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Abstract

THE GROWTH, FABRICATION, AND CHARACTERIZATION OF
HIGH PERFORMANCE AlyGa;«N METAL-SEMICONDUCTOR-
METAL PHOTODIODES

Serkan Butun

M.S. in Physics
Supervisor: Prof. Dr. Ekmel Ozbay

September 2006

High performance UV photodetectors have attracted unwarranted
attention for various applications, such as in military, telecommunication, and
biological imaging, as an AlyGa;xN material system is also rather suitable for
such applications. Its direct band gap covers the spectrum from 200 nm to 360
nm by way of changing the Al concentration in the compound. In this present
thesis, the design and growth of an Aly75Gag2sN template on sapphire substrate
and a deep-UV photodiode with a cut off wavelength of 229 nm that was
fabricated on the Aly75Gag2sN template is presented. A responsivity of 0.53
A/W was attained corresponding to a detectivity of 1.64 x 10* cmHzY?/W at a
50 V bias and 222 nm UV light illumination. The UV/VIS rejection ratio of
seven orders of magnitude was achieved from the fabricated devices. The
second work that was conducted in this thesis was the growth of a semi-
insulating (SI-) GaN template. We also fabricated visible-blind photodetectors
on this semi-insulating (SI-) GaN template. Furthermore, we fabricated identical

samples on a regular GaN template in order to investigate any possible



improvement. The improvement found was obvious in terms of dark current. A
dark current density of 1.96 x 10 A/cm? at a 50 V bias voltage for an SI-GaN
photodetector was obtained, which is four orders of magnitude lower than
devices on a regular GaN template. Devices on an SI-GaN had very high
detectivity, and therefore, SI-GaN was used for low level power detection. The
photogenerated current was well above the dark current that was under the

illumination of just a few picowatts of UV light.

Keywords: Photodetector, Photodiode, GaN, AlGaN, Metal-semiconductor-

metal, Semi-insulating



Ozet

YUKSEK PERFORMANSLI Al,Ga; xN METAL-YARIIiLETKEN-
METAL FOTODiYOTLARIN BUYUTULMESI, URETILMESI VE
KARAKTERiIZASYONU

Serkan Butin
Fizik Yuksek Lisans
Tez Yoneticisi: Prof. Dr. Ekmel Ozbay
Eylil 2006

Askeri, telekomunikasyon ve biyolojik goriintileme gibi alanlar igin
yiiksek performansli mor-otesi (MO) fotodedektorler her zaman 6nem arz
etmektedir. AliGa;.xN malzeme sistemi bu tir uygulamalar igin oldukga
uygundur. Malzemenin dogru bant araligi Al konsantrasyonu degistirilerek 200
nm den 360 nm ye kadar olan bdlge taranabilir. Bu calismada tasarimini yapip
safir Uzerine buyuttigimiz Alyg7sGag2sN katmanini ve bu katman Uzerinde
trettigimiz 229 nm kesme dalgaboyuna sahip derin MO fotodiyotlari sunuyoruz.
Uretilen fotodiyotlardan 50 V gerilim ve 222 nm MO isik altinda 0.53 A/W
responsivite ve buna karsilik gelen 1.64 x 10* cmHzY*W dedektivite degerleri
olcildd. On milyon kat mor-6tesi/gorinir kontrasti elde edildi. Bu
calismamizda degindigimiz ikinci calisma ise gunes-kord uygulamalar igin
disuk karanhk akimli GaN fotodiyot dretimiydi. Bunun igin 6nce safir (izerine
bir yari-yalitkan GaN katmani bayutildd. Ayni zamanda karsilastirma amaciyla

baska bir GaN katmani da geleneksel yontemle blyltuldiu. Neticede iki



fotodiyotun karanlik akimlari Kkarsilastirildi. Yari yalitkan malzeme (zerine
buyuttlen fotodiyotun dort bin kat daha az karanlik akim gegirdigi gézlendi. Bu
disuk karanlik akim nedeniyle ¢ok yiiksek dedektivite degeri Olglldi. Bu
nedenle fotodiyot cok zayif 1sik sinyalleri altinda denendi ve birkag pW gibi
distk 1s1k tespit edilebildi.

Anahtar sozcukler: Fotodedektor, Fotodiyot, GaN, AlGaN, Metal-yariiletken-

metal, Yari-yalitkan
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Chapter 1

Introduction

Ultraviolet (UV) spectrum corresponds to electromagnetic radiation with energy
that is higher than 3.1 eV. Natural UV sources are mainly very hot objects, such
as stars and flames. Developments in the past fifteen years have brought new
artificial UV sources such as UV light emitting diodes [1-3] in addition to UV
lamps. However, the most significant UV source is the sun. Most of the UV
radiation on earth is due to solar radiation. Normally, UV radiation is very
harmful to life. Fortunately, the ozone layer absorbs the UV radiation with
A<280 nm, which is called the solar blind region. Therefore, there is no natural
radiation for A<280 nm within the atmosphere. Hence, it is even more important
to make a detector that is sensitive for A<280 nm because the source will be an
extraordinarily hot object if there is radiation within the atmosphere [4].
Similarly, the radiation above the visible region of the electromagnetic spectrum
is called the visible-blind region (A<400 nm) because the human eye does not
respond to the wavelengths smaller than 400 nm.

These two regions are named after the natural cut offs. There are also
standards that are given to the various portions of the UV spectrum such as, near
UV (400 nm — 320 nm), mid-UV (320 nm — 260 nm), and deep UV (260 nm —
190 nm). The region below the deep UV portion is called vacuum UV because

the atmosphere absorbs below 190 nm.
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There are numerous applications of UV generation and detection. For the
generation part we have UV LEDs and lasers for UV photolithography, high
density optical storage, non-line of sight communication systems, true color
displays etc... Detection of the UV spectrum has a wide range of applications
such as in the military, environmental, scientific, telecommunication, and
industrial areas. For instance, from a scientific point of view, we have chemical
and biological agent detection [5], as well as exposure monitoring. The UV
photodetectors can be used for ozone layer monitoring (environmental) and
missile plum detection and non-line of sight communication systems (military),

as well as flame and heat engine monitoring (industry)[6].

Conventionally, UV photodetection is performed by photomultiplier
tubes (PMTSs), thermal sensors, and narrow band-gap semiconductor diodes. The
detectivity values for PMTs can be very high, and can exhibit very low noise
because there is no contact material between the electrodes. However, PMTs are
made out of a vacuum tube and are very delicate. They require very high bias
voltages (on the order of kV) and are rather expensive. Moreover, they are
sensitive to all wavelengths, and for this reason they specifically require

designed filters in order to operate at certain wavelengths [6-7].

Solid state photodetectors on the other hand are small in size, easy to
fabricate, and inexpensive. They are suitable for integrated circuits and high
speed applications. Si was the first material ever used for UV photodetection
because of its well established technology. However, Si and other narrow band
gap materials have the same problem with PMTs. They also require expensive
filters in order to operate at certain regimes of electromagnetic radiation [6-7].

Developments in the past fifteen years have shown that Al,Ga;«xN based
materials are especially suitable for detecting the UV spectrum, since the band
gap of Al Ga;.xN material covers the entire mid-UV and near-UV spectrum. Its
band gap can be precisely selected by varying the Al concentration from 200 nm
to 360 nm. The most important feature is that it is intrinsically visible blind, and

therefore, it does not require any complex filters. The material is highly robust
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(in fact it is one of nature’s hardest materials) and insensitive to magnetic fields.
Since it is a direct band gap semiconductor it exhibits a sharp cut off and high
absorption near the band edge [8].

Various types of Al,Ga;xN based photodetectors have been reported
after the first successful demonstration of UV photodetectors [9-10], such as the
Schottky barrier [11-12], p — i — n [13-15], and MSM [16-18] photodetectors.
The highest Al concentration in those photodetectors was 50% and had a >260
nm cut-off wavelength. There are only a few low cut-off wavelength
photodetectors that are reported in the literature [19] because of the growth
difficulties of high quality and crack-free high Al content material. Razeghi et al.
reported the best results with a cut-off wavelength of 235 nm [20].

Structures with high Al content exhibited low dark current values.
However, photodetectors on GaN material have relatively high dark current
levels that were on AlGaN. There have only been a few reports regarding
relatively low dark current devices that were fabricated on GaN. The best result
was around 10 pA at a 100 V bias [21].

The motivation behind this work was the need for low cut off
wavelength photodetectors for deep UV applications and color sensing.
Moreover, the current status of GaN based photodetector technology is
insufficient for some applications such as photon counting. There is always a

need for more sensitive devices.

In this present work, one of our aims was to first grow a high quality,
crack free, and high Al concentration epitaxial layer, and second, to demonstrate
a deep UV photodetector by fabricating and testing an MSM structure on it. The
second aim decreases the dark current of GaN based photodetectors by utilizing
the idea that was used for high electron mobility transistors. A semi-insulating

(S1) GaN layer is used instead of a regularly grown GaN.

All the design, growth, fabrication, and characterization processes were
performed at Bilkent University, except for the x-ray diffraction measurements.

They were performed in the Semiconductor Technologies Advanced Research
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Laboratory at Gazi University. Growth of the epitaxial layers was performed at
the Nanotechnology Research Center, and the other parts were performed at the
Advanced Research Laboratory at Bilkent University.

Chapter 2 covers the theoretical background of photodiode operation and
a brief explanation of the Schottky junction. Then, it summarizes the figures of
merit for the photodetector characteristics, such as current-voltage behavior,
spectral response, and noise characteristics.

In chapter 3 we present the issues that are related to the design of the
epitaxial layers and the growth processes. It is divided into two parts. The first
part is devoted to Alg75GagsN epitaxial growth. The second one is devoted to
two GaN wafers. We also represent some wafer characterization results after we
performed the growth, such as transmission, x-ray diffraction, and

photoluminescence measurements.

Chapter 4 explains the fabrication techniques of the MSM photodetector.
It starts with the basic microfabrication steps and methods, and then goes on to
the actual steps of the fabrication of our photodiodes along with the technical

details.

The characterization results are presented in chapter 5. This chapter is
also divided into two parts. The first part reveals the IV results, spectral
response, and noise characterization of a deep UV photodiode. The second part

is about the characterization results of the visible-blind photodetectors.

We summarize our results in chapter 6 by providing the results of our
fabricated photodiodes. At the end, we mention our achievements and the
possible future research directions.



Chapter 2
Theory

In this chapter, we present the basic background of photodiode operation
in the beginning. Thereafter, we discuss the Schottky junction, which is the only
junction in our photodetectors. Then, the basic operation of the metal
semiconductor metal (MSM) is described. Finally, the main figures of merit,

which are used to characterize a photodetector, will be discussed.

2.1 The photodiode operation

Photodiodes currently are the most frequently used photodetectors in
industry because of their efficiency and low cost. A standard simple photodiode
has semiconductor material and some junctions such as metal-semiconductor
(Schottky), p-n, and p-i-n. The main mechanism is the following; when photons
that have energy (hv) that is higher than the band gap of the semiconductor (Eg)
incident up on the junction are absorbed. They produce electron-hole pairs in the
depletion region. If a sufficient electric field is applied (in this case if there is a
bias) through the depletion region, the charged carriers then produce a
measurable electric current (I,n). Therefore, it is required that a photodiode must
be reversely biased (Vg) in order to work. Figure 2.1 schematically explains the
operation of a simple diode [22-23].
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Figure 2.1: Schematic diagram of a simple photodiode operation.

2.2 The Schottky Junction

The Schottky junction (also known as a metal-semiconductor junction) is
made up of a metal and a semiconductor material. The name was taken from
Walter H. Schottky who explained the rectifying behavior of this type of contact
in 1930.

Making a Schottky contact (junction) is relatively easy. Depositing a
metal on a semiconductor is sufficient to create them. Unfortunately, it is not
possible to make a perfect Schottky barrier contact with just any metal placed on
a certain semiconductor. Some metals tend to diffuse into the semiconductor.

Eventually, the rectifying behavior of the contact disappears.

When a metal is deposited on a semiconductor, a phenomenon called
Fermi Level Pinning occurs. [24] That is, in thermal equilibrium, the Fermi
levels of each material should be equal. The band diagram of a Schottky contact

is shown in figure 2.2.
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Figure 2.2: Schematic band diagram of a Schottky Contact. (a) before (b) after

the contact formation.

The work function is defined as the difference between the vacuum and
Fermi levels denoted as @, and @ for metal and semiconductor, respectively.
Here y represents the electron affinity of the semiconductor. Then, for an ideal

contact the barrier height is given as
O =0 -y (2.1)
Additionally, the contact potential ¢V} is given as
qVy =®,, —(E. - Ep) (2.2)
Using the abrupt junction approximation, we conclude that the depletion layer

width is given as [23],
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W:\/ 2 (VO—V—kBT) (2.3)
qNp, q

where ¢ is the dielectric constant and Np is the n-type donor density of the
semiconductor. Here, V denotes the applied bias voltage to the junction.

There are four main mechanisms for current transportation in a Schottky
barrier, such as thermionic emission, tunneling, recombination/generation in the
depletion region, and recombination/generation in a neutral region. The main
transport mechanism is the thermionic emission over the barrier also produces
the ideal diode characteristics to the junction. Crowell and Sze proposed the

expression for the I-V characteristics of a Schottky barrier junction.

qv
I:ls(e” —1] (2.4)
G
I, =A"T? ¥ (2.5)

where 4™ is the effective Richardson constant.

2.3 The Band-gap of Al,Ga, N

The band gap of AlxGaixN with respect to Al concentration X is calculated with

the empirical formula
Eg = ’XEg,AlN + (1 - x)Eg,GaN - bx(l_ x) (26)

where b (0<b<1) is the bowing parameter that is measured experimentally.
There are a number of values for b reported in the literature [25 and references

therein]. In this present work we used b = 0.62 eV.

2.4 Metal-Semiconductor-Metal Photodiodes

MSM photodiodes are one of the simplest photodetectors in terms of

epitaxial growth and fabrication. They are formed by two back to back Schottky
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junctions on a semiconductor surface. When a bias is applied, one of the
junctions becomes reversed and the other one becomes forward. Since it is a
unipolar device one of the junctions will always be reverse biased. Therefore,

current is not allowed to pass in each direction. [3]

Vg
|
Ve l
1
Semiconductor
Substrate
a b

Figure 2.3: Schematic views of an MSM photodetector. (a) cross-sectional view

(b) top view.

There is a certain limit for the electric field that can be applied through
the semiconductor. Moreover, depleting the carriers between the electrodes is
important. Therefore, high bias voltages sometimes are required for the
depletion of the entire area. In order to overcome these issues and efficiently
collect the incident radiation, the metal electrodes are often interdigitated (see
figure 2.3). Interdigitated fingers also reduce the carrier transit time, and

therefore, the speed of the device increases.

MSM photodiodes are very easy to realize, especially in materials such
as AlGaN/GaN. Due to growth complexities, it is rather difficult to grow
complex epitaxial structures. Contrarily, MSM devices only require a single

epitaxial layer. Moreover, the fabrication of these kinds of devices is
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straightforward. They are compatible with integrated circuit processing and are
suitable for high speed applications. Although these rather nice properties exist,
there is another issue about the basic properties of metals. Metals are very good
reflectors of electromagnetic radiation. In addition, the skin depth values for
metals are rather low (~15-20 nm). Therefore, in MSM structures, nearly half of
the light can go through the semiconductor. There are two possible solutions to
this problem. The first one is to make the electrodes as thin as possible so they
can transmit as much light as possible. This is also the method we used in this
present work. The other method is the back illumination of the device. However,
in this case your substrate and underlying layers should also be transparent to
the incident radiation.

2.5 Photodetector Characterization

Commonly defined figures of merit exist for detector characterization.
These are current voltage, quantum efficiency and responsivity, noise and
detectivity, and time response characteristics [8, 22-24]. Here we will discuss
current voltage, quantum efficiency and responsivity and noise and detectivity

characteristics which were carried out in this present work.

2.5.1 Current-Voltage Characterization

The main current-voltage behavior of a diode depends on the type of
junction used. Although MSM structures have a Schottky junction inside, we
cannot see the real Schottky behavior in the 1-V curve. What we can see is just
the reverse bias characteristics. Equation 2.4 represents the ideal forward current
voltage relation of a Schottky junction. However, there is a correction to that
equation as

qV

I=1g e —1 @.7)
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where n is the ideality factor (n>1). If n = 1, this means that we only have a
thermionic emission. Otherwise, the other carrier transport mechanisms are
involved.

Is in the equation is ideally the reverse saturation current of the diode.
The MSM structures equation 2.5 is insufficient to explain the reverse current
characteristics. We have to include the hole components as well, because there
are two diodes and one of them is in forward bias. The overall expression for

dark current is therefore

gD gDy

[=A4T% " +AT% ¥ 29)

where A, and A," are effective Richardson constants for electrons and holes,
respectively. ®ms values also differ for the different carrier types.

2.5.2 Responsivity and Quantum Efficiency

The quantum efficiency of a photodetector is defined as the probability
of generating an electron-hole pair that will contribute to the photocurrent by
way of a single photon. It is a wavelength dependent quantity and is expressed

conventionally as
(1) = (1-R)(1L—e “M) (2.9)

where R is the reflectivity of the top surface, a(4) is the absorption coefficient
and d is the absorptive layer thickness. Efficiency increases with an increasing
absorption layer thickness. However, thick layers cause longer carrier transit
times. Therefore, the detector is slower. This phenomenon is called the
efficiency-bandwidth trade off. Furthermore, efficiency drops rapidly when A

becomes larger than the corresponding band gap wavelength.

Responsivity is another measure to characterize a photodetector. It is

defined as the outcome produced (current or voltage) per incident optical power.
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Therefore, it usually has the units A/W or V/W. The responsivity is related to
the quantum efficiency as

R(2) = Lo e _ Aom)
P ho 1240

(2.10)

2.5.3 Noise and Detectivity

The current generated by a photodiode is not always due to an optical
source. There are other effects that produce random currents, mainly noise.[22]
There are three sources of noise mainly. The first one is Shot noise and is due to
the random generation of carriers across the potential barriers. The frequency
dependent Shot noise current is given as

(2(f))=24(1)af (2.11)

where <I> is the dark current and Af is the bandwidth. The second important
noise is the thermal (Johnson) noise. It is mainly from the random thermal

movements of the carriers and is given as
Af
.2
<zt > = 4k,T - 2.12)

where R is the differential resistance. The final and most dominant noise in our
detectors is the 1/f (flicker) noise, which is related to trap centers in both bulk or

surface and leakage currents. The 1/f noise is defined as

(if)) = k&l}% (2.13)
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As one can see from the above expressions, at high frequencies and high
bandwidths, shot noise is dominant but at low frequencies, 1/f noise becomes

dominant.

There is another quantity called noise equivalent power (NEP) and is
defined as the minimum optical power required for producing a photocurrent

that will give unity in the signal to noise ratio. NEP is given by
1
NEP == (2.14)
R

I is the total noise (i.e. the root mean square of the sum of the three noises

provided above), in which R is the responsivity.

Generally, NEP is a small quantity and the smaller the NEP the better the
detector. Therefore, another quantity called Detectivity is defined as the inverse
of the NEP. More specifically, the detectivity per area is called specific

detectivity (D") and is also defined as

" AA
D =
NEP

3

(2.15)

where a is the device active area. The unit of the D" is cmHzY%/W. There is also
another way to calculate D", [26] which is called a thermally limited detectivity

formula,

(2.16)

. (RAY?
D" =R,| =2
AkT
where A is the device area, R, is the device responsivity, and Ry is the
differential resistance at a corresponding voltage. R; and Rpare measured at a 0
V bias.



Chapter 3
Design and Growth

In this chapter, we first provide the fundamental MOCVD background.
Topics such as what are the basic parts and basic operation will be covered.
Then, we will move on to the design of our wafers. Finally, we explain in detail

the growth process of our wafers.

3.1 Metal-Organic Chemical Vapor Deposition
(MOCVD)

Crystal growth is one of the key aspects for the realization of any semiconductor
device. It is important to grow high quality and crack free heterostructures with
different layers of materials and specific doping concentrations as well as the
growth of high quality single layer crystals in order to make high performance
electronic devices [27]. The first successful demonstration of 111-V compound
growth using metalorganic precursors and hydride sources was reported in 1960
by Didchenco et al. Later, the technique was improved and given the name
MOCVD (Metal Organic Chemical Vapor Deposition), also called MOVPE

14
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(Metal Organic vapor phase epitaxy). Before that, MBE (Molecular Beam
Epitaxy), VPE (Vapor Phase Epitaxy), and LPE (Liquid Phase Epitaxy) were
used. Metal Organic Chemical Vapor Deposition (MOCVD) is one of the two
key enabling technologies that is critical for growing the heterostructures of
I11-V compounds (MBE is the other). MOCVD relies on metal-organic
compounds, such as trimethyl gallium or trimethyl aluminum, which acts as a
precursor for the material in thin films. The materials that are grown contain
some combinations of gallium, indium, aluminum, nitrogen, phosphorus, or
arsenic. The process consists of transporting the precursors via a carrier gas (in
our case H) to a hot zone within a growth chamber. These precursors either
dissociate or react with another compound to produce thin films consisting of a
single element or compound. Varying the composition of the deposited materials,

and doping in the epilayers, produces the end structure.

NHs, Susceptor

S
Q

H> Exhaust
RF coil

Metalorganics TMGa,
TMAI, TEGa, etc

Bubbler

Figure 3.1: Schematic diagram of our MOCVD reactor.

The MOCVD system, in which we grow our samples, is located at the
Bilkent Nanotechnology Research Center and is an AIXTRON RF200/4 RF-S
GaN/AlGaN horizontal flow low pressure MOCVD system. It is composed of
three main parts; the Gas Mixing Cabinet (GMC), Reactor Cabinet (RC), and E-
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Rack. In addition to these, we have a hydride source NHs, SiH4 as an n type
dopand, and metalorganic sources such as trimethylgallium (TMGa),
trimethylaluminum (TMAI), triethylgallium (TEGa) for Il sources, and
bis-cyclopentadienylmagnesium (Cp,Mg) as a p type dopand.

GMC is where we arrange all the required combinations of gas mixtures
that we sent previously to the reactor. The epitaxial films are produced
according to the concentration of each individual molecule in this mixture.
GMC consists of many electronically controlled mass flow controllers and
pneumatic three way valves, which are used to adjust the gas mixture
concentration. RC is where the reaction and deposition occur. It consists of a
vacuum chamber, radiofrequency (RF) coil, rotary pump, antechamber, and
susceptor. Using an RF generator, we control the temperature of the susceptor,
and therefore, the reaction. We can heat the susceptor up to 1,200°C. The pump
helps us to regulate the pressure inside the reactor. The antechamber is for
loading and unloading the wafers. The susceptor is the part where we place our
wafers. Finally, the E-Rack is the component that has all the electronic control
units. It is controlled by a computer with which we write the relevant recipes

and control the reaction.

3.2 Material Design and Growth

3.2.1 A10.75G30_25N Design

An AlyGa;.xN material system exhibits a band gap from 3.6 to 6.2 eV with
increasing X. This corresponds to a wavelength interval between 200 and 360
nm. In order to make a photodetector sensitive in the deep-UV region we need
to grow AlGaN templates with a very high Al concentration. It is very difficult
to grow high quality, crack free even single layer templates with this much Al
concentration. Rather little research has been conducted by other groups on this

high of an Al concentration in the AlGaN layers that were reported in the



CHAPTER 3. DESIGN AND GROWTH 17

literature [19-20]. Our aim was to construct a simple MSM photodetector, and
therefore, we do not need any complex heterostructures other than a single layer
high quality AlGaN layer.

There is a ~10% lattice mismatch between sapphire and AlGaN. Because
of that, an AlGaN epitaxial layer cannot be grown directly on sapphire substrate.
Even if we manage to avoid cracks, many dislocations that will act as trap
centers for carriers will in turn increase an unintentional doping concentration,
which will increase the leakage current. Therefore, it is customary to introduce
mid layers such as a nucleation and buffer layer between the substrate and
epitaxial layers. You can see our epitaxial design shown in table 3.1. These
additional layers reduce the horizontal strain due to the lattice mismatch, and

increase the crystal quality of the top layer.

Layer Material Thickness (hm)

Active Al0.75Ga0.25N 700

Buffer AIN 600
Nucleation AIN 50
Substrate Sapphire 3.3x10°

Table 3.1: Epitaxial design of the Aly75Gag 2sN wafer.

3.2.2 A10.75Gag.25N Growth

A high quality Alp75Gao2sN epitaxial layer was grown in an MOCVD
system located at Bilkent University on double sided polished c-plane sapphire
substrate. These sapphire substrates are commercially available from a number
of companies throughout the world. Prior to the growth, we increased the wafer
temperature to 1,100°C and decreased the pressure to 10 mbar for desorption for
10 minutes. During the desorption, any undesired materials deposited, such as
dirt on the sapphire substrate, evaporates and washes out by way of H, purging

gas. This step is mainly aimed at cleaning and preparing the sapphire substrate
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for growth. The H, purging flow rate was maintained at 8500 sccm during this
step. After desorption, the reactor was cooled to 840°C to grow a thin (~50 nm)
AIN nucleation layer. H, was used as a carrier gas throughout the entire growth
process. The TMAI and NH; flow rates were 20 sccm and 1000 sccm,
respectively. At this temperature, Al and N atoms grew as an amorphous layer
on the sapphire. Afterward, we heated up the rector at approx. 1,150°C for 10
minutes in order to make that amorphous layer a single crystal layer. Since the
layer is rather thin; Al and N atoms can easily align themselves as a wurtzite
structure. The nucleation layer helps to overcome the lattice mismatch problem
of the AIGaN material system and sapphire substrate. After the growth of the
nucleation layer a 700 nm high temperature AIN buffer layer was grown at
approx. 1,140°C. The flow rates of TMAI and NH; were adjusted to 40 sccm
and 150 sccm, respectively. This buffer layer reduces the strain effects as we
grow away from the sapphire. Finally, we grew an unintentionally doped 600
nm thick Al 75Gag 25N active layer. The growth conditions were as follows. The
reactor temperature was set to 800°C and the flow rates were 15 sccm, 5 sccm,
and 300 sccm for TMAI, TMGa, and NH3 respectively. When the growth of the
active layer was finished, we started cooling the reactor to room temperature.
While cooling, we kept the NH3 flow on the surface of the wafer. This ammonia
flow helps prevent crack formation, and in a way also polishes the surface of the

wafer.

To check the Al concentration of our wafer we performed a spectral
transmission measurement. We know that sapphire is transparent in the UV
range and the band gap of AIN is 6.2 eV, which corresponds to an absorption
edge of approx. 200 nm. Therefore, we can see the absorption edge of the
Alo75Gag 25N layer exactly with the spectral transmission measurements. Using
equation 2.6 with the measured absorption band edge, and therefore, band gap

energy, we can determine the exact concentration of the Al in the active layer.

We used an Ocean Optics Chem2000-UV-VIS PC Plug-in Fiber Optic
Spectophotometer for the spectral transmission/reflection setup, a schematic of
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which is shown in figure 3.2. We have an Xe arc lamp for the UV source. We
collimated the output of the lamp by a UV enhanced collimating lens to a
multimode UV enhanced fiber by which we illuminated our sample. We have
another collimator after the sample, which collects the transmitted light. Finally,

we have a spectrometer that consists of a grating and CCD array.

Figure 3.3 shows the performed spectral transmission measurement of
our wafer before the fabrication of the MSM photodetectors. The results indicate
a 225 nm sharp cut-off, which corresponds to a band gap of 5.51 eV. Using the

equation 2.6 we found an Al concentration of approximately 75%.

UV enhanced
multimode fiber

Xe arc
lamb Sample
Collimating
uv enhanced
lenses
Spectrometer

0%

Figure 3.2: Schematic diagram of our spectral transmission setup.

As you can see from figure 3.3, for a wavelength larger than the cut-off,
we have the Fabry-Perot oscillations that result from the microcavity that is
formed by the two epitaxial layers on sapphire. These oscillations are a good

sign of the quality of the surface and the bulk itself.
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Figure 3.3: Spectral transmission measurement of the Aly75Gag 2sN wafer.

3.2.3 SI- and UD-GaN wafer design

In order to overcome the relatively high leakage problem in GaN over
AlGaN templates there has been a number of studies conducted, such as the
introduction of a thin AlGaN cap layer deposition on the GaN active layer. This
method, however, again suffers from the polarization effects due to the interface
between the GaN and AlGaN layers. Therefore, it may not be easy to establish
good Schottky contacts on that kind of structure.

We introduced the method that is used in high electron mobility
transistors on GaN. This method introduces a semi-insulating GaN buffer layer

such that the source-drain leakage is minimized.

Semi-insulating indicates the high crystal quality of the template, which
means that we have fewer dislocations in the epitaxial layer, which corresponds
to higher resistivity values. The detectivity of a photodetector is directly

proportional to the square root of the differential resistance. (See equation 2.16).
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Hence, if the resistivity is high, then the detectivity will also be high. One other
point is that the leakage current (sometimes called dark current) is lowered when
the resistivity is high. It is crucial that the leakage current is very low in order to
identify the signal coming from a very weak source. With the intention of high
performance such as in single photon detection, leakage current must be much

lower than the photocurrent, which can be generated by a single photon.

To achieve a better quality GaN crystal, we introduced an AIN buffer
layer under the GaN active layer. When growing regular GaN on sapphire we
must introduce a nucleation layer in order to overcome a nearly 16 percent
lattice mismatch. However, yet again this nucleation layer is insufficient to grow
superior quality crystals. Lattice mismatch between GaN and AIN is somewhat
easy to handle (about 3 percent). Therefore, using an AIN as a buffer layer
might improve the quality of the GaN crystal. We also grew a regular
unintentionally doped GaN again on another sapphire substrate for comparison.
(See tables 3.2 and 3.3)

Layer Material Thickness (nm)

Active GaN 500

Buffer AIN 500
Nucleation AIN 15
Substrate Sapphire 3.3x10°

Table 3.2: Epitaxial design of the semi-insulating GaN wafer.

Layer Material Thickness (nm)

Active GaN 500
Nucleation GaN 50
Substrate Sapphire 3.3x10°

Table 3.3: Epitaxial design of the unintentionally doped GaN wafer.
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3.2.4 SI- and UD-GaN Wafer Growth

The samples in this study were all grown again on c-face (0001) sapphire
substrates by low-pressure MOCVD. Hydrogen was again used as the carrier
gas, in which TMGa, TMAI, and NH3 were used as the Ga, Al, and N sources,
respectively. An SI-GaN layer was grown on high temperature AIN buffer. Prior
to the epitaxial growth, sapphire substrates were annealed for desorption at
1,100°C for 10 min to remove surface contamination (the details of which were
discussed in previous chapters). We started our growth process with a 15nm-
thick AIN nucleation layer. To do that, we adjusted the temperature to 840°C.
Then, the flow rates of TMAI and NH3; were set to 15 sccm and 300 sccm,
respectively. Thereafter, the reactor temperature was ramped to 1,150°C in order
to make the amorphous material crystalline. The next step was the AIN buffer
layer. Basically, we continued to grow AIN as in the nucleation layer but at not
the same temperature. During the growth of these two processes the reactor
pressure was 200 mbar. Subsequently, we had a two minute growth interruption
in order to reach the optimum growth conditions for GaN. The growth
conditions of GaN were as follows: reactor pressure 200 mbar, growth
temperature 1,070°C, growth rate at an approx. 2um/h of the flow rate of TMGa
15 sccm and the flow rate of NH; were ramped from 200 sccm to 1300 sccm

during the growth. We finished the growth as described previously.

A typical UD-GaN control sample was also grown on sapphire substrate.
We used the two-step method. First a 50 nm low temperature GaN nucleation
layer was deposited at 500°C. Then, the reactor temperature was ramped up to
1,070°C. After that, a 500 nm GaN layer was grown. For a fair comparison, the
thickness and growth parameters of the high temperature GaN (HT-GaN) layer

were selected in the same way as in the previous growth.

We performed a series of measurements in order to compare these two
GaN wafers. Two different types of measurements were utilized for the x-ray

diffraction (XRD) and photoluminescence (PL) measurements. Both of these



CHAPTER 3. DESIGN AND GROWTH 23

experiments were proof for the grown GaN crystal, in which they provided the

information that was related to the crystal quality of our wafers.

XRD measurements were performed in the Semiconductor Technologies
Advanced Research Laboratory, Gazi University, Ankara. Since our claim was
that the SI-GaN crystal is a better crystal in terms of quality than the UD-GaN
crystal, we expected that SI-GaN would result in a narrower XRD peak.

Figure 3.4 and 3.5 demonstrate the XRD ®/26 scan measurement results.
You can clearly see GaN and AIN peaks on each relevant figure. We plotted the
experimental data of the GaN peak in one figure (figure 3.6) in order to see the
improvement. As you can see in figure 3.6 we obtained a rather good
enhancement in terms of crystal quality. The UD-GaN, which was grown using
the standard two step method, had a FWHM as 199 arcsec, whereas the SI-GaN
sample had a FWHM of 118 arcsec. These measurements were clearly a sign

proving the better quality of the SI-GaN.
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Figure 3.4: XRD /20 scan of SI-GaN sample.
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Figure 3.6: Crystal quality improvement of SI-GaN over UD-GaN.
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We also performed a PL measurement on both samples. Figure 3.7
shows our experimental setup. We concluded from the following figures (figure
3.8 and 3.9) that we obtained no other crystal or quantum structure that had a
band transition energy that was lower than GaN. We could not see the peak of
AIN in SI-GaN because the wavelength of our laser is 325 nm, which has energy
that is well below the bulk transition energy of AIN. Therefore, we expected no
detectivity form our devices above 360 nm.

We also compared the two PL curves of the two samples in a more
detailed semilog scale plot (see figure 3.10). As you can see, both of the samples
exhibited good results in terms of PL. The FWHM values are 4 nm and 6 nm
with the peak wavelengths of 361 nm and 362 nm for SI-GaN and UD-GaN,

respectively.

Both XRD and PL measurements are proof enough that we achieved
good quality GaN crystals even for UD-GaN, which was grown using the
standard two step method. On the other hand, our SI-GaN showed signs of better

quality than UD-GaN in terms of these measurements.

Reflecting optics

He-Cd laser > A

monochromator

Sample

/

Collimating optics CCD camera

Figure 3.7: Experimental setup of our photoluminescence measurement.
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Figure 3.8: PL measurement of the SI-GaN sample.
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Figure 3.10: PL comparison of SI-GaN and UD-GaN templates.
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Chapter 4

Fabrication

The fabrication of any microelectronic device such as our photodetectors
requires a number of sequential steps. The final electrical and optical
performance of the device is extremely dependent on these successive steps.
Generally, these steps include ohmic/Schottky contact deposition, passivation,
etching, air bridge formation, and double Bragg mirror (DBR) deposition.
Unfortunately, these steps are not standard for all material systems. Each
material requires its own fabrication technique. Fortunately, Metal-
Semiconductor-Metal (MSM) devices have no complex fabrication steps such as

DBR deposition and air bridges.

Our fabrication process consists of a standard microwave compatible
with four steps adopted for an AlyGa;«N material system. [26,28] This chapter
represents these four steps in the order of fabrication. All the fabrication steps
were performed in a Class-100 Clean Room at the Advanced Research

Laboratory at Bilkent University.

4.1 Process Basics

In this part of the thesis, we review the basic process steps of

semiconductor device fabrication that relates to our process.

28
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4.1.1 Sample Preparation

Our MOCVD reactor can grow AlGaN material on 2-inch sapphire
substrate. It is not possible to perform fabrication on this large wafer as this
would result in excessive wasting of the sample. Therefore, it is mandatory to
cleave the sample in smaller pieces prior to the fabrication. Typically, one step
in our photomask is approx. 6 mm x 6 mm. For that reason, we cut the wafers at
approx. 7. mm x 7 mm using a diamond dicer. We scratched the wafer on the
back side with a ruler, and then fractured it by hand.

Subsequent to cleaving, we cleaned the surface of the sample. Usually
there are cleaving residues and sometimes some organic dust and photoresist
residues on the surface. Removing these contaminants is extremely important
because they often make the device either open or short. We have two different

cleaning techniques.

The first technique is used if there is not a significant amount of dirt on
the sample. We put the sample in acetone for a couple of minutes. Acetone
dissociates soft organic residues and it helps to remove the inorganic dirt. While
the sample remains in the acetone, we gently sweep the surface with a g-tip if
there is no features were previously made on the sample. Then, we put the
sample in iso-propilic alcohol to remove the acetone. Finally, we put the sample
under the running de-ionized (DI) water to get rid of the iso-propilic alcohol.
Then, we dried the sample using a nitrogen gun. We put the sample on a hot
plate at 120°C for 2 min for dehydration, when it was that the solvent cleaning
was over. Afterward, we examined the sample under an optical microscope if

there was any dirt left. If so, we perform this process all over again.

The second technique is used when the sample is very dirty with hard
organic residues that cannot be removed by acetone. Note that this method can
be used only for bare samples. If there is any deposited metal from beforehand,
this method cannot be used. We used the so-called Piranha Etching technique.

We prepare a solution of 3:1 H,SO4:H,0,. This is an extremely strong solution
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for organic and metallic materials. We put our sample in this solution for 5-10
min (according to the dirt level of the sample). Then, we use DI water to clean
the sample. Finally, we again use a hot plate for dehydration at 120°C for 2 min.

Typically, one round is enough with this technique for cleaning the surface.

4.1.2 Photolithography

Photolithography is the most important part of the microfabrication
processes. Because it is the part in which we define the features on the sample.
Thus, it is required in every step. We use a polymer called photoresist, which is
sensitive to UV light. By exposing with UV over a photomask we transfer the
patterns on the mask to the photoresist. Then, etching and material deposition

can be performed on the patterned photoresist.

We use AZ5214E image reversal photoresist, which is sensitive to 360
nm UV light and capable of patterning feature sizes ~0.7 um. It can also be used
as positive photoresist and is etch resistant. AZ400K developer is used to
remove exposed parts of the photoresist. We utilize the Karl Suzz MJB3 Mask

aligner for positioning and aligning the mask.

Thereafter, the cleaning hexametyldisilazane (HMDS) is coated on the
surface in a spin coater. Then, the photoresist coating is performed. The
thickness of the photoresist is related to the speed of the spinner. Every step
requires its own photoresist thickness. If we aim too small, features such as
1 um, we then need thin resist. If we perform deep dry etching, then it is better
to coat with thicker photoresist. Typically, we spin our photoresist at 5,000 rpm
for 40 s, which corresponds to a photoresist thickness of 1.3 pum. If we are
performing mesa isolation etching, then we use 3,000-3,500 rpm for 40 s, which
corresponds to a photoresist thickness of ~1.6 um. After the spin, the samples
are pre-baked at 110°C for 55 s.

There are two types of lithography such as positive and image reversal
photolithography. The basic difference in these two is that in positive

lithography the features on the mask are transferred in the same way to the
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sample. That is, the closed (dark) features in the mask will be transferred,
whereas in image reversal lithography, the patterns on the sample are reversed.
That is, the open features in the mask will be transferred to the sample.

4.1.2.1 Positive Photolithography

In this method photoresist coated and pre-baked samples are exposed
with an Hg lamp in the mask aligner after the alignment for approx. 40 s at
4 mW/cm?, which makes 160 mJ/cm? and is enough to activate the photoresist.
It is in this way that we activated the photoresist directly. Then, the samples are
developed with 1:4 (AZ400K:H,0) diluted developer for approx. 40 s. This
method is used for thin metallization and etching steps.

4.1.2.2 Image Reversal Photolithography

The main difference in this method is that we expose the sample twice.
First, we expose the sample for approx. 60 mJ/cm? with the mask, and then we
post-bake the sample at 120°C for 120 s. Finally, we expose the sample again
without the mask for 160 mJ/cm?. This step is called the flood exposure. In this
method the first exposure defines the features but it is insufficient to activate the
photoresist. Then, when we post-bake it, the polymeric structure of the exposed
photoresist changes so that after the flood exposure the opaque parts on the
mask will be activated. The development part is the same as the previous
method. This method is especially designated for thick metallization and small
feature sized processes. Because the photoresist in our case is designed for

image reversal applications, the resolution is, therefore, higher in this case.

4.1.3 Etching

Etching is one of the basic steps of microfabrication. Since devices
generally utilize heteroepitaxial structures, one has to etch in order to reach
deeper layers. Fortunately, MSM structures are rather simple structures. We do
not have an under layer that we have to make contact with. We require the
etcing for two purposes only. One is the separation of the devices from one

another and the other is after surface passivation, in which we need to remove
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insulators from certain parts in order to make contact. There are two types of

etching; dry etching and wet etching.

4.1.3.1 Dry Etching

There are a number of techniques used for dry etching in semiconductor
device fabrication technology. Reactive lon Etching (RIE), plasma etching, lon
milling are examples of dry etching techniques. In our lab, we use a RIE
facility that etches the surface by accelerating reactive ion plasma in a low
pressure environment. The ions remove the surface atoms by chemical reaction
or simply by physical collision. For etching AlGaN and GaN materials we used
CCI,F; gas as an etchant. Etch rates differed from 20 nm/min to 45 nm/min for
AlGaN and GaN.

4.1.3.2 Wet Etching

Wet etching was the first etching technique to ever be used in
semiconductor science. It is based on chemical reactions between the substrate
surface and the etchant solution. When a substrate is put in its etchant solution,
the reaction initiates and eventually the substrate is removed from the surface.
We use wet etch to etch SiNx which we deposit on top of the surface for
passivation. In order to etch SiNx we use 1:100 dilute HF solution. Etch rate is

typically 30 nm/s.

4.1.4 Deposition

It is not possible to grow all the layers as needed via epitaxy. One has to
deposit additional material such as metals for contacts and dielectrics for
electrical isolation or optical components such as mirrors, waveguides etc. In
our process, we deposit metals for contacts and SiNy for surface passivation and

antireflection coating purposes.
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4.1.4.1 Metallization

We deposit metals on the samples for different purposes. In the case of
MSM photodiodes, we need two kinds of metallization such as Schottky contact

formation and interconnect metallization.

We have an ultra high vacuum (UHV) LE590 box coater for metal
depositions. It is a thermal evaporator. Metals are placed in tungsten boats. Then,
they are evaporated by running a high electrical current through these tungsten
resistors in UHV. The deposited metal thickness is monitored throughout the
process via detectors. Therefore, we can precisely adjust and monitor the

deposited metal thickness.

4.1.4.2 Dielectric Coating

All the dielectric coating steps are performed in a Plasma Enhanced
Chemical Vapor Deposition (PECVD) system in our laboratory. The system
uses different gases as the reaction precursors. For SiNy coating, we use silane
(2% SiH4+98% N) as the Si source and ammonia (NHj3) as the N source. We
have a vacuum chamber in which we create plasma of silane and an ammonia
mixture. The flow rates of each gas are crucial for the composition of the
deposited material. The ions of plasma are accelerated towards the sample
surface, which is heated to 250°C. Then, the reaction occurs. Si and N atoms are

deposited as SiNyxand the rest is taken out through exhaust.

4.2 Device Fabrication Steps

We fabricated our devices using microwave compatible four steps. These
steps are mesa isolation, Schottky contact formation, dielectric coating, and

interconnect metallization.

4.2.1 Mesa Isolation

The mesa isolation step is, in essence, the removal of the connection

between the devices. By this step the device active areas were defined, and were
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isolated form one another. Unfortunately, AIGaN material is one of the hardest
materials. The etch rate is extremely low and moreover it is comparable to the
etch rate of the photoresist. Therefore, this step causes many problems during
the process. Generally, mesa isolation is one of the last steps with other
materials. We on the other hand changed the sequence and started the process
with mesa isolation. We generally perform this step twice because photoresist is
insufficiently strong to hold all the way down to the sapphire. After this step,

there are semiconductor islands left only on sapphire. (See figure 4.1)

............................................................................. Mesa
i ARGREN e i) islands

sapphire sapphire
/\_/

a b

Figure 4.1: Sample before (a) and after (b) mesa isolation step.

4.2.2 Schottky Contact Formation

This is the most important part of our process because all the physics
occurred under these contacts. According to our device geometry, these
Schottky contacts are in the form of two separate interdigitated fingers. Because
of that, this step is also called finger metallization. The finger width and pitch
are in the range of 1 um to 20 um. We used Ni and Au for finger metallization.
The coated metal thicknesses were 3 nm for Ni and 6 nm for Au. As you can
observe, we coat very thin metal in this step. This is because we want our metal
to be as transparent to UV light as possible. Normally half of the surface was
covered with metal already. Therefore, if we coat with thick metal, then only
half of the incident light will be able to enter the device. We deposit thin metal

to avoid that situation. (See figure 4.2)
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Schottky Metal

sapphire

Figure 4.2: Schottky metallization

4.2.3 Dielectric Coating

This step produces a protective layer on top for finger metals from outside
effects as well as it serves as an antireflection layer. We determined the
thickness of the SiNy layer as follows. The layer thickness should be A/2n in
order to minimize the reflection for a specific wavelength A, where n is the
refractive index of silicon nitride. We used PECVD to coat the dielectric on the
sample. PECVD coats the surface to where the walls of the mesa island are also
coated along with the top surface. (See figure 4.3) This property helps us to
prevent interconnect metals from touching the semiconductor material. After the
deposition, we etch the required parts of the SiNy layer through the openings of
photoresist with an HF:H,O (1:100) solution.

Dielectric

b

Figure 4.3: (a) Sample surface after dielectric coating, (b) Sample surface after
wet etching with HF.
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4.2.4 Interconnect Metallization

This is the final step of the device fabrication. The Schottky metal area is
very small, and the metal is very delicate. Therefore, we need to make larger and
thicker contact pads to be able to test our devices. Interconnect pads have main
contacts that are used to touching the two separate Schottky metals. In addition,
there are two microwave compatible transmission lines surrounding the device.
We again, thermally evaporated the metal for this step as 50 nm Ti and 700 nm
Au. Notice that this is a very thick metal, and therefore, we used image reversal
photolithography in this step. The main role of Ti here is to make the gold stick
to the sapphire surface. See (figure 4.4)

Interconnect
metals

sapphire

Figure 4.4: Finalized device.

4.2.5 Lift Off

All the steps involving metallization has a process called lift off. It is the part in
which we get rid of the excess metal part coated during thermal evaporation. We
placed the sample in acetone. Acetone dissolves photoresist immediately and the
metal on the photoresist is lifted off. Sometimes some light agitation is enough
for the lift off of the metal, especially in the finger metallization step because the
metal is very thin. However, the steps such as in interconnect metallization
require more vigorous methods such as ultrasound or even sweeping the sample
with a Q-tip.
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Step Parameters
Mesa isolation etch Photolithography:  positive
Spin: 3500 rpm
Etchant: CClyF,
Pressure: 8 mbar
Gas flow: 20 sccm
RF power: 100 W
Finger metallization Photolithography: positive
Spin: 6000
Metals: Ni/Au
Thickness: 3nm/6 nm
Silicon nitride deposition Silane flow: 180 sccm
Ammonia flow: 45 sccm
RF power: 20W
Pressure: 1000 mTorr
Temp: 250°C
Thickness: 250 nm
Silicon Nitride Etch Photolithography: positive
Spin: 5000
Etchant: 1:100 HF:H,O
Time: ~7 sec.
Interconnect Metallization Photolithography: positive
Spin: 5000
Metals: Ti/Au
Thickness: 50 nm/700 nm

Table 4.1: Technical data sheet of the MSM photodetector fabrication
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<— After finger metallization

A completed device —»

Figur 4.5: Micrographs taken during the fabrication



Chapter 5

Measurements

This chapter represents our experimental results from the fabricated
devices. We fabricated three different wafers. The first detector sample had a
low cut-off wavelength and high UV-visible rejection ratio and was fabricated
from the Aly75GagosN wafer. This photodetector is called a Deep-UV
photodetector. The second detector sample was fabricated from an SI-GaN
sample and its advantage was the lowering of dark current. Finally, the third
detector sample was made on a regular UD-GaN wafer, which was used as a
reference for comparison with the detector sample two. These two samples are
called Visible Blind Photodetectors.

We performed current-voltage (IV), quantum efficiency (QE),
responsivity upon low incident optical power and noise measurements on the
fabricated devices. We will present these results as two separate chapters. The
first chapter will be about detector sample one and the second chapter will be
about detector sample two and three.

5.1 Experimental Results of the Deep-UV Photodetectors

5.1.1 Current vs. Voltage Characteristics

Current-Voltage (IV) characteristics were carried out using a Keithley
6517A high resistance electrometer with low noise triaxial cables in a grounded

39
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shielded Faraday cage. Since we were measuring MSM photodiodes, the 1V
characteristics did not have a diodic character exactly. This is because the
structure has two diodes connected back to back so that, normally, the current
cannot pass through in each direction. The resulting devices exhibited extremely
low dark currents and very high breakdown voltages. Figure 5.1 shows the I-V
curve of a 4 um finger width/spacing device. As you can see, the dark current
level is below 100 fA up to £100V bias voltage (see figure 5.2). This dark
current value corresponds to 5.8 x 10 A/cm?dark current density under 50 V
bias given the device area of 100 x 100 um?. We increased the bias voltages up
to 350 V and even under this high bias voltage level, dark current does not
exceed 100 pA. The curve in the figure 5.1 indicates a sign of soft breakdown
when the bias voltage approaches 300 V. These low dark current and high
breakdown voltage values were good signs of the high quality of our

Alp75Gag 25N epitaxial layer.

100

Current (pA)

| | |
-300 -200 -100 0 100 200 300
Voltage (V)

Figure 5.1: IV Characteristics of a 100 x 100 pm? area device.
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Figure 5.2: IV Characteristics of a 4 pum finger width/spacing and 100 x 100

um? area device in a semilog scale.

5.1.2 Quantum efficiency/Responsivity Measurements

The spectral responsivity measurements were performed in a range of
200 — 400 nm using an Xe lamp, a monochromator, and a calibrated Si
photodetector. We recorded the photocurrent using a Keithley 6517A
electrometer. You can see the experimental setup in figure 5.3. The continuous
output of the Xe lamp passes through a computer controlled monochromator to
produce a single wavelength output. The output of the monochromator is sent to
the photodetector by a fiber and a fiber micropositioner, which is mounted on
the probe station. The electrical connection of our photodetectors is again
performed by micropositioners and low noise DC probes. We apply a DC bias
with the voltage source of the electrometer and read the current with an ammeter
of the electrometer. Prior to the experiment we recorded the optical power
output of the Xe lamp and monochromator system with a calibrated Si

photodetector. We placed a Si photodetector exactly where we put our own
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photodetector, and then we recorded the optical power. We repeated this part

every time before we started a measurement.

The resulting responsivity curves as a function of applied bias voltage of
a 400 x 400 um device with 2 um/ 3 um finger width/spacing, which are shown
in figure 5.4. Devices exhibited a sharp cut off at 229 nm and a peak
photoresponse at 222 nm, which was in good agreement with the transmission
measurements (see figure 3.3). Device responsivity increased with applied
voltage and reached 0.53 A/W at a 50 V bias voltage under 222 nm UV
illumination, which corresponds to a quantum efficiency higher than 250%. This

situation can be explained by the photoconductive gain in MSM structures.

Continuous light Monochromator Computer

source (Xe arc lamb)

\ 4

A 4

High resistance
Probe Station ) _| electrometer
. (Device under [ | (DC source and
> Optical input test) ammeter)
i =—p Electrical input

. = Data input

Figure 5.3: Schematic diagram of our Quantum efficiency setup.

Figure 5.4 also points out the fact that UV/VIS rejection ratio reached
seven orders of magnitude at a 20 V bias voltage at 400 nm wavelength. This
rejection ratio was the best result reported in the literature for AlGaN based
MSM photodetectors.
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We also made a calculation for the detectivity of our photodetectors
using a thermally limited detectivity (D) formula (see equation 2.16). We found
a detectivity of 1.64 x 10" cmHz"4W at 222 nm, which corresponds to a noise

equivalent power (NEP) 7.87 x 10 W/Hz"? at room temperature.

=
o
=
T v

Responsivity (A/W)

i
200 250 300 350 400
Wavelength (nm)

Figure 5.4: Spectral responsivity measurements of a 400 x 400 pm
photodetector.

5.1.3 Noise Characterization

The final measurement performed on Deep-UV photodetectors was the
spectral noise measurement. We were aiming to determine the dominant noise
mechanism in these detectors. As you can follow from figure 5.5, our setup
consists of a fast Fourier transform (FFT) spectrum analyzer, current amplifier,
DC voltage source, and a microwave probe station. 3 x 10 A%Hz was our
setup noise floor for frequencies higher than 1 kHz and increased at lower

frequencies. We had to investigate devices with relatively high leakage currents
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because most of our detectors exhibited noise densities well below the noise

floor.

Figure 5.6 shows the low frequency spectral noise density ( Sp(f) ) of a
100 x 100 pm? device at 0 V, 25 V, and 50 V bias.

DC power FFT spectrum
supply analyzer
A
A 4
Probe station Current

A 4

(device under test) amplifier

Figure 5.5: Experimental setup for noise measurements.

Sy (f) values are 8.88 x 10%° A%Hz, 1.44 x 10%" A%*Hz, and 8.36 x 10 A%Hz
at 0V, 25 V, and 50 V bias voltages respectively at 1 Hz. According to the
behavior of the noise curves, 1/f (flicker) is the dominant noise mechanism,
which is typical for Schottky barrier AlyGa;.xN detectors at low frequencies.

Furthermore, the noise curves obey the relation S, =S,/ f7 with the fitting

parameter y varying from 1.1 to 1.2. The noise and the detectivity performance
of our devices indicate that our MSM photodetectors are suitable for low-noise
applications.
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Figure 5.6: Spectral noise measurement of a high-leakage 100 x 100 pm
photodetector with a varying applied bias voltage.

5.2 Experimental Results of the Visible Blind
Photodetectors

5.2.1 Current vs. Voltage Characteristics

The 1V measurements of the two GaN visible blind samples were
performed in the same manner as the Deep-UV sample. The devices fabricated
on the SI-GaN sample exhibited extremely low dark current values, while those
fabricated on the UD-GaN sample exhibited higher dark current values. The
dark current level measured of UD-GaN is typical for such devices reported
previously. There was no significant breakdown voltage difference between
these two devices. The breakdown level was observed at bias voltages as high as
200 V for 200 x 200 um active area detectors fabricated on both SI-GaN and
UD-GaN samples. Figure 5.7 compares the dark I-V curves of 10 um finger
width/spacing devices from the two separate samples. The dark current
measured from devices fabricated on the SI-GaN chip remains below 1 pA and

up to 100 V bias voltage, whereas the dark current is approx. 100 nA at 100 V
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bias. In terms of the dark current density; the dark current density (at 50 V bias)
of a device fabricated on the SI-GaN chip is calculated as 1.96 x 10™° A/cm?. In
comparison, the 50V dark current density calculated for a similar device
fabricated on UD-GaN is 8.1 x 10°® A/cm?, which corresponds to four orders of

magnitude improvement.

10° —
e S T S
- ‘ o I
107 o T
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< 10° g
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O

; ; ; ; | ; ] ; ] ; i
0 20 40 60 80 100 120 140
Voltage (V)

Figure 5.7: Current-voltage characteristics of 200 x 200 um MSM photodiodes
with 10 um/10 pum finger width/spacing on two different chips.

5.2.2 Responsivity Measurements

Spectral responsivity measurements of both samples were performed in
the range of 250-450 nm using a Xe arc lamp, a monochromator, and a
calibrated Si photodetector, which is calibrated through a range of 190-1100 nm.
The photocurrent was measured in two different ways: The DC (unmodulated)
photocurrent was measured in the same manner as the Deep-UV photodetector.

We used a high resistance electrometer to record the photocurrent (see figure 5.3



CHAPTER 5. MEASUREMENTS 47

for details). The AC (modulated) photocurrent, however, was recorded by a
lock-in amplifier using an optical chopper to modulate the monochromator
output illustrated in figure 5.8.

Figure 5.9 and 5.10 illustrate unmodulated responsivity curves as a
function of applied bias voltage for 200 x 200 um devices with 3 um/3 um
finger width/spacing on UD-GaN and SI-GaN samples, respectively. Devices
on both chips exhibited a sharp cut off at 365 nm, while the peak of the
photoresponse was observed at 360 nm. These cut off and peak responsivity
values are in very good agreement with PL measurements shown in figure 3.10.
Device responsivity increased with applied voltage and reached 101.80 A/W for
SI-GaN and 88.63 A/W for UD-GaN at 50 V bias and 365 nm UV illumination.
These very high responsivity values indicate that devices have a gain of approx.
700, which can be attributed to the photoconductive gain mechanism in MSM

detectors.

Continuous light Monochromator Computer
source (Xe arc lamp)

A 4

— Optical input

: = Electrical input chopper

. = Datainput
DC Power | Probe Station Lock-In
Supply > (Deviceunder [~ >| Amplifier
test)

Figure 5.8: Schematic diagram for a modulated spectral responsivity

measurement.
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Using a thermally limited detectivity (D") formula (see equation 2.16)
we find a detectivity of 1.3 x 10* cmHz"%W and 1.2 x 10" cmHz %W at 360
nm at 0 V bias for SI-GaN and UD-GaN chips, respectively. Detectivity of the
SI-GaN sample reached 3.12 x 10 cmHz*?/W at 50 V bias. These detectivity
values are the best results reported in the literature for a GaN based MSM

photodiode. These high detectivity values are even comparable with that of
photomultiplier tubes and AlGaN based photodetectors [29-31]. Although there

is no significant difference in terms of responsivity in these two devices, there is

a significant improvement in terms of detectivity. This is obvious because of the

high differential resistance of the SI-GaN sample
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Figure 5.9: Measured spectral responsivity curves of 200 x 200 um

devices with 3 um/3 um finger width/spacing on the UD-GaN sample.
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Figure 5.10: Measured spectral responsivity curves of 200 x 200 um
devices with 3 um/3 um finger width/spacing on the SI-GaN sample.

The modulated photoresponse measurements of the photodetector on the
SI-GaN sample as a function of the bias voltage are represented in figure 5.11.
The aim was to investigate the dependence of the gain on the modulation
frequency. Normally, we expect a small decrease in responsivity [13]. As
illustrated in the figure 5.11 the device responsivity decreses with the chopper
frequency as was expected. However, there is a significant gain is observed even

at the setup high frequency limit of 400 Hz.
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Figure 5.11: Normalized modulated photoresponse of a 200 x 200 pm device
with 3 um/3 um finger width/spacing on the SI-GaN chip as a function of

chopper frequency.

5.2.3 Low Power Photodetection

Since the detectivity values of our photodetector measured this much
higher, we investigated the device performance under low optical powers. Low
optical power responsivity measurement was performed by using a series of
neutral density filters to vary the incident optical power in the few pW to 1 nW
range. As expected, very low level signals are detectable because of the high
sensitivity due to high gain and low dark current values. As shown in figure 5.12,
the measured DC photocurrent is well above the dark current at the

corresponding bias voltage even for incident optical powers as low as 3 pW.
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Figure 5.12: Measured photocurrent of a 200 x 200 um device with 3 um/3 um
finger width/spacing on the SI-GaN chip as a function of optical power and bias

voltage. The dashed lines represent the linear fits to the plotted data.



Chapter 6

Achievements and Future Directions

In the preceding chapters we presented the growth process of
Alp75Gag2sN and SI-GaN materials on sapphire substrates using Metalorganic
Chemical Vapor Deposition (MOCVD). We also grew one regular GaN sample
for comparison. After that, the fabrication of metal semiconductor metal (MSM)
photodiodes on these three samples was presented. We developed our own

fabrication technique and sequence during these processes.

The fabricated Deep-UV MSM photodetector has a cut off wavelength of
Ac = 229 nm, which was the lowest cut off wavelength reported for a AlGaN
based MSM photodiode. The devices have shown a responsivity of 0.53 A/W
under 50 V bias and a detectivity of 1.64 x 10 cmHzY?/W under 222 nm UV
light illumination. A leakage current density of 5.79 x 10" A/cm?at 50 V bias
voltage was obtained from the fabricated MSM photodetectors. They have noise
density as low as 8.36 x 10°® A%Hz at 50V and 1 Hz. Noise curves obey the

S, =8,/ f7 relation showing that 1/f (flicker) noise is the dominant noise

mechanism. We achieved a UV/VIS rejection ratio of seven orders of magnitude,

which is a record value for an MSM structure reported in the literature to date.
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In addition, we fabricated tested visible blind MSM photodiodes on
SI-GaN templates. We also made a comparison of these devices with identical
ones fabricated on a regular UD-GaN control sample. Devices on the SI-GaN
chip exhibited a dark current density of 1.96 x 10™° A/cm? at 50 V bias voltage,
which is four orders of magnitude lower compared with the devices on the UD-
GaN chip. No sign of device breakdown was observed at bias voltages as high
as 200 V for both samples. For 360 nm UV illumination and at a 50 V bias,
responsivity values as high as 101.8 A/W and 88.63 A/W were obtained from
the SI- and UD-GaN samples, respectively. The photoresponse of both samples
was comparable with no significant difference. All of the devices exhibited a
relatively flat response in the 250-360 nm range with a sharp cut-off at 365 nm.
The low power photodetection measurements show that MSM photodetectors
fabricated on SI-GaN templates can detect low level optical signals on the order

of a few pW because of high internal gain and low dark current.

For future work, our plan is to investigate the mechanism of the high
internal gain. It might be possible to realize this high internal gain as in GaN for
AlGaN material. The goal is to come up with a simple MSM structure instead of
complex avalanche photodiodes for applications such as photon counting. Lastly,
future research should utilize the same idea of SI-GaN for AlGaN in order to
make it more resistive to where the sensitivity of the devices on these templates

will be higher.
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