, and above this thickness will degrade the quality
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of the contact layer for the p-type Ohmic contact. The p-AlxGaixN graded layer is required
for smooth transition from the AlpsGaosN to the GaN to reduce hetero-interface strain and
the possibility of cracking. Also, the thickness of this graded layer is set to 20nm. The p-

AlosGagsN layer thickness is set to S0nm.

The total thickness of an n-layer should be at least 750nm thick for better conductivity,
and ease of fabrication. The n-layer is split into a 250nm thick n-AlosGao4N:Si layer and a
500nm thick n-Alo.75Gao2sN:Si layer. The n-Alo.75Gao2sN:Si layer is intentionally inserted to
gradually change from an AlpsGao2N layer to an n-AlosGaosN layer. A 200nm thick
Alo75GagosN layer is inserted for smooth transition from the AlosGao:N layer to the n-
Alo.75Gao2sN layer as well.
1) p**-GaN:Mg (20 nm)

2) p-Al,Ga; N:Mg (grading, 20nm)
3) p-Aly snGag 4N:Mg (50 nm)

4} f—A|ﬂ_snGaﬂ_4N:Ud {160 nm}

5) n-AlgepGag sN:Si (250 hm )

6)  n-Algs5Gag;N:Si (500 nm )

7) Alg72Gag ;=N {200nm)
8) Aly gGag ;N (200nm)
AlIN regrowth layer (400nm)
AIN Substrate

Figure 2-12 The thicknesses of 1% to 8" layer are shown.

2.4.6  Passivation layer material and thickness
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The refractive index of a passivation layer should be 1, 45ive = M [64], where n,
is the refractive index of an air, and ng is the refractive index of the semiconductor surface
(In our design, it is the GaN). The refractive index of the GaN material is not defined in the
literature for the wavelength around 240 ~250nm, but it is assumed to be greater than 2.5 [63].
Assuming ng = 2.5, the refractive index of the passivation layer should be nyq5gipe~1.58.

The good starting material is a PECVD deposited silicon oxide, which has the refractive index

of 1.529 at 244nm.

The minimum breakdown electric field of the PECVD deposited silicon oxide is
8MV /cm [65]. The passivation layer should be thick enough not to cause a dielectric
breakdown. We assume that the PECVD deposited silicon oxide must withstand 200V
(maximum voltage for I-V measurement equipment), which corresponds to the minimum
thickness of 250nm. However, for an actual APD device fabrication, the PECVD deposited
silicon oxide thickness should be around the etched depth of the AIGaN APD structure, i.e.,
from the top surface down to the n-Alo 75Gao2sN:Si layer. The etched thickness is 500nm, thus

the PECVD oxide thickness should be 500nm for a conformal deposition.

2.5 Growth of deep-UV AlGaN p-i-n APDs
2.5.1 Calibration of AlGaN layers

To begin calibration of the MOCVD growth conditions for AIGaN layers, we started
with a standard recipe that had been established in earlier work. The standard recipe has a

total flow rate of 8000 sccm, and a growth pressure of 100 mbar. The ammonia flow rate is
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set to 3000 sccm, which gives a high V/III ratio of more than 1,000 (total Group III molar
flow rate of 20~70umol/min). Increasing the ammonia partial pressure can lower the
unintentional carbon impurity incorporation during the growth [66]. However, too high of an
ammonia flow rate causes increased pre-reaction rate with the TMAI molecules, so to
compensate, the gap (or spacing) between the reactor chamber showerhead and the SiC-coated

graphite susceptor is reduced from 9mm to 6mm (the minimum value for this reactor) [67].

Temp. AIN mole
(°C) fraction

1) p**-GaN:Mg 0

2) p-Al,Ga, N:Mg 1010 _Grading
3) p'Alo_soGao_4N:Mg 0.6
4) l.'A|0.soGao_4NIUd 0.6
5) n-Alo_soGao_qN :Si 1060 )

6) n'A'0_7sGao_25N :Si 0.75

7) Alg75GagsN
AIN regrowth layer
AIN Substrate

Figure 2-13 The schematic diagram of each layer in the Al.Gai-xN APD structure
showing target growth temperatures and target AIN mole fractions

The growth temperature set points are different for each layer. For the AlosGao2N layer,
the growth temperature was set to 1245°C, which is higher than the standard recipe. The
crystalline quality is better when the AIGaN layer was grown in high temperature [68]. For
the Alo75Gao2sN layer and the AlosGaosN layer, the growth temperature was set to 1060°C.

For the p-AlGaN layers, the growth temperature was set to 1010°C.
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The overall growth rate was set to fixed value of 0.2nm/s. The main idea of keeping the
growth rate at a fixed value is to help ease the doping calibration experiments. Let’s assume
that the optimization of one layer with a specific composition and doping calibration is
complete, and we are trying to growth another layer with different composition. It is possible
to obtain the growth condition with different composition by changing TMAI flow rate.
However, when the Al,Gai..N composition deviates, the growth is often accompanied by
change of the growth rate which is also affects the doping concentrations and free-carrier
concentrations. Thus, keeping the growth rate constant will save time in completing the

doping calibrations.

The grow rate is proportional to the total Group III precursor flow rates (TMAI+TMGa
combined) [68]. Thus we have to find the certain total Group III flow rate conditions that
gives a growth rate of 0.2nm/s. Then we change the TMAI molar flow rate, while keeping the
total Group III molar flow rate constant. (the Al,Gai.N mole fraction x is proportional to the
Al/(Al+Ga) molar flow ratio [69]) This way, we can find the target AIN mole fraction x. The

AIN mole fraction x of each layer was measured using the XRD RSM (Figure 2-14).
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Figure 2-14 The reciprocal space mapping (RSM) around the (105) reflection of the
AlGaN APD structure grown on a) the Type-A AIN template, b) the Type-B AIN
template, and c) the AIN bulk substrate. Notice that the peaks in the XRD RSM of the
AIN bulk substrate are the narrowest.

Once the TMAI and the TMGa growth conditions for the Alo.75Gao2sN layer and the
AlosGagsN layer are found, silane was included in the growth process to provide the n-type
doping using Si donor atoms. Silane (200ppm in H») flow rate conditions are usually
expressed in the silicon to total Group III ratio (Si/Ill). Several n-Alo75Gao2sN and n-
AlosGaogsN samples grown with various silane flow rates were prepared for electrical
characterization by breaking the wafers into ~lcm x 1cm squares. Next, four ohmic contact
metal regions with 2mm diameter were deposited by evaporation on the n-type sample
surfaces and Hall-effect measurements were performed at 300K. From the Hall-effect
measurements, the free-electron concentration, electron mobility, and resistivity data of each
sample at 300K were collected, and plotted (Figure 2-15a,b,c). The target doping was set to

n~5 X 1018 /cm3 after the feedback from the prior device fabrication process development

39



studies. By interpolating the graph of the free-electron concentration vs. Si/IIl ratio, the

optimized Si/III ratio can be obtained for the target doping concentration.

To obtain the p-type doping growth conditions for GaN films, the TMGa flow rate
was optimized to obtain the best GaN growth conditions first, then several samples grown
with various Cp2Mg flow rates were prepared and processed as described for the n-type layers
(but with a different evaporated metal stack). The Hall-effect measurements were performed
at 300K, and the free-hole concentration, hole mobility, and resistivity data of the Mg-doped
GaN samples were collected and plotted (Figure 2-15d,e,f). The target doping was set to
maximum effective doping available for p-type GaN, which is a free-hole concentration of
p~7 X 1017 /cm3. Since it is assumed that the optimized doping is similar for all p-AlGay.-
«N layers if the growth rate is same, the optimized Cp2Mg flow rate condition found in the p-

GaN growth studies can be applied for the p-AlxGaixN growth.
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Figure 2-15 Electrical data on Al:Gai-«N:Si n-type films: a) Free-electron
concentration, b) electron mobility, ¢) resistivity are plotted versus Si/IlIl ratio, and

electrical data on GaN:Mg p-type films: d) free-hole concentration, e) hole mobility, f)
resistivity are plotted versus Mg/III ratio. From the free-electron concentration vs.
Si/I1I graph, it is possible to interpolate the Si/III ratio for the target doping. With the
Si/III ratio, it is also possible to estimate the electron mobility and the resistivity of the
sample. Same technique can be applied to the free-hole concentration vs. Mg/III graph.

Lastly, the growth conditions for the p"-GaN contact layer were calibrated. To optimize
the p-side contact layer growth conditions, feedback from the electrical materials

characterization process was required. Three heavily-Mg-doped GaN p-type samples were
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grown with various CpoMg flow rates, then p-type contact metals (Ni/Ag/Ni/Au) were
deposited by e-beam evaporation, and annealed under a compressed-dry-air ambient at 475°C.
Then the /-V curves of transmission line measurement (TLM) patterns were measured, and
the I-V curves were inspected to see whether the p-type contact exhibited Ohmic behavior

without any Schottky barrier component (Figure 2-16).
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Figure 2-16 The I-V curves of the transmission line measurement (TLM) patterns of
p+-GaN samples grown with various Cp2Mg flow rates. In the above graph, the sample
with a Cp2Mg flow rate of 1.43 X 10-°mol/min has the ohmic contact.

Table 1 is a summary of the calibrated AlIGaN APD structure growth parameters for

each of the layers.

Table 1 Calibrated AIGaN APD structure growth parameters.

Layer Tg Pressure  TMAI TMGa NH; SiH4 Si/III
(°C)  (mbar) (mol/min) (mol/min) (mol/min) (mol/min)
AlosGagoN 1245 100 2.98e-5 4.74e-5 1.34e-1
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Alo75GagasN - 1060 100 2.06e-5 8.28e-6 1.34e-1
n-Alo.75GaoasN 1060 100 2.06e-5 8.28e-6 1.34e-1 2.49e-9  8.60e-5
n-AlpsGaosN 1060 100 1.59¢-5 1.08e-5 1.34e-1 2499  9.34e-5
i- AlosGagsN 1060 100 1.59¢-5 1.08e-5 1.34e-1
p- Alo.sGaosN 1010 100 1.67e-5 1.21e-5 1.34e-1
1.67e-5 1.21e-5
p-grading 1010 100 l l 1.34e-1
2.69e-6 2.40e-5
p-GaN 1010 100 0 2.40e-5 1.34e-1
Layer CpoMg Mg/l V/II  Target Target  Target  Target doping
(mol x Rg thickness concentration
/min) (nm/s) (nm) (/cm?)
AlosGagaN 1,735 0.8 0.2 200
Alp.75GagasN 4,632  0.75 0.2 200
n-Al75Gag2sN 4,632  0.75 0.2 500 n~5el8
n-Alp.sGao.sN 5,029 0.6 0.2 250 n~5el8
i- AlpcGag4N 5,029 0.6 0.2 160
p- Alo.sGaosN  7.17e-7  2.49e-2 4,658 0.6 0.2 50
2.49e-2 4,658 0.6
p-grading 7.17e-7 l l l 0.2 20 p~Tel]
2.69e-2 5,023 0.1
p-GaN 1.43e-6 5.98e-2 5,587 0 0.2 20
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Type-A AIN template Type-B AIN template AIN bulk substrate

Before APD growth

After APD growth

Figure 2-17 The surface morphology measured by 5 pm x 5 pm atomic-force
microscopy (AFM) scans of the Type-A, Type-B AIN templates and the AIN bulk
substrate before and after the AlGaN APD growth are shown.

2.6 Fabrication of deep-UV AlGaN p-i-n APDs
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Figure 2-18 Schematic diagram of the cross-sectional structure of the device processing
steps used to fabricate Al1GaN p-i-n APDs.

The fabrication process front-illuminated AlGaN p-i-n APDs started with the e-beam
evaporator deposition and lithographic patterning of a Ni metal mask to define the device
areas. Reactive lon Etching—Inductively Coupled Plasma (RIE-ICP) etching of the as-grown
AlGaN heteroepitaxial structure was performed to reveal the n-Alo75Gao2sN layer surface.
The Ni mask material was chosen owing to its superior selectivity of more than 1:100 in the
ICP etching process. The RF coil and platen powers were calibrated to have good quality
mesa structures without unwanted surface damage and formation of pits and hillocks. The
platen power determines velocity of the etching ions, and it is the most crucial factor for

optimizing the quality of the AlIGaN surface due avoid excessive ion bombardment. The coil
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power determines the density of the etching plasma. For the optimization studies, the RF coil
power was varied from 300 to 600W, and the platen power was varied from 10W to SOW. At
certain coil power, there is optimized platen power for achieving a good-quality surface
(Figure 2-19). If the coil power is high enough, the acceptable platen power can be low. Since
it is desired to have low ion bombardment, it is recommended to have coil power as high as

possible (600W) and a low platen power (30W) so that the pits and hillocks are minimized.

aten
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Pillar structures

Mooy

Acceptable

M009

Figure 2-19 Table of photographs of the etched Al.Gai-xN x = 0.6 surfaces with the ICP
coil power varying from 300W to 600W, and the platen power varying from 10W to
50W is shown. If the platen power is too low for a certain coil power, pits and hillocks
are formed on the surface.

The gases used in the RIE-ICP etching were BCls, Cly, and He, and the flow rates were

5/45/32.5 scem, respectively. Without BCls, a native oxide of the AIGaN will remain during
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the etching, and this will result in making the AlGaN surface rough [70]. The BCl3 and total
chlorine-based gas flow rate ratio (BClz/(BCl3+Clz)) was chosen as 10% to give the highest
etch rate [71]. Helium gas was chosen as the carrier gas instead of argon to reduce the ion-
bombardment damage owing to He having a smaller atomic mass [72]. The overall etch rate

was 2nm/s.

5.Interconnec
5S.Interconnec t metal
t metal 3. p-type
metal

8 R

Figure 2-20 The ADS mask file for each layer is shown with different circular mesa
diameters ranging from 20 to 100pm

After ICP mesa etching, the Ni mask was removed with nitric acid and the samples were
spin-coated with a lift-off photoresist (positive S1813 photoresist) and patterned with
Heidelberg MLA150 mask-less aligner (Figure 2-20). Vanadium based n-type metal stacks
(V/Al/Ti/Au) [73] were deposited on the n-type surface by an electron-beam evaporator. The
thicknesses of the n-type Ohmic contact metal stack layers were 300/500/300/500 A, and the
deposition rate was 2 A/s for all metals, a low enough rate so that the e-beam deposition did
not to heat up the APD samples. The n-type contact annealing process was performed at 700°C
in a nitrogen ambient. Nickel-based p-type metal stacks (Ni/Ag/Ni/Au) were deposited, with
thickness of 25/500/300/500 A. The p-type metal stacks were annealed at 475 °C in a

compressed dry air ambient.
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Next, a Plasma Enhanced Chemical Vapor Deposition (PECVD) SiO> passivation layer
was deposited conformally on the wafer surface. The main purpose of this passivation layer
is to prevent the premature device breakdown under high reverse bias, and to reduce the
leakage current [74]. Then via holes for the n-type and the p-type metals were created by
additional photolithography and RIE etching. Finally, thick Ti/Au metal pads were deposited
by e-beam evaporation to connect to the n-type and the p-type metal regions for wire-bonding

(Figure 2-21).
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Figure 2-21 Microscope image of a completed AlGaN APD structure grown on a AIN
bulk substrate. The correspondence of each region with an APD device schematic
diagram is shown.
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2.7 Characterization of deep-UV AlGaN p-i-n APDs

The dark current densities of the AlGaN DUV APDs from different substrates were
characterized (Figure 2-22). Every measured APD device in this study had a fixed circular
dimension of 20 um in diameter. The dark current density of the AlGaN APDs grown on the
AIN bulk substrate had the lowest leakage current compared to that of the devices grown on
the AIN/sapphire templates. The AlGaN APDs grown on bulk AIN substrates had a dark
current density below ~ 1x10® A/em? up to a reverse bias of -40 V, and reverse-bias
breakdown voltage around -140 V. By comparing the dark current densities of AlGaN DUV
APDs from grown on different AIN templates (Type-A, Type-B), the APD devices on the
Type-B AIN template have a lower leakage current than the APD devices on the Type-A AIN
template. The APD devices grown on the Type-B template had leakage current densities of ~
1x10” A/cm? at a reverse bias of -40V, and the devices grown on the Type-A template had
leakage current density of ~ 510 A/cm? which is higher than the APD devices grown on
the Type-B templates. In the previous section, it was discussed that the AIN bulk substrate
has the lowest dislocation density, and the Type-A AIN template has the highest dislocation
density. Since the leakage current density is strongly related to the dislocation density of the
device, it is obvious that the substrate with lower dislocation density will produce the APD

device with lower leakage current density.

49



1E-01

1E-02

1E-03

1E-04

1E-05

1E-06

1E-07

1E-08

Current density (A/cm?)

1E-09 —APD from type-A AIN template !
——APD from type-B AIN template
1E-10 APD from AIN bulk substrate

-160 -120 -80 -40 0
Reverse bias (V)

Figure 2-22 The dark current density vs. reverse bias of AlGaN APDs fabricated on

different substrates. The circular diameters of the measured APD devices are 20pm.

The black line is the dark current density from an APD on Type-A AIN template, the

red line is from an APD on Type-B AIN template, and the yellow line is from an APD

on the AIN bulk substrate. Notice that the dark current density from the APD on the
AIN bulk substrate is the lowest.

The UV photocurrent response of the AlGaN APD devices fabricated on the AIN bulk
substrate was measured, and the gain was calculated (Figure 2-23). For these measurements,
the device was illuminated with 250 nm UV light from a Xe lamp source coupled to a
monochromator for wavelength selection. The APD device had a circular dimension of 20 um
in diameter. The measured photocurrent density was around 4 x 10”7 A/ecm? up to the reverse
bias of -30 V. Then the photocurrent density increases gradually as the reverse bias increases
from -30 V to -140 V. Similar to the dark current density, there is an abrupt increase in the

photocurrent density around the reverse bias of -140 V, which shows the breakdown behavior.
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The maximum calculated gain of the AlGaN APD device from the AIN bulk substrate is

1.63x10* at the reverse bias of -145 V.
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Figure 2-23 Dark and photocurrent density of the 20 pm diameter AlGaN APD
fabricated on the AIN bulk substrate are shown, using 250 nm UV light from a Xe
lamp and the monochromator. The optical gain is also calculated.
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The calibrated photoresponse of the AlGaN APDs fabricated from different substrates
were measured. At zero bias, the average photoresponse measured at the wavelength of 250
nm are 58.86 £ 2.77 mA/W for the AIGaN APDs on the Type-A AIN template, 59.87 + 2.06
mA/W for the AlIGaN APDs on the Type-B AIN template, and 71.45 = 2.87 mA/W for the
AlGaN APDs on the AIN bulk substrate. In this experiment, the APD device dimensions are

circular with a diameter of 100 pm.
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Figure 2-24 Average photoresponse at 250 nm, and zero bias for the 100 pm dia.
AlGaN APD devices from the Type-A, Type-B AIN templates and the AIN bulk
substrate were measured.

To understand whether the breakdown behavior is attributed to an avalanching or a
tunneling mechanism (or possibly both), the temperature coefficients of the breakdown
voltage of the AIGaN APDs with different substrates were measured. If the temperature
coefficient of breakdown voltage is positive, then the avalanching contributes and controls
the breakdown, whereas if the coefficient is negative, then the tunneling contributes and
controls the breakdown [75]. The temperature coefficient is determined by measuring the
breakdown voltages at five different temperature set points, from 25°C to 45°C by steps of
5°C and calculating the slope. Average coefficients and errors were calculated and plotted
(Figure 2-25) from five different AIGaN DUV APDs at five different locations within each
substrate measured. The devices have the circular dimension of 20 pm in diameter. The APDs

on the AIN bulk substrate have the largest average temperature coefficient of breakdown
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voltage which is -0.086 £+ 0.009 V/K. The average coefficient of the APDs on Type-B AIN
template is -0.093 + 0.014 V/K which is slightly smaller than that of the APDs on the AIN
bulk substrate. The average coefficient of the APDs on Type-A AIN template is -0.12 £ 0.024
V/K, and the values are the smallest and most spread out. From the above analysis, the
dislocation density of a substrate (either AIN bulk substrate or AIN template) should be
substantially minimized in order to reduce the dark current contribution from the tunneling

breakdown, and to increase the contribution from the avalanche breakdown mechanisms.
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Figure 2-25 The temperature coefficients of the reverse-bias breakdown voltage of the
AlGaN APDs from different substrates are shown with error bars. The devices have a
circular dimension of 20 pm diameter.
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2.8 Summary

In this project, we have demonstrated a top-illuminated Alo.sGaosN DUV p-i-n APD
structure grown on the AIN bulk substrate and two types of AIN/sapphire templates. The APD
structure was designed to minimize strain from each layer by introducing step-grading
transition layers. The dark current showed a distinctive breakdown behavior which the slope
of the I-V curve increases abruptly around the reverse bias of ~-140V. The AlGaN APD
fabricated on the AIN bulk substrate has the lowest leakage current density around 1x10*
A/cm?. From the same device, the maximum (current-limited) optical gain of 1.63x10* was
achieved at a wavelength of 250 nm and the reverse bias of ~-145V. At zero bias, the average
photoresponse was 71.45 £ 2.87 mA/W at the wavelength of 250 nm for the APD from the
AIN bulk substrate. Although the temperature coefficients of breakdown voltage were
calculated to be negative for all three substrates, it was observed that the coefficients were
increasing in absolute magnitude as the dislocation density of substrate was reduced. This

effect could be due to a trade-off between avalanche and tunneling photocurrent contributions.
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CHAPTER 3. LOW-TEMPERATURE GEIGER-MODE
MEASUREMENTS OF GALLIUM NITRIDE AVALANCHE

PHOTODIODES

3.1 Introduction

In this project, the principle of single-photon detection using APDs is studied, and a
low-temperature Geiger-mode measurement system was designed and built by integrating a
device driver circuit, a UV-illumination system, and a device temperature-control system
operating below room-temperature. The GaN p-i-n APD devices were previously grown and
fabricated at Georgia Tech by Dr. Mi-Hee Ji. We measured breakdown voltage, dark count
rate and photon detection efficiency of the GaN APD devices over a temperature range from
-40 to 20 °C. From the dark count rate vs. temperature results, we analyzed the dark count

mechanisms of the GaN APDs.

3.2 Sample structure

The structure of the GaN p-i-n APDs used is described in Figure 3-1. [76] (Credit to Dr.
Ji.) The substrate is a c-plane Hitachi Cable free-standing (FS) GaN or an Ammono bulk GaN
wafer. The epitaxial growth starts with a 0.6 um layer of unintentionally doped GaN buffer
layer, followed by a 2.3 um thick Si-doped GaN n-layer with a free-electron concentration of
4x10'® cm?. An unintentionally doped GaN i-layer of 280nm thickness is grown on top of the

n-layer, with a background Si doping of 2%10'® cm™. The p-layer consists of two separate
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layers: the first is a 100 nm-thick Mg-doped GaN and the second is a 15 nm-thick highly Mg-
doped GaN cap layer. The Mg-doped p-layer has a free-hole concentration of ~1x10'® cm™,
as measured by Hall-effect studies and highly Mg-doped p-layer has a Mg atomic

concentration of ~1X10?° cm™ as measured by secondary ion mass spectrometry (SIMS).

a 15 nm GaN:Mg** ([Mg]~1:x 10?%cm™)

0.1 pm GaN:Mg (p~1x1018cm3) :
) Az | A3 L~ ETTIe ==
0.28 pm GaN:ud (n~2x10%cm3) = P e : ¢ all
1527182 || R &
2.3 pm GaN:Si (~4x10%cm ?) o la | SR
= L - -a
“\p2 | D3 (il -
0.6 pm GaN:ud ‘D-. : llse
. E2 "5.3:\ il
GaN Bulk Substrate 2 3 Ti‘s H a E E E ﬂ [
S :

Figure 3-1 a) Schematic diagram of the cross-sectional structure of GaN p-i-n APD
grown on bulk GaN substrates. b) Microscopic images of a fabricated GaN APD
sample (Credit to Dr. Mi-Hee Ji.)

The first step of the device fabrication process is mesa etching. The etching process is
done in a Plasma-Therm inductively coupled plasma (ICP) etching system, and the etching
gas is BCI/Cl/Ar mixture. The ICP process etches down to the n-type epitaxial layer of the
device structure. The second processing step is to deposit the n-type metal contact in the
region of the exposed ICP-etched surface of the sample. The n-type metal ohmic contact
structure is an e-beam evaporated Ti/Al/Ti/Au stack. Once the n-type metal is deposited and
patterned, the sample is annealed with a rapid thermal annealing (RTA) system to create the
ohmic contact (nitrogen ambient, 700 °C, 1 min). In similar way, the p-type metal is deposited
in a photolithographically defined region on the top surface of the sample after the n-type

metal deposition and annealing. The structure of the metal contact for the p-type ohmic
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contact is e-beam evaporated Ni/Ag/Ni/Au, and another RTA process was performed to form
the p-type ohmic contact (compressed dry air, 500 °C, 1 min). The whole surface of the sample
is passivated with a silicon oxide layer by using plasma-enhanced chemical vapor deposition
(PECVD), and reactive-ion etching (RIE) or ICP etching is performed to open these via holes
for p-type and n-type contact metal. The last step is to deposit thick metal pads for probing
and wire-bonding. The fabricated device has dark current density of 6 X 1077 A/cm? at Vi =
48V, breakdown voltage of —96 + 0.5V, multiplication gain higher than 5 x 10%*, and

spectral responsivity is 5,485mA/W at A = 378nm at Vg = —95.
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Figure 3-2 The reverse bias I-V characteristics of the GaN p-i-n APD array devices
with a mesa size of 75%75 pm2 under dark condition and UV illumination with a peak
wavelength of 4 = 340nm
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3.3 Theory of photon counting

In a single-photon-detection measurement, one measures number of photons counted
per unit of time in units of counts/s. Besides the photon count rate, there are two important
parameters. One is the dark-count rate (DCR), which is number of counts without incident
light. It is measured in units of counts/s and is treated just like noise. The other parameter is
photon detection efficiency (PDE), which is number of photons received (i.e., detected) per

number of photons illuminated.

3.3.1 Quenching circuit

In the single-photon detection process, a large reverse bias is applied to the APD. When
the large reverse bias is greater than the breakdown voltage of the APD and when one photon
is incident on the APD and it is absorbed, an avalanche current flows through the APD with
a certain probability. The avalanche current keeps flowing as long as there is a large electric
field above the breakdown field. In order to detect another single photon, the avalanche
current should stop flowing, by reducing the reverse bias. Once the avalanche current stops
flowing, or quenches, the reverse bias is applied to the APD is increased again, ready for
detecting another photon [77]. To enable above operation, special type of circuit is needed,

and is typically referred as quenching circuit.
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Figure 3-3 a) passive quenching circuit, b) active quenching circuit [77], ¢) gated
quenching circuit

There are several configurations of quenching circuits. A passive quenching circuit
(Figure 3-3a) is the simplest quenching circuit and consists of the APD with high ballast load
resistor connected in series [78-80]. When the total applied reverse bias voltage to the APD
with the resistor is below breakdown, the current is insignificantly small and there is an
insignificant voltage drop across the resistor. However, when the total applied voltage is
above the breakdown voltage, and a photon is absorbed, a large avalanche current flows, but
the voltage drop across the ballast resistor is also large, so the current is quenched. The passive

quenching circuit has the simplest configuration but it limits maximum possible count rate by
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RC time constant, where R is a quenching resistor and C is combined capacitance of an APD

and other parasitic capacitances.

The other configuration of the quenching circuit is an active quenching circuit [81-83]
(Figure 3-3b). In this configuration, active elements such as operational amplifiers (op-amps)
are used, which sense the rise of the avalanche current and immediately quenches the current
[84]. Compared to the passive quenching circuit, the quenching time is well defined, but it
requires a somewhat complex circuit. There is another type of configuration called mixed
passive-active quenching [81, 85-87]. Since the quenching and the restoring do not have to
be both active, this configuration simplifies the circuit by replacing either part with passive

element.

The last configuration is called the gated quenching circuit (Figure 3-3c), and this
configuration operates an APD under the control of a rectangular voltage pulse [77, 82, 88,
89]. This configuration is the most widely used configuration, which has a simple circuit and
well-defined quenching time. In this configuration, a pulse generator is connected in series
with a capacitor, and a DC power supply is connected in series with a load resistor. The pulse
generator + capacitor and the DC power supply + resistor are connected to the APD in parallel,
and the APD is connected to a measurement unit such as an oscilloscope. The total applied
voltage is equal to sum of the pulse signal and the DC bias. The gated circuit operation
configuration has two major advantages. First, they are suited for a pulse with a short duration,
with the advantage that the short duty cycle sufficiently suppresses trapping effects. Second,
the avalanche triggering occurs without the interference of the previous photon-generated
pulse. These advantages make this configuration the most practical in most Geiger-mode APD

applications.
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Figure 3-4 a) The rectangular pulse signal applied to the APD, and the avalanche
signal captured with a measurement unit. Notice that there is delay A47; between onset
of the pulse signal to the onset of the avalanche signal. b) When the pulse + DC voltage
is below breakdown there is no avalanche event. ¢) When the pulse + DC voltage is
above breakdown, some time At after rising edge (red arrow in b) avalanche event will
occur. The spike at the rising and falling edge (blue arrow in b) is due to inherent
capacitor in the oscilloscope.

In the operation of the gated quenching circuit, the (negative bias) rectangular pulse +
DC voltage bias (negative bias) is applied. The magnitude of the DC voltage should be slightly
below the breakdown voltage of the APD, and the rectangular pulse is added so that the APD

is biased above breakdown during the pulse period. When the pulse voltage is zero, the APD
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is quenched. When the pulse voltage is not zero, and if there is light incident on the surface
of the APD, then the rectangular pulse triggers the operation of the APD into avalanche
breakdown, but it takes some time within the pulse to trigger an avalanche current. The
avalanche current keeps its level until the falling edge of the input pulse and the GaN APD
avalanche breakdown is quenched (Figure 3-4). Then, there must be a time interval (A¢)
between the rising edge of the pulse signal and onset of an avalanche event, and this time

interval is random for each pulse.
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Figure 3-5 a) Histogram of number of avalanche events occurred for certain A4#. The
slope can be fitted with the function proportional to exp(-24#R) to get the count rate R.
b) In the real device example, the count rate is easily obtained by fitting with a semi-
logarithmic scale.

Using the oscilloscope, 10,000 pulse events are recorded, thus 10,000 time-intervals
(A?). When collecting the data, the threshold level of triggering the avalanche event must be
higher than the RMS noise (in this case ~20 mV). The digital oscilloscope sends this data to

a computer, and the computer processes this randomly distributed data into one histogram, a
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graph of number (occurrence) of certain At vs. At. (Figure 3-5a) The histogram of At follows
a Poisson distribution which decays exponentially in A¢, and it is possible to fit the
semilogarithmic plot of the data with a function proportional to exp (-2R4¢). From this
function fitting, one can obtain the generalized count rate R. If the count rate is calculated
from the histogram without any light when measured, the count rate is the dark-count rate,
and if count rate is calculated from the histogram with the light when measured, the count rate

is the total dark + photon count rate.

3.3.2  Mathematics of single-photon detection

To understand why Poisson statistics are used in the photon counting, first the
measurement is defined by counting the number of successful events (the avalanche events)
resulting from given number of trials (number of the bias pulses applied). Each trial is a binary
process in that either success or no success, with a success probability of p. For our case, when
the junction is charged (i.e., when the reverse breakdown voltage is applied), there is the
probability p of avalanching by an incident photon. This process can be statistically modeled,

which is called binomial distribution and written as [90]

n x n—x

P(x) = (n—x)!

where x is the number of successful events from » number of trials, p is the success probability.
The average number of successes 4 is defined as mean value of x, and following relationship

is possible.
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When the probability of the success p (physical property) is small, if # is chosen to be a large
number (i.e., a large set of experimental data is used), we can write the binomial distribution
in terms of the average number of successes, 4, and the binomial distribution converges to the

Poisson distribution [91].

A
,1:}971—)}9:Z (24)

n! /1 X /1 n—x /'{x n X
lim P(x) = lim —(—) (1 ——) =—e = (pn) e—pn (25)
n—oo n-o (n—x)!x!'\n n x! x!

Thus the Poisson distribution is a direct mathematical simplification of the binomial
distribution under the conditions that the number of trials, n, is large, and the success

probability, p, is small and constant.

The Poisson distribution is used to model a series of random and independent events
with known average rate (number of events per period of time). Then the average number of
avalanche successes, 4, is defined as the multiplication of an average number of successes per

unit time, 7, times a time interval, t.

A=pn=rt (26)

The probability distribution with the average success (avalanche) rate » for the x number of

successful events (avalanche events) is obtained.
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The above relation shows the probability with the avalanche occurring x events, or how many

photons detected within certain time interval ¢.

The Poisson distribution can be applied to certain situations. The probability of having
at least one avalanche event within a time interval, i.e., the sum of all the probabilities with x

> 0, is expressed by the relationship below.

@O (t)?
BT

P(x>0)= Z P(x,t) =e =1—-e" (28)
x=1
Consider the case where no light is incident on the APD. The probability P (x > 0) is treated

as a dark-count probability Py, » as a DCR, ¢ as a time interval, or a pulse width t.

Also, the probability P (x > 0) can be simply written as number of avalanches over the total
number of measured events. This is called the short-pulse method and requires a nanoscale
pulse width for accurate measurement. (As a rule of thumb, the pulse width should be 10% of
1/DCR).

Navalanche __ _—-DCRT

Pp=————=1 e 29
¢ Ntotal ( )
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Figure 3-6 Schematic diagram of the application of Poisson distribution, which is
called interval between successive events.

Instead of calculating all the probabilities of having at least one successful avalanche,
we fully evaluated the situation for gated-mode operation. To begin with, if we assume a
probability distribution that the avalanche event takes place within a differential time dt after
the time interval of length t (Figure 3-6), then the probability is

Pi(t)dt = P(x =0,t) X P(x > 1,dt) (30)

Since P(x = 0, t) is the probability of no events during the time from 0 to ¢ (Figure 3-6), it

should be

0
P(x=0,t) = e‘”% =e "t (31)

The P(x > 1, dt) is the probability of having at least one event during df,

P(x > 1,dt) = Z P(x,dt) = e T4 (e — 1) =1 —e "% = rdt (32)
x=1
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where the Taylor approximation is used. Putting together the equation (31) and (32) into the

equation (30) we get

Pi(t) =re (33)

From the above relation, the rate can be obtained by calculating the average interval length ¢

_ thdt tre7"tdt 1
potthdt ] == (34)
[ Ldt 1 r
and the rate can be obtained from the average interval length.
1
r=s (35)

This situation is called interval between successive events. [90]

However, in reality, it is impossible to acknowledge where the avalanche event ends even
though the avalanche events are stopped after the pulse period. Thus the starting point is

always random in time. In this case, the probability is weighted by the factor proportional to

their length = = rt [90].

P,(t) = rtP,(t) = r’te™ ™t (36)

Then the average time interval ( t) is doubled from previous value ( t).
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The effective average avalanche rate 7 is half of the rate obtained from the interval between
successive events case (7). It also can be calculated from fitting the probability distribution
with the function proportional to exp(—2r; - At) [90], and this is called the At method. If the
avalanche rate was measured without the light, it is called dark-count rate (DCR) and with the

light, it is called photon-count rate.

Besides the avalanche rate, or count rate », another important feature in photon counting
is photon detection efficiency (PDE). To measure the PDE, a reference photon counter is
required. In this research, a commercial Si photon counter (Hamamatsu SPPC C11202) was
used. Then from the single stable light source, both the GaN APD and the Si photon counter
were illuminated using a beam splitter or a bifurcated fiber. Once the intensity ratio between
the light illuminating on the GaN APD and the Si photon counter was obtained, the PDE of

the GaN APD was calculated as

AGaN

Ac:
= PDE; - — (38)

PDEGaN *
TGaN Tsi

The PDE; is the PDE of the Si photon counter at certain wavelength, A; is photoactive
area of the GaN APD or the Si photon counter, and 7; is photon count rate from the GaN APD

or the Si photon counter.

3.3.3  Validity of the At method
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Figure 3-7 Schematic diagram comparison of two methods of count rate measurement
a) using a frequency counter, b) using the At method ¢) and the measurement results,
which shows that the data are similar to each other within the error.

To verify the validity of the At method, two sets of experiments were performed with
the Si photon counter. (Figure 3-7) In one experiment, the Si photon counter is connected to
a frequency counter for measuring the photon count rate. Since the Si photon counter emits
number of rectangular pulse signals proportional to the number of photons detected, only a
frequency counter is needed to measure the count rate. In the second experiment the Si photon
counter and pulse generator are connected to an oscilloscope to measure the time differences
between the onset of the bias pulse and the onset of the avalanche signal, and the photon count
rate is measured from fitting the function to the histogram. For both experiments, the light
source is a Xe lamp, and the monochrometer is inserted to select a certain wavelength. The

results from both measurements match within their uncertainties.

3.4 Geiger-mode measurement system
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The complete experimental setup for Geiger-mode measurement is the integration of

three hardware systems and a software program for controlling the hardware equipment.

Measurement circuit system
Low-temperature control system
UV light illumination system

I i
Dark UV LED Bifurcated Fiber STPhGTon
Attenuator
box 375nm counter

RS-232
communication

—— Aluminum cage, N, filled

Pulse Noninverting Transimpedance
Generator amplifier o ¢ — thermo GaN amplifier Oscilloscope

>_| l meter | 21 apD ||> @ Computer

@ | v N C++ program
=] Thermoelectric cooler

47kQ Heat sink

PID
;@ microcontroller tube

RS-232
communication

Liquid cooling |
system

Figure 3-8 Schematic diagram of a Geiger-mode measurement setup, consisting of a
UV-illumination system (shaded in violet), a measurement circuit (shaded in green),
and a low-temperature control system (shaded in blue). All the equipment in the
hardware systems are connected to the computer, controlled by C++ program.

3.4.1 Measurement circuit system

The circuit system development started with a simple gated quenching circuit, and
active elements such as op-amps are inserted before and after the APD. The 1 stage op-amp
is a buffer amplifier with gain of 2, which isolates a pulse generator (Agilent 33522A
Wavefunction generator), and the 2" stage op-amp is a transimpedance amplifier. The op-

amps are inserted in order to isolate the APD signal from the signal reflectance [92], and

71



keeping the avalanche signal as clean as possible. After the transimpedance amplifier, the

oscilloscope (PSI DRS4) measures the time-dependent current of the APD.

a) 2"d Stage Op Amp
1st Stage Op Amp Transimpedance,

Humidity
sensor

Measurement

After avalanche

Avalanche events are
observed and can

measure At

Figure 3-9 a) Schematic circuit diagram consisting of gated quenching circuit, two op-
amps (noninverting and transimpedance) and measurement unit. b) photograph of
PCB board of the quenching circuit, with GaN APD connected to the PCB board with
wire-bonding. ¢) Oscilloscope graph showing before and after the avalanche, which
avalanche signal is clearly observed and thus the time delay A7 between onset of pulse
to onset of avalanche signal can be measured

There are certain requirements on the values of passive elements (R and C in Figure
3-9a) in the gated quenching circuit [77]. To minimize an attenuation of a pulse amplitude
due to the capacitor in the gated quenching circuit and the inherent device capacitance Cy in

the APD by voltage division, the requirement on the capacitor is

C >» 100C, (39)
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The device capacitance Cq can be estimated by comparing the actual signal with the fitting
function proportional to exp(-#/RC4). To minimize a pulse decay within 1%, there is another

requirement on the rectangular pulse duration 7, the resistor R, and a duty cycle w.

RC

< ——
T_100

(40)

w < 0.01 (41)

Keeping the requirements above, the passive circuit elements are optimized empirically by
changing R and C to obtain the best baseline profile. The chosen value of the resistance R is
47 kQ, the value of the capacitance C is 100 nF, the pulse duration 7"is 200 ns, and the duty

cycle wis 0.0002.
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Figure 3-10 a) The oscillation added in the output node of the transimpedance
amplifier is visualized in the DRS4 oscilloscope. b) the oscillation is removed by
connecting a compensating capacitor Cr in parallel with the feedback resistor

When the transimpedance amplifier is utilized with a feedback resistor Rr and the APD
alone, there is an oscillation added at the output node of the transimpedance amplifier. This
is called the gain-peaking problem, and this oscillation is due to the inherent capacitance
inside the APD that creates an additional pole in the transimpedance amplifier feedback
system. This two-pole system (one from the inherent capacitance of the APD and one from
the op-amp) will create a non-zero gain signal at the frequency where the loop gain’s phase
shift is 180° (opposite phase). When the non-zero gain signal with an opposite phase is

subtracted from the inverting input (-) of the op amp, the signal will enhance, which creates
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the oscillation. This problem can be easily solved by adding a compensating capacitance, Cr,

in parallel with the feedback resistor [93].

a) Feedback B |
Open loop A
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b) frequency Vil % 160°
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Figure 3-11 a) the circuit diagram of the APD with the transimpedance amplifier. The
APD is modeled into a resistance R; and capacitance Cy connected in parallel. The
compensating capacitor Cr is connected in parallel with feedback resistor Rr. b)
Modeling the APD and transimpedance amplifier circuit into a feedback system with
feedback factor # and an open loop gain 4 of the op amp. The sinusoidal signal at the
inverting (-) input shows that the phase difference is -180° (opposite phase) compared
with the signal at the noninverting (+) input. This makes positive feedback and the
input signal gets larger and larger, thus creating the oscillation. ¢) Simulation of a
gain-frequency plot of the open loop A and the feedback factor #. The compensating
capacitance Cr can be obtained by looking at the plot where the zero frequency of the
feedback gain S crosses the open loop gain A

To find the value of the compensating capacitance, the APD and the transimpedance
amplifier circuit system (Figure 3-11a) is modeled into a feedback system with a feedback
factor 5, with an open loop gain 4 of the op-amp (Figure 3-11b). The feedback factor £ can
be expressed in terms of R4, Cq (the APD resistance and capacitance respectively), Cr, Rr, and

the frequency w = 2xf.
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Rd ](URFCF-}_ 1

b= Ry + Ry jwRp|[Rg(Cy + Cp) + 1

(42)

Then the open-loop gain 4 of the op-amp (usually depends on the frequency) and the feedback
factor f is plotted together in a gain-frequency plot (Figure 3-11c). The rule of thumb of
finding the value of the compensating capacitance is to create a zero frequency f. in the
feedback factor S where it crosses the open loop curve 4 (denoted in the orange dotted circle
in Figure 3-11c). The zero frequency f. can be obtained by setting the numerator of the

feedback factor S to zero, and is related with the compensating capacitance by

_ 1
N anFCF.

fz (43)

When the feedback factor f crosses the open loop gain 4 curve, it will automatically move a
loop-gain curve 44 away from the 0 dB line (unity gain) before the phase reaches -135°. Then

the whole circuit is stable, and the oscillation is removed.

Instead of finding the zero frequency f. that crosses the open loop curve 4, an equation

is already available for finding the compensating capacitance Cr [93].

Ci+Cy+C
Cp= LMD (44)
27RE fer

The fcr, Cu, and Cp are an amplifier crossover frequency, a common-mode capacitance of the
op-amp, and a differential capacitance of the op-amp respectively, and are usually found in a
datasheet of the op-amp (fck = 410MHz). From the above equation, the calculated value of

the compensating capacitance is 7.5 pF.
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3.4.2 Low-temperature control system

a) Thermally isolated
GaN APD
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Figure 3-12 a) Schematic diagram of a three-stage thermoelectric cooler (TEC)
module, aluminum cage, heatsink with circulating cooling water + ethylene glycol
mixture. b) photograph of the APD attached directly on the TEC module. The APD is
connected to the PCB via wire bonding.

To achieve low temperature operation of the APD, a three-stage thermoelectric cooler
(TEC) module is utilized. The APD is directly attached on the surface of the TEC module,
and the bottom of the TEC module is attached to an aluminum cage. The APD is electrically
connected to a printed circuit board (PCB) via wire bonding, but thermally isolated except by
an ambient gas. The aluminum cage is circulated with a cooling water + ethylene glycol
mixture (1:1.5). With this TEC setup, the minimum temperature it can reach is -45°C.
(however, the minimum temperature used with this setup is -40°C, since the temperature is

not stable at -45°C.)
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Figure 3-13 a) A microscope image of the GaN APD surface when the surface
temperature is below 0°C and exposed to an outside air. Notice there is moisture

condensation on the surface of the APD. b) If the nitrogen is filled instead of the air,
there is no condensation or icing even at -40°C. c¢) Solidworks design of the aluminum

cage with the lid, nitrogen inlet and outlet, electrical ports, and the PCB board and the

APD. d) A photograph image of complete aluminum cage with foam enclosing the
outside surface.

If the APD is exposed to an outside air when the temperature of the APD goes down

below the dew point of the ambient air, moisture condensates, and water precipitates on the

device surface (Figure 3-13a). To avoid this, the relative humidity of the test chamber is

lowered by filling the aluminum cage with nitrogen gas. For example, the aluminum cage is

cooled down to 0 °C which cools down the ambient gas inside to 0 °C. At the relative humidity

of 2%, the dew point reaches down to -43°C. This means that the TEC module surface has to

be below -43°C in order for the moisture to condensate.
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Figure 3-14 a) photograph of an infrared thermometer monitoring the surface of the 3-
stage TEC module, and the GaN APD is attached to the surface of the TEC module. b)
schematic diagram of a PID controller, which consists of a microcontroller, the IR
thermometer, the TEC module, an n-MOSFET, and a DC supply. The IR thermometer
and the TEC module is inside the aluminum cage, filled with nitrogen gas.

A proportional—integral—derivative (PID) controller is used to control the temperature.
In the temperature control system, an infrared (IR) thermometer is installed above the three-
stage TEC module, monitoring the temperature of the surface of the TEC (Figure 3-14a). (The
assumption is that the temperature is uniform across the whole surface, including the GaN
APD.) A microcontroller (Arduino UNO) is connected to the IR thermometer, reading the
temperature (Figure 3-14b). The microcontroller controls an n-MOSFET switch, which turns
on and off the TEC module. The TEC module is connected to a DC supply with constant

voltage. The microcontroller controls the -MOSFET with a pulse-width modulation.
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Figure 3-15 Schematic diagram of a PID controller algorithm, including a
proportional, an integral, and a differential term. In the real system, the differential
term is not required since there is no sudden change of the temperature.

A simple PID controller program is uploaded to the microcontroller (Figure 3-15). In
the PID controller program, an error value E(n) is calculated by subtracting a measured real
value from a desired set point, and is sent to a proportional, an integral and a differential term
simultaneously [94]. In the proportional term, the error value is multiplied with a constant
(P(n) = K» x E(n)). In the integral term, the error value is multiplied with another constant,
and subtracted from a previous integral term (/(n) = K; x E(n) + I(n-1)). The integral term is
required for rejecting a constant bias disturbance (offset). In the differential term, the error
value is subtracted from the previous error value, divided by a time interval A7, and multiplied
with another constant (D(n) = Ka % (E(n) — E(n-1))/AT). The differential term is required for
giving a sharp response to a sudden change of signal. However, since the temperature of the
TEC module responds slowly to an input, this term is not needed. The sum of all the terms is

translated to the pulse width, which turns on and off the n-MOSFET switch of the TEC
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module. Then the IR thermometer measures the temperature of the surface of the TEC module
and the signal is fed back. To find the constant K, and K;, both terms are set to zero at first.
Then the constant K, is increased until the rise time of the temperature does not change.
Finally, the constant K; is increased until the offset from the set point is corrected. The PID
controller enables a precise control of the temperature of the surface of the TEC module,

within an error of £0.5°C (Figure 3-16)
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Figure 3-16 A graph of temperature vs. time. The temperature is set to 0 to -45°C, in
decreasing steps of -5°C. Notice that the precise control of the temperature of the
surface of the TEC module is possible.

3.4.3 Ultraviolet illumination system

A UV LED with a peak wavelength of 375nm was used as a photon source. UV light
from the UV LED is illuminated on the surface of the GaN APD via a UV-grade fiber.

Simultaneously, the UV light was also illuminated on the Si photon counter (Hamamatsu
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Single Pixel Photon Counter C11202-050, 50um diameter) for monitoring the photon count.
In this way, the photon count measurement is stable even if the number of photons emitting
from the UV LED varies over time. For such an application, a bifurcated fiber is used. The
bifurcated fiber (Thorlabs BFY600HS02) has two fiber cores in one end and breaks out into
two ends with one core each. The UV light is illuminated on the one end with two cores. On
the bifurcated end, one end core goes to the GaN APD, and the other core goes to the Si
photon counter (if attenuation is required, an attenuator is installed (Figure 3-8) and the

attenuation factor is considered when calculating the photon detection efficiency)

When the fiber is used for illuminating the surface of the GaN APD, the fiber setup
should be able to move freely mechanically, to adjust the position where it is illuminating, but
the testing system must also simultaneously trap the nitrogen gas inside the cage to avoid
water condensation. To solve this problem, an x-y-z stage is used for adjusting the fiber
position, and OHP films are used to allow for a movable fixture that will seal the chamber
effectively (Figure 3-17). The fiber end is connected to the x-y-z stage via a fiber holder, and
the x-y-z stage is attached to an aluminum lid with a rectangular hole wide enough to observe
inside the aluminum cage. Then two sheets of large OHP films are prepared, with a
rectangular hole wide enough to move the fiber freely. A small OHP film with a circular hole
size of the fiber cross-section is also prepared. The small OHP film is sandwiched between
two sheets of large OHP films, and the fiber goes through the hole of the small OHP film.
When all the parts are assembled, it is possible to observe inside the cage to adjust the position

of the fiber, and not disturbing the nitrogen gas inside the cage.
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Figure 3-17 A schematic diagram of fiber-aluminum lid complex structure a) before

assembly and b) after the assembly. The fiber goes through the 2" OHP film, which

moves freely between two fixed OHP films with rectangular holes. Then the fiber is

connected to the x-y-z stage. In this configuration, the nitrogen gas is trapped inside
the cage with OHP films, and the fiber position can be adjusted.
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3.4.4 Software for dark count rate and photo detection efficiency calculation

Once all the hardware systems including Geiger-mode-testing-circuit system, low-
temperature control system, and UV-illumination system is complete, a software program was
prepared for controlling all the equipment and calculating the DCR and the PDE. The program
was written in C++ language, and the equipment (Oscilloscope, PID controller, DC supply,
Si photon counter, and LED power) are connected to the computer via RS-232 serial

communication.

The flow of the device testing algorithm (Figure 3-18) starts with sending the
temperature set point of the TEC module. Next, the oscilloscope detects the onset of the pulse
signal from the waveform generator. The DC bias is increased so that the sum of pulse
amplitude and the DC bias is slightly below the breakdown voltage of the GaN APD, and the
oscilloscope captures a baseline signal which is the signal before avalanching. Then the DC
bias is increased so the total applied voltage is above the breakdown voltage, and the
avalanche signal is captured without the light. The baseline signal is subtracted from the
avalanche signal to get a pure avalanche signal. In this way, all the unwanted noise will be
removed. At the computer, the time difference between the rise time of the pulse and the onset
of the avalanche signal is calculated. This process is repeated over 10,000 events or more, and
a histogram of how many avalanche events in certain time interval will be created. By fitting
the slope of the histogram with the function proportional to exp(—2 - DCR - At), the DCR is

obtained. The DC bias is lowered so the total applied voltage is below the breakdown voltage.
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Immediately after the DCR is measured, the DC bias is increased once again to reach
breakdown voltage. This time, the UV LED is activated, and the Si photon counter is
initialized to read an actual photon count simultaneously (multiplied by the optical attenuation
factor). The avalanche signal is captured, the baseline is subtracted from the avalanche signal,
the time difference is calculated, and a new histogram with the UV light is created. Finally,
measuring the slope of the histogram will give a photon + dark count rate, and using the actual

photon count from the Si photon counter, and the equation (28), the PDE is calculated.
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Figure 3-18 The flow of algorithm for calculating the dark count rate and the photon
detection efficiency is shown. The algorithm starts with setting the TEC module
temperature, getting the pulse signal, increasing DC bias so that the total voltage is
above the breakdown voltage of the GaN APD, deactivating/activating UV LED and Si
photon counter (for dark count rate/photon count rate), getting the avalanche signal
and calculating the time difference, and create the histogram. From the histogram the
dark/photon count rate is calculated by measuring the slope, and the photon detection
efficiency is obtained.

3.5 Results and discussion

The theoretical modelling for various contributions to the dark count rate can be found
in various thesis and articles [95, 96]. There are three mechanisms contributing to the DCR:

thermal generation, trap-assisted tunneling, and band-to-band tunneling. These three
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mechanisms are dependent on the temperature of the APD. The DCR due to the thermal

generation can be expressed as a function of the temperature [95].

o (T)> (45)

Jtherm (T)~T11/2 exp <_ kT

In the above expression, k is the Boltzmann constant (8.617 x 107 eV/K), and E, (T) is the
bandgap energy of the GaN material, which also depends on the temperature. The DCR due

to the trap-assisted tunneling can be expressed as [95]

2 _ .
ghel?  E,(T) E, El> 6

1
~ 2 —
Jrar (T, E)~|EIT2 exp <24m*(kT)3 2kT kT

where E; is an average trap level within the bandgap, E; is intrinsic level of the GaN, £ is the
electric field in the junction, m" is the effective mass of the carriers, ¢ is the electrical charge
(1.609 x 107! C), and # is the Planck constant (6.582 x 107'¢ eV/s). The first and the third term
inside the exponential function have weak dependence of the temperature compared to the

second term. Lastly, the DCR due to the band-to-band tunneling can be written as [95]

m*m'E (T)3/2> (47)

T, E)~E%H L ex
JeraT( ) P( \/thg

where o is equal to 1 for a direct, and 3/2 for an indirect bandgap transition.

If above three DCR mechanisms are plotted in an Arrhenius plot (dark count rate vs.
1/kT), the contribution from the thermally generated DCR has an activation energy of around

the bandgap energy of the material (~Ey), the contribution from the trap-assisted tunneling
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has half of the bandgap energy, (~E,/2), and the band-to-band tunneling component has the
weakest dependence at less than the half of the bandgap energy [97]. Also, the only
contribution that does not depend on the electric field inside the intrinsic region is the
thermally generated DCR. When the lattice gains energy (the temperature increases) the
geometry for an electron momentum transfer is less favorable. This require more energy to
free the electron, or higher applied electric field / voltage.
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Figure 3-19 Measured breakdown voltage as a function of temperature for the range
from -45 to 20°C. The breakdown voltage is measured as the total DC + pulse voltage
which gives the same probability of avalanching (Navalanche/Ntotal). The temperature
coefficient obtained is 0.0159 + 0.0034 V/K

Before measuring the dark count rate and the photon detection efficiency, first the
breakdown voltage of the GaN APD as a function of temperature is measured. The device
under the test has the photoactive area of 75 x 75 um?. To measure the breakdown voltage,

the total sum of DC bias and the pulse amplitude voltage is measured at which gives same
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avalanche probability of 10% (which is 1,000 avalanche events out of total 10,000 trials). The
measured temperature range is from 228 to 293K (—45°C to 20°C, with an increment step of
5°C). As observed in the Figure 3-19, the breakdown voltage is proportional to the
temperature, monotonically varying from 96.87V to 97.91V when the temperature increases
from -45°C to 20°C. By fitting the function with a straight line, positive temperature
coefficient of 0.0159 + 0.0034 V /K is obtained. The coefficient of temperature is similar

with the previous measurement in our lab [98].
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Figure 3-20 The DCR as a function of excess bias at different temperature set points.
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The DCR as a function of excess bias at different temperature set points was measured
and plotted (Figure 3-20). The excess bias is calculated from the breakdown voltage at
different temperature set points. There is an exponential increase with increasing of the excess
bias for each temperature set point, indicating that the contribution from tunneling is dominant

instead of diffusion and generation recombination [99]
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Figure 3-21 a) The DCR as a function of reciprocal of the Boltzmann constant times
the temperature at different excess bias voltages. b) The activation energy is obtained
by fitting an Arrhenius equation.

To analyze the dark-count mechanism of the GaN APD, the DCR is plotted as a function
of temperature for different excess bias (i.e., an Arrhenius plot). Since the bandgap energy

(Eg,can) of the GaN material is around 3.4 €V, one notices that the activation energies for the
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entire excess bias range are much below the half of the GaN material bandgap energy ( 1.7¢eV).
This shows that in this temperature range from 20 to -40°C, the band-to-band tunneling

(BTBT) is the dominant mechanism contributing to the dark count rate of the GaN APD.

1.2
—— PDE at -40°C (MHz)

—— PDE at -30°C (MHz2)
1 | ——PDE at-20°C (MHz2)
PDE at -10°C (MHz)

—— PDE at 0°C (MHz2)
0.8 | ——PpDE at 10°C (MHz)
——PDE at 20°C (MHz)

0.6

PDE (%)

0.4

0.2

Excess bias (V)

Figure 3-22 The PDE of the GaN APD measured as a function of excess bias at
different temperature set points. Notice that the error bars are so wide that other PDE
curves are included in the error bars.

The PDE of the GaN APD was measured as a function of excess bias at different
temperature set points. It was observed that the PDE of the GaN APD increased as the excess
bias increased. However, as is evident from the graph, the error bars of each PDE curve are
so wide that these error bars include other PDE curves at different temperature set points.

Thus the temperature has minor effect in increasing the PDE of the GaN APD.
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3.6 Summary

In this project, we designed and constructed a temperature-controlled Geiger-mode
APD measurement system using a TEC for device measurements at and below room
temperature. The measurement system includes the gated quenching circuit with operational
amplifiers isolating the APD from the unwanted electrical signal reflections. We have
demonstrated the temperature dependence of the breakdown voltage of the GaN p-i-n APD in
the range from -40 to 20°C, and the temperature coefficient of the breakdown voltage was
0.0159 + 0.0034 V/K. For the first time in history, we have demonstrated the DCR as a
function of the excess bias at different temperature set points, as well as the DCR as a function
of temperature at different excess bias for GaN APDs. From the DCR vs. temperature plot in
this range, we were able to discover that the dominant mechanism contributing to the dark-
count rate of the APD is band-to-band tunneling, with an activation energy less than 0.15 eV.
Lastly, we measured the PDE of the GaN APD as a function of excess bias at different
temperature set points and found that the PDE increases as the excess bias increases but is
independent of the temperature set points for this range. The main goals in this project were
to analyze the dark-count mechanisms of the GaN APD, and search for methods to reduce the
dark-count rate. For the aspect of improving the Geiger-mode measurement system, a way to
improve the performance further is to measure the DCR and the PDE in a temperature range
lower than -50°C. For the aspect of improving the GaN APD device, it is suggested to use

wider depletion region, to reduce the contribution from the band-to-band tunneling [75].
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CHAPTER 4. RESEARCH SUMMARY

There are two related research projects described in this work. One is the design, growth,
fabrication, and characterization of DUV AlosGaosN p-i-n APDs, and the other is the

development of low-temperature Geiger-mode measurements of GaN p-i-n APDs.

The AlxGa;xN material system has tunable direct bandgap energy from 3.4 to 6.02 eV,
and AlxGaixN photodetectors can operate in the solar-blind spectral region (A <280 nm) when
x > 0.45. Particularly for the AlxGaixN photodetectors with x > 0.6, the ratio of the hole to
electron ionization coefficient is predicted to be less than 1, which reduces the excess noise
factor. However, AlGaN photodetectors are often grown on foreign substrates, and large
dislocation densities and lattice-mismatch-induced defects will exist owing to the lattice
mismatch of the AIN/sapphire and AlGaN/sapphire interfaces and the mismatch in lattice
parameters and the difference in thermal expansion coefficients will cause cracking of the
material. Moreover, the activation efficiency of the Mg acceptor is low in AlGaN which
causes low effective p-type Mg doping concentrations. Lastly, there has been difficulty in
observing a distinctive breakdown behavior in the /-V characteristics of AlosGao4sN APDs
since to date, there are no clear avalanche breakdown voltages reported. In our DUV
Alo.sGagaN p-i-n APDs project, the APDs were designed such a way to minimize strains from
each layer by introducing several transition layers and step-grading layers. Two types of
AlN/sapphire templates and a AIN bulk substrate with different dislocation densities were
prepared. The layers of the AlGaN APD structure were grown with conditions which
minimize the carbon impurity incorporation. The AlGaN APD structures were fabricated to

minimize the etching damage, and to have ohmic n-type and p-type contacts. The J-V curves
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of the fabricated Al.GaiN APD devices showed dark current density vs. reverse bias
characteristics with distinctive breakdown behavior in which there is an abrupt increase in the
current around the reverse bias of -140V. The achieved leakage current density is the lowest,
around 1 x 10 A/cm?, for the APDs having a diameter of 20 um grown on the AIN bulk
substrate. The optical gain of 1.63 x 10* was achieved at the wavelength of 250 nm and a
reverse bias of -145 V. At zero bias, the photoresponse was 71.45 mA/W at a wavelength of
250 nm. Although the temperature coefficient of breakdown voltage was measured to be
negative for AlGaN APDs fabricated using three substrates, it was observed that as the
dislocation density of substrate decreased, the temperature coefficient was increasing toward

a positive value.

The APD is a device which can be designed to detect single or multiple photons and is
one of the important optoelectronic device applications for III-N materials. To detect a single
photon, the APD must be operated in Geiger mode, and this requires a special type of bias
circuit called quenching circuit. In Geiger-mode operation of the APD, the DCR and PDE are
often used parameters to evaluate the device performance. There were several prior reports
demonstrating Geiger-mode operation of GaN APDs, however there was no work reporting
the Geiger-mode operation of the GaN APDs at low temperature and the analysis of the origin
of dark-count mechanisms. In our studies of the low-temperature Geiger-mode operation of
GaN APDs, we applied the principles of single-photon detection, and designed and fabricated
the low-temperature Geiger-mode measurement system by integrating three hardware systems
and one software program to control the equipment. The hardware systems consist of a device
driver circuit system, a UV illumination system, and a low-temperature control system. In the

driver circuit system, a quenching circuit was modified to include two operational amplifiers
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for isolating the APD from the unwanted signal reflection. In the low-temperature control
system, a thermoelectric cooler module was installed to control the temperature of the device
in the range -40 °C < T < 20 °C, in a nitrogen ambient. The GaN p-i-n APD device was
previously fabricated at Georgia Tech. With the complete Geiger-mode APD testing system,
we have demonstrated the temperature dependence of the breakdown voltage of GaN p-i-n
APDs in the range from -40 to 20°C, and the temperature coefficient of the breakdown voltage
was 0.0159 £ 0.0034V/K. The DCR as a function of different temperature set points at
different excess bias was demonstrated for the first time in history to the best of our
knowledge. From the DCR vs. temperature plot, it was possible to analyze that the dominant
mechanism contributing to the dark-count rate of the GaN APD is band-to-band tunneling,
judging from the fact that the activation energy of the DCR is less than the half of the bandgap
energy. We also demonstrated the PDE of the APD as a function of excess bias at different

temperature set points and found that the PDE is independent of the temperature set points.
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CHAPTER 5. FUTURE WORKS

In future works of the DUV AlGaN p-i-n APD project, electric field and optical
simulation must be performed in the design part. Prior to electric field simulation, the doping
property of a p-type AlosGaosN must be characterized first. Once the correct electric field

simulation of the GaN APD is obtained, it is possible to fit Poole-Frenkel current equation to

the function In(J/E) vs. VE, [98, 100] (J is current density), which is expressed as below.

q$-BVE
Jor =JoEe ™ T (48)

In the above equation, J, and [ are constants, E is electric field in the i-layer. From the fitting,
the barrier height ¢ can be estimated, and it is in progress. In the optical simulation, transfer

matrix method [101] should be used.

_ 4noRe(m) (49)
(MoB + C)(moB + C)*
. 1) [ sin &, / 1
B _ cos 8,  isind, /n,
[C] N 1_[ [inr sin 8, cos 6, ] [nm] (50)
r=1

In the above equations, 7. is the admittance of the r' material in the stack, which is equal to
(n —ik) / ;—0, and 6, is equal to w. In the fabrication part, the AIGaN APD devices
0

on AIN substrates using ion implantation with nitrogen ions is in progress for electrical
isolation to further reduce sidewall leakage current sources. More study should be done for

the relationship between dislocation density vs. temperature coefficient of breakdown voltage,
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which require detailed transmission electron microscopy (TEM) analysis, and statistics of /-

V curve on three wafers as well.

The future works of low-temperature Geiger-mode measurement of GaN APD can be
divided into three parts: 1) device part, 2) measurement system part, and 3) analysis part. In
the device part, since the major contribution of the dark-count rate of the GaN APD has been
shown to be band-to-band tunneling, it is suggested to use wider depletion region. This will
increase the reverse-bias voltage for achieving avalanche breakdown but should reduce the
DCR. In the measurement system part, due to the hardware limitations (mainly the low-
temperature system), the analysis of the Geiger-mode operation of the GaN APD could be
done only down to a temperature of -40°C. It is possible that a better analysis of the Geiger-
mode operation of these APDs could be done if the measurement temperature is lowered
below -50°C. In the analysis part, more study on the activation energy and model for PDE is
in progress. The activation energy can be modeled by equating the Arrhenius equation
exp(E,/kT) with equation (47). It was possible to model the decreasing behavior of the
activation energy, but actual fitting is in progress. In the modelling of PDE, it is possible to

fit the PDE vs. excess bias with equation [102]

PDE(Vex) = PDEmax(]- - exp(_o ’ Vex/Vbr)) (51)

Pa(Vex) =1 — exp(=0 - Vex/Vpy) (52)

where V,, is excess bias, V- is breakdown voltage of GaN APD, PDE,,,, is a maximum
PDE of GaN APD, P, is breakdown probability, and O is Otte number. The Otte number is a

dimensionless parameter which depends on whether an electron or hole initiates a breakdown.
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By fitting PDE vs. excess bias with above equation, the Otte number can be obtained and

predict what excess bias will have breakdown probability around 90% [17]
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