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Abstract

Due to the wide bandgap of IlI-nitrides like GaN (E4 = 3.4 eV), these semiconductors
are the most promising candidates to prepare visible-blind ultraviolet (UV) detectors.
Nevertheless, the lack of good quality p-type material and low-resistance ohmic con-
tacts are the reason to choose metal-semiconductor-metal (MSM) structures as first
option to fabricate UV photodetectors.

In this study, a complete electrical and optical characterization of MSM and Schottky
barrier photodetectors is performed to reveal the physical mechanisms which are re-
sponsible for the dark current and photocurrent transport phenomena.

The dark current is almost completely determined by the GaN-on-sapphire wafer qual-
ity and the metal-semiconductor interface. If a high density of traps caused by inter-
face or defect states is present , trap-assisted tunneling will dominate the dark current
characteristics. Otherwise, the thin surface barrier (TSB) model can quantitatively
and qualitatively explain and fit the measured dark currents. This barrier is possibly
thinned by nitrogen vacancies which act as donors and therefore will enhance tunneling
currents.

On the other hand, the photocurrent is composed of two current contributions. The
primary current is caused by the thermionic emission or thermionic-field emission of
photo-generated charge carriers. The secondary photocurrent contribution is caused by
the Schottky barrier lowering due the interface or defect states which can trap charge
carriers and therefore disturb the charge neutrality condition.

The effect of annealing on the Schottky parameters and also the promising results of
indium-tin-oxynitride (ITON) are discussed in detail. Probably, as-deposited ITON
films can chemically passivate the nitrogen vacancies and therefore ITON/n-GaN
Schottky barrier photodetectors show the smallest reverse saturation current density
compared to Au, Ni and ITO.
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Chapter 1

Introduction

Since the beginning of the 19th century, the ultraviolet (UV) region of the electro-
magnetic spectrum was subject of increasing investigation because in 1801 J.W. Ritter
discovered that certain chemical reactions were catalyzed by exposure to non-visible
radiation with a shorter wavelength than violet. The sun in the most powerful UV
source and the determination of the effects of the various UV solar bands (UV-A, UV-B
and UV-C) on the ecosystem and on the human beings is an important subject, and
therefore this is the driving force to achieve reliable and efficient UV detectors.
Nowadays, there is a wide range of applications and studies around the UV region.
For example UV astronomy, human health, solar observation, flame detection, missile
plume detection, pollution monitoring and so on.

A variety of UV detectors are available but mainly Si-based photodetectors and pho-
tomultiplier tubes (PMTs). Nevertheless, these photodetectors suffer from significant
limitations like the need of filters to absorb low energy photons or the need of a high
voltage supply. To pass these limitations, UV detectors based on wide bandgap semi-
conductors have been studied during the last decade. Therefore, diamond (E; = 5.4
eV (227 nm)) and SiC (E; = 2.9 €V (433 nm)) photodetectors were developed. Nev-
ertheless, the hardness of diamond and the relative small bandgap of SiC to make
visible-blind UV detectors are serious disadvantages for these photodetectors. There-
fore, the development of III-nitride semiconductors like InN, AIN and GaN was a
milestone to prepare visible-blind UV detectors. These III-nitrides are direct bandgap
materials with GaN showing its absorption edge at 365 nm (E; = 3.4 eV) and AIN at
200 nm (E4 = 6.2 eV). The tunability of the detection edge by a proper selection of
the Al mole fraction (x) in Al,Ga;_, and the already commercial available III-nitride
technology for blue light emitting diodes are two important points that have made
III-nitride semiconductors to the most adequate solution for UV detection.

In the Microsystems, Components and Packaging (MCP) division of IMEC (Interuni-
versitair Micro-Elektronica Centrum) situated in Leuven (Belgium), a visible or solar-
blind UV focal plane array is going to be fabricated (256 x 256 pixels).
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These UV imaging cameras have to meet some important requirements like true solar-
blind operation, high quantum efficiency, low noise (low dark current), high operation
speed, UV /visible contrasts larger than four orders of magnitude etc. A second major
concern is the connection of the pixels to a readout integrated circuit (ROIC). This
has to be done by through-the-wafer hybrid integration because backside UV illumina-
tion limits the detector performance. This involves the construction of a hybrid array
using a ROIC and a top-illuminated GaN MSM or Schottky barrier diode array with
via-holes to the backside of the array for interconnecting to the ROIC.

The aim of this thesis is to perform a complete electrical and optical characterization
of one pixel of the intended UV camera to investigate the physical mechanisms which
are responsible for the dark- and photocurrent.
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Theory

2.1 Gallium Nitride and his Properties

The Gallium Nitride (GaN) material is at different ways totally different from conven-
tional semiconductors like Si or GaAs. This is mostly related to the material growth
itself, which is mostly heteroepitaxial. Because GaN substrates are not available,
growth on different materials like sapphire or SiC is necessary. The lattice mismatch
that exists between these materials and GaN results in dislocation densities in the
order of 108-10'° /em?. In contrast to these large densities in GaN, e.g. GaAs has
typical dislocation densities of 102-10* /cm?.

Usually, GaN has a wurtzite structure that consists of alternating biatomic closely-
packed planes of Ga and N pairs stacked in an ABAB sequence (figure 2.1). Almost
all GaN work is done on crystals grown along the c-axis ([0001] direction). Crystals
with this orientation have the so-called Ga-face polarity, crystals grown in the [0001]
direction possess N-face polarity. The definition of polarity is related to the Ga-N
bonds parallel to the c-axis. In Ga-face crystals, the Ga atom is above the N atom,
for N-face crystals we have the opposite. This distinction is important because most
GaN structures are grown on a foreign substrate. In addition, crystals with different
polarities also behave differently. The most important material properties of GaN are
given in table 2.1.

The best substrate for GaN growth is GaN itself. Due to the high melting point
of GaN (2573 K), bulk material growth techniques like Czochralski are not possible.
Therefore, GaN substrates are not commercially available on a large scale. Most of
the work on GaN is therefore done on heteroepitaxial material, usually using sapphire
and SiC as substrates. This approach includes two problems, the mismatch in crystal
symmetry and in lattice constants between GaN and the substrate. This is solved by
using a thin AIN or GaN buffer (nucleation) layer grown at a low temperature (400 -
600°C), which forms a transitions between the substrate and the GaN layer.
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Figure 2.1: GaN wurtzite crystal structure (Ga-face polarity)

Energy Bandgap 3.39 eV
Electron affinity 4.1 eV
Electron mobility 1350 cm?/Vs
Hole mobility 13 cm?/Vs
Thermal conductivity | 2.1 W/cmK
Electron mass 0.22 myg
Dielectric constant 9.5

Lattice constants

ag 0.3188 nm
Co 0.5185 nm
Melting point > 2573 K (at 60 kbar)

Table 2.1: GaN material properties at 300K [1]

Metal-organic chemical vapor deposition (MOCVD) and molecular beam epitaxy (MBE)
are the common methods used for GaN heteroepitaxy. Trimethylgallium and ammonia

are the precursors for the MOCVD growth of GaN. Both hydrogen and nitrogen can

be used as carrier gas. The deposition temperature varies between 1000 and 1200°C,

which is larger than for MBE (600 - 800°C). In MBE, a solid source is used for Ga,

while plasma sources are used to create atomic nitrogen. The growth rates of the

methods are about 1 ym /hr.

Sapphire and SiC are the most used substrates for GaN heteroepitaxy. However,
both of these substrates suffer from substantial drawbacks. In particular, the lattice
constant mismatch between sapphire and GaN is about 16 % and in addition the ther-
mal expansion coefficients of the two materials are poorly matched, which can result
in cracking of both the substrate and the epilayer. SiC, on the other hand, exhibits a
much reduced lattice constant mismatch to GaN of only about 3.1 %, but its thermal

4
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expansion coefficient is similarly poorly matched to that of GaN. In addition, it is
rather expensive and hence not ideal for industrial fabrication.

2.2 Ultraviolet Radiation

Ultraviolet (UV) radiation occupies the spectral interval between 10 nm and 400 nm.
It is a highly ionizing, which activates many chemical processes . The most important
natural UV source in the sun. UV radiation is commonly divided into three regions
[2], as a function of its effects on the biosphere:

e UV-A (400-320 nm): This is the less energetic range. It stimulates photosyn-
thesis, and is involved in the synthesis of some vitamins and basic biochemical
compounds. Overexposure can also lead to erythema (skin reddening called sun-
burn).

e UV-B (320-280 nm): Although partially absorbed by the ozone layer, this com-
poses 10 % of the total UV radiation reaching the earth’s surface. UV-B expo-
sure is dangerous for human beings, because its causes skin cancer, cataracts and
buruns.

e UV-C (280-10 nm): This is the most energetic range, and it is also the most
harmful one. However, it is almost completely absorbed by the ozone layer.

Another widespread division of the UV radiation is the following one: near-UV, 400-300
nm; middle-UV. 300-200 nm; far-UV, 200-100 nm; extreme-UV, 100-10 nm.

2.2.1 UV Photodetection

Traditionally, photomultiplier tubes (PMTs), thermal detectors, narrow-band gap semi-
conductor photodiodes or charge-coupled devices (CCDs) are used for UV detection.
PMTs have high gain, low noise and can be visible-blind. However, they are fragile
and large instruments, requiring high power supplies. Thermal detectors (pyrometers
and bolometers) are commonly used for calibration in the UV range. Although useful
as radiometric standards, these detectors are slow and their response is wavelength-
independent.

On the other hand, semiconductor photodiodes offer some advantages. They are small,
lightweight, insensitive to magnetic fields, cheap, very sensitive and have capabilities to
operate at high speed. Due to widespread research and their well-established technol-
ogy, silicon photodetectors are the most common ones, although GaAs- and GaAsP-
based photodiodes are also available.

However, Si-based detectors suffer from their indirect and low bandgap (1.12 eV).
Therefore, silicon photodetectors usually have low quantum efficiencies (conversion of
photons in electron-hole pairs) and a peak response around 1100 nm, so that external
filtering is needed to block the visible and infrared components to make a solar-blind
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UV detector. These 'UV enhanced’ Si photodetectors use filters which also degrades
in space due to radiation damage. Another important drawback for these narrow-
bandgap photodetectors is ageing, due to overexposure to radiation of much higher
energy than the semiconductor bandgap. Finally, for high-sensitivity applications, the
detector must be cooled to reduce the dark current.[2)

UV photodetectors based on wide-bandgap (WBG) semiconductors (diamond, SiC,
ITI-nitrides) can surmount many difficulties listed above. The wide bandgap itself is
an important advantage because its enables room-temperature operation and provides
visible-blindness. Also the thermal conductivity of WBG materials is in general much
better than for Si, which makes high-temperature applications possible. Another ad-
vantage is the strength of their chemical bonds, which results in increased radiation
hardness. Due to their distinct advantages, we will focus only on WBG semiconductor
photodetectors in the following sections.

2.2.2 Photodetector Configurations

In all semiconductor photodetectors the general operation principle is the same. The
incoming photons are absorbed in the semiconductor where they create electron-hole
pairs. These photo-generated carriers are separated by an electrical field, due to either
the built-in potential or the applied voltage, and produce a current proportional with
the incoming photon flux.

There are different configurations of semiconductor photodetectors: photoconductors,
Schottky barrier photodiodes, metal-semiconductor-metal (MSM) photodiodes, metal-
insulator-semiconductor (MIS) structures, p-n and p-i-n photodiodes, and field-effect
and bipolar phototransistors. The schematic structures of these devices is visible in
figure 2.2.

|

I R

Photoconductor Schottky photodiode M-S-M photodiode
M-I-S photodiode p-i-n photodiode Field effect
phototransistor
mm Ohmic contact zza n-type Semiconductor
== Schottky contact s<3 p-type Semiconductor
¢ —1 Semiconductor zxx Intrinsic Semiconductor
Bipolar Insulator
phototransistor

Figure 2.2: Schematic structures of different semiconductor photodetectors [2]



2.3. Metal-Semiconductor-Metal Photodetectors

Nevertheless, not all of the above listed structures are possible configurations in WBG
photodetectors. Doping of WBG semiconductors is the most important limitation in
these materials. For example in GaN, n-type causes never a problem because as-grown
material has often unintentional n-type conductivity. The cause of that is still widely
debated. Some researchers attribute the n-type conductivity to nitrogen vacancies,
which act as donors. Others indicate the unintentional incorporation of silicon and
oxygen impurities as the most plausible explanation for n-type conductivity. At the
moment, n-type doping with electron concentrations above 10'® cm™2 can be achieved.
On the other hand, p-type doping in GaN is much more difficult to achieve. The most
important reason is the high ionization energy of a dopant [3]. This limits the doping
efficiency: for instance, the ionization energy of Mg in GaN (around 200 meV) is so
large that at room temperature only about 1 % of Mg atoms are ionized. Therefore, the
ionization energy determines the fraction of dopants that will contribute free carriers.
This means that a Mg concentration of 10?° cm™3 only leads to a hole concentration
of about 10'® cm™3. Hence, it is necessary to inject large quantities of the doping
impurity to achieve reasonable carrier concentrations, which turn into a reduction on
the carrier mobility. Ionization energies are largely determined by the properties of
the semiconductor, such as effective masses, dielectric constant, etc.

Another challenge in WBG semiconductors is the development of reliable processes
for the fabrication of contacts. Here, the major difficulty is the deposition of low-
resistance ohmic contacts, due to the large barrier height by most metals and the
limitations to achieve high doping levels.

Due to these difficulties, MSM photodiodes are the first choice to make an UV pho-
todetector because they do not suffer from p-type semiconductors and ohmic contacts.
In the next session, the theory of these devices will be discussed in detail.

2.3 Metal-Semiconductor-Metal Photodetectors

In this section, the metal-semiconductor-metal (MSM) photodetectors will be discussed
in detail. Normally the structure of a MSM photodetector consists of two interdigitated
Schottky contacts connected back-to-back. Therefore, this section will start with a
detailed overview of the Schottky theory. Afterwards, the operation principle of the
MSM photodetector will be given with a comprehensive description of the different
conduction mechanisms which play a role in the dark- and photocurrent.

2.3.1 Theory of Metal-Semiconductor Contacts

In figure 2.3, a diagram is shown of a metal-semiconductor contact with flat bands (no
equilibrium) and one in equilibrium where band bending occurs. The band structures
in this figure are shown for a n-type semiconductor with a work function less than that
of the metal.
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Figure 2.3: Band diagram of a metal-semiconductor contact: A) non-equilibrium state B)
equilibrium state (symbols explained in text)

The flatband diagram is not a thermal equilibrium diagram, since the Fermi energy
in the metal differs from that in the semiconductor. Electrons in the n-type semicon-
ductor can lower their energy by traversing the junction. As the electrons leave the
semiconductor, a positive charge, due to the ionized donor atoms, stays behind. This
charge creates a negative field and lowers the band edges of the semiconductor. Elec-
trons flow into the metal until equilibrium is reached between the diffusion of electrons
from the semiconductor into the metal and the drift of electrons caused by the field
created by the ionized impurity atoms. This thermal equilibrium is characterized by a
constant Fermi level throughout the structure.

The parameter ¢p is the ideal barrier height of the semiconductor contact, the po-
tential barrier seen by electrons in the metal trying to move into the semiconductor
and according to the Schottky-Mott theory [4] 5 can be expressed as follows:

éB = dm — Xs (21)

where ¢p is the barrier height at zero applied bias, ¢, is the work function of the
metal and . is the electron affinity of the semiconductor and is expressed as:

Xs = ¢s — (Ec — Ef) (2.2)

where ¢, is the work function of the semiconductor, E. the conduction band energy
and Ey the Fermi level energy.

On the semiconductor side, Vj; is the built-in potential barrier seen by electrons in the
conduction band trying to move into the metal and is given by:

Voi = ¢m — ¢s = ¢ — (Ec - Ef) (2'3)



2.3.1. Theory of Metal-Semiconductor Contacts

When an abrupt metal-semiconductor transition is assumed (full depletion approx-
imation), the magnitude of the electric field (¢) in the space charge region can be
determined from Gauss’s law:

de _ p(z)

dx €5

(2.4)

where p(z) the space charge volume density and e, the semiconductor permittivity.
Assuming a uniform semiconductor doping, the electric field increases linearly as the
metal is approached, rising from zero at x = W to a value of ¢NgW /e, at the interface
by:

@)l = LLW — ) = ey — L0y
€s €s

where Ny the doping concentration and &, the maximum field strength which occurs

at x = 0.

The space-charge in the depletion zone (¢NygW) in the n-type semiconductor equals

the surface charge. Therefore, the width of the depletion zone (W) is the same as in

p-n junctions, where a high p-doping is assumed (a p*-n junction):
2 kT
W = \/ s v;,, V- i) (2.6)

The space charge Q¢ per unit area of the semiconductor and the depletionlayer ca-
pacitance C per unit area are given by:

(2.5)

Qs = aNaW = | |24, Ny (vm V- %) 2.7)
|8Q80| qesNg €s
¢= = == 2.
v "\ 22—V —ksT/g) W (2:8)

Eqn. 2.8 can be written in the form:

1 2Vu—V - hsT/g)
c? gesNg

(2.9)

Therefore, if Ny is constant throughout the depletion zone, a straight line should ob-
tained by plotting 1/C? versus V.

This theory is not complete because it assumes ideal conditions where dipole surface
contributions do not change the barrier height when the metal and the semiconductor
are in contact [5]. It also assumes that there are no interfacial layers or physical strains
created between the two when they are brought into contact.

In practice, however, surface dipole layers do arise because at the surface of a solid the
atoms have neighbors on one side only (dangling bonds) (see figure 2.4). This causes
a distortion of the electron cloud belonging to the surface atoms. Also experimentally
was discovered that ¢p is less dependent on ¢, in contradiction to eqn. 2.1.
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Figure 2.4: Metal-semiconductor contact with an interface dipole layer and interface states
with neutral level ¢q

One explanation of this weak dependence is given in terms of localized surface states
or "dangling bonds”. The surface states are continuously distributed in energy within
the forbidden gap and are characterized by a neutral level, ¢g, such that if the surface
states are occupied up to ¢g and empty above ¢g, the surface is electrically neutral
(see figure 2.4).

In general, the Fermi level does not coincide with the neutral level. In this case, there
will be a net charge in the surface states. If in addition {(and often in practice due to
chemical cleaning of the semiconductor prior to processing) there is a thin oxide layer
between the metal and the semiconductor, the charge in the surface states together
with its image charge on the surface of the metal will form a dipole layer. This dipole
layer will change the potential difference between the semiconductor and the metal.
The modification to the Schottky-Mott theory is expressed as [5]:

oB = 7(¢m - Xs) + (1 - ’7)(Eg - ¢0) (2'10)

where E,; the bandgap of the semiconductor and ¢ the position of the neutral level

and -y expressed as:
€;

= 2.11
g +qdDgs ( )

v

where ¢; the permittivity of the thin oxide layer, § the thickness of the oxide layer end
D, the density of the surface states.

Hence if there are no surface states, Dg = 0 and v = 1 and eqn. 2.10 becomes identical
to eqn. 2.1. But if the density of surface states is very high, v becomes very small and
¢p approaches the value (Ey — ¢p). When this happens, the Fermi level is said to be
”pinned” to the band edges by the surface states and therefore becomes independent
of the metal work function.

Current Transport in Metal-Semiconductor Contacts

The current transport in a Schottky device is determined by the majority carri-
ers. When the majority carriers (in our case electrons) are arrived at the metal-
semiconductor interface, they can be emitted over the barrier into the metal due to
thermionic emission.

10



2.3.1. Theory of Metal-Semiconductor Contacts

If a positive voltage to the semiconductor with respect to the metal is applied (reverse
bias), the semiconductor-to-metal barrier height increases (see figure 2.5b). If a posi-
tive voltage is applied to the metal with respect to the semiconductor (forward bias),
the semiconductor-to-metal barrier V3; is reduced (see figure 2.5a). In that situation,
electrons can more eagily flow from the semiconductor into the metal since the barrier
is reduced.

/177717

/111171

b)

Figure 2.5: Ideal energy-band diagram of a metal-semiconductor contact (a) under forward
bias and (b) under reverse bias

The current-voltage characteristic of a Schottky barrier diode can be expressed as:
— ¢B —qV —qV
I = AA"T? Th (e""BT — 1) = I (e"kBT — 1) (2.12)

where A is the area of the metal-semiconductor interface, A** the effective Richardson
constant, T' the temperature, kg the Boltzmann constant, ¢ the electronic charge, V
the applied bias voltage, n the ideality factor and I the saturation current.

The ideality factor is a measure of the quality of the junction and is highly process
dependent. The value for an ideal Schottky junction is 1. In practice, however, larger
values are obtained due to the presence of non-ideal effects or components to the cur-
rent through the junction.

In addition to thermionic emission, there are a number of other current transport
mechanisms which will contribute to the electric properties of the metal-semiconductor
interface; the most important one which will be discussed in this section are image force
lowering of the barrier height and quantum mechanical tunneling.

The application of an electric field causes the image-force-induced lowering of the
potential energy for charge carrier emission. Consider an electron, in vacuum, at a

11
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distance x from a metal surface. A positive charge will be induced on the metal at a
distance -x from its surface and will give rise to an attractive force between the two,
known as the image force. This force has associated with it an image potential en-
ergy which corresponds to the potential energy of an electron at a distance x from the
metal. When an external field is applied, together these two energy components have
the effect of lowering the Schottky barrier. Thus at high fields, the Schottky barrier is
considerably lowered.

These results can be applied to a metal/semiconductor junction. However, the field is

now replaced by the maximum field, Ejp,q., at the interface. The amount of reduction
due to the induced-image-force, A¢g, is given by (see figure 2.6):

App = | 1Emaz (2.13)
dreg

\Lm

0 %&_
Ec

/00N

Metal n-type semiconductor

Figure 2.6: Energy-band diagram of a metal-semiconductor contact showing the image-force
Schottky barrier lowering A¢ where ¢po the flatband Schottky barrier height and ¢ the
zero-bias Schottky barrier height

Another current-transport mechanism is tunneling through the barrier. Under certain
circumstances, electrons with energies below the top of the barrier can penetrate this
barrier by quantum-mechanical tunneling. This modify the ordinary thermionic theory
in one of these two ways.

In the case of a very heavily doped semiconductor at low temperature, the current in
the forward direction arises from the tunneling of electrons with energies close to the
Fermi energy in the semiconductor. This is known as field emission.

If the temperature is raised, electrons are excited to higher energies and the tunneling
probability increases rapidly because the electrons ’see’ a thinner and lower barrier.
On the other hand, the number of excited electrons decreases rapidly with increasing
energy and there will be a maximum contribution to the current from electrons which
have a certain energy above the bottom of the conduction band. This is known as
thermionic-field emission.

If the temperature will be further increased, a point is reached where all the elec-
trons will pass the barrier and the effect of tunneling is negligible. In this case, again
thermionic emission is the mean current-transport mechanism.

12



2.3.2. Operation Principle of a MSM Photodetector

In the reverse direction, tunneling through the barrier becomes more significant at
lower doping levels than in the forward direction because the bias voltages involved
are usually much larger. Also a moderately large reverse bias can cause the barrier to
become thin enough for tunneling of electrons from the metal to the semiconductor,
even at low doping levels.

The tunneling current density Ji,, can expressed by [5]:

1
Jtun = —Jsev’(@%"%) (2.14)

where V; is the reverse bias voltage and Ey = Fog coth (¢Ew/kpT). Egp is a tunneling
parameter related to the material properties of the semiconductor and is expressed as:
gh | Ny

Eoo = —
21 m¥eg

(2.15)

where m* the effective mass of electrons in the semiconductor, €5 the permittivity
and Ny the donor concentration. The physical significance of Eyg can be seen as the
built-in potential of a Schottky barrier such that the transmission probability for an
electron, with the same energy as the bottom of the conduction band at the edge of
the depletion region, is equal to e~!. In other words, the ratio kgT/qEq is a measure
of the importance of thermionic emission and tunneling. Field emission is expected
if kpT <« qFEy, thermionic-field emission if kT =~ qFEyo and thermionic emission if
kT > qFEg.

Js is the tunneling saturation current density and is a slowly varying function of the
applied bias given by:

1

** ./ 2 —¢p

=M<q(V}—V)+ 2q¢B ) e Fo
kB cosh (qE()o/k‘BT)

Js (2.16)
where A** is the effective Richardson constant and V,, the potential energy difference
between the bulk conduction band and the Fermi level.

2.3.2 Operation Principle of a MSM Photodetector

A MSM photodetector is a Schottky barrier device consisting of interdigitated (fin-
ger structures) metal electrodes deposited on a semiconductor substrate. The device
detects the presence of light, by converting the incoming photons into an electrical
signal. Figure 2.7 displays the cross section of a MSM photodetector, indicating the
dimensions, carrier motion, the electric field and the incoming illumination.

s and w refer to the electrode spacing and width, respectively, d to the thickness of
the photoactive region and E to the electrical field. The common bias points £V and
the generated photocurrent I, are also indicated.

The photodetector is illuminated from the top with photons whose energy is larger

than the bandgap energy of the semiconductor. The amount of photo-generated car-
riers depends on the photon flux. Light absorption in the semiconductor leads to
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Figure 2.7: Cross section of a MSM photodetector (symbols explained in text)

electron-hole generation. By applying an external bias voltage to the metal contacts,
electrons in the conduction band and holes in the valence band are swept into oppo-
site directions. Carriers are then collected at the metal pads and a current, which is
proportional to the incoming photon flux, is detected in the external circuit.

When biased, the metal fingers form two Schottky-diodes connected in series; one
forward biased, the other reverse biased. As we will see in next sections, the semicon-
ductor is fully depleted in the region between the fingers if the applied bias voltage
exceeds the flatband voltage. Therefore, it is important to use active layers with a
low doping density to achieve full depletion of majority carriers for reasonable gap
spacings. As a result of this, the incoming photons are collected efficiently and the
generated electron-hole pairs are quickly swept out of the space-charge region. Fur-
thermore, a low background free electron concentration is necessary to achieve very
low dark currents.

Due to the geometry of the interdigitated electrodes, the capacitance of the detec-
tor is in the order of fF's, even for relatively large active areas. The series resistance of
the fingers can also be kept small by optimizing the length of the fingers and the metal
cross section area. Therefore, the RC time is relatively low and does not usually limit
the device speed.

Other advantages of MSM structures are its fabrication simplicity and the need of only
one active layer; only one metallization is needed to process MSM photodetectors on
a single doped n-type layer in our case. MSM structures have also a low dark current
density, which is mainly attributed to the leakage of carriers over/through the revered
biased Schottky barrier. Therefore, a high Schottky barrier is desirable in order to
minimize the dark current. The mechanisms which contribute to the dark current will
be discussed in detail in the next section.
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2.3.3 Dark Current Mechanisms in MSM Photodetectors

The basic transport process for a Schottky diode with n-type semiconductor under
reverse bias without illumination are transport of electrons, that have sufficient en-
ergy to overcome the potential barrier. Nevertheless, other mechanisms can play an
important role in the electrical properties of the photodetector. The most important
one is quantum-mechanical tunneling of electrons through the barrier from the metal
into the semiconductor (field or thermionic-field emission), but also generation in the
space-charge region, generation in the neutral region or carrier generation supported
by states in the forbidden bandgap can influence the properties of the photodetector.
The inverse processes occur under forward bias.

The MSM structure has two Schottky barriers connected back-to-back. Therefore,
the various current transport processes may deviate from that of a single Schottky
diode. The applied voltage has also a important role in determining the current trans-
port characteristics. In the following, different voltage regions are investigated for a
n-type MSM photodetector [6].

e Thermal equilibrium
The charge distribution at thermal equilibrium for a MSM photodetector with
n-type semiconductor with ionized impurity concentration Ny is shown in figure
2.8(b). The corresponding electrical field and potential distribution are obtained
from the integration of the Poisson’s equation and are visible in figures 2.8(c)
and (d).

®Bn1, $Bn2 are the electron barrier heights, ¢pp1 and ¢pp2 are the hole barrier
heights and Vj;1, Vise are the built-in potentials at contacts 1 and 2, respectively.
The depletion layer widths are:

Wi = Tdvbil,bn (2.17)

where Ng the donor concentration and €5 = €,€p the semiconductor permittivity.
For a symmetrical MSM structure (same contact metals): dpn1 = ¢Bn2 = PBn
and ¢¢Bn1 + qPBp2 = E4. Further the built-in voltage Vi1 = Viio = Vi

E.— F kszT . N,
Voi = ¢Bn — <—c—q——f) :(an_—B;_lnF: (2.18)

where E, the conduction band energy level, E; the semiconductor Fermi level,
kp the Boltzmann constant, T' the temperature, ¢ the elementary charge and N,
is the effective density of states in the conduction band:

3
ormkpT\ ?
N, =2 (%) (2.19)

where m; the electron effective mass. At zero bias no current will flow.
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Figure 2.8: (a) Schematic diagram of a MSM photodetector; (b) charge distribution; (c)
electrical field; (d) energy band diagram at thermal equilibrium
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¢ Small voltage range V < Vgr

The small voltage range applies to voltages below the reach-through voltage Vgr,
where the depletion widths W; and W3 are smaller than the electrode gap spacing
s. The charge distribution, electrical field and energy band profile under low bias
are shown in figure 2.9. The contact 1 with a negative voltage with respect to
contact 2 is reverse-biased (cathode) whereas contact 2 is forward-biased (anode).
gV is the difference between the Fermi level of metal contact 1 to that in the
semiconductor; qVs is the difference between the Fermi level of metal contact 2
to that in the semiconductor. V = V) 4+ V; is the applied voltage shared between
the two contacts.

From current continuity requirements and assuming that both contacts have
the same area: J,1 = J,3. The electron current density is due to the thermionic
emission of electrons from the cathode and is expressed as:

— — =4qV
Jnl — A:L*TQe k—;%((ﬁBm A(Zanl) (1 _ €WL> (220)

where A}* the effective Richardson constant for electrons with the corresponding
electron effective mass m}:

4mgmiky

4y ="

(2.21)

where h the Planck constant and A¢ gy, is the Schottky barrier lowering or image
force lowering due to the applied electric field given by:

qul
A = 2.22
¢Bn1 47T€s ( )
The maximum electric field E,,; at the cathode is:
2gN, kgT
E, = \/ qe CVy + Vit — %) (2.23)
8

The origin of the hole current is the thermionic emission of holes from the anode:

Jp2 — A;*T2e—k-;—f(¢3p
where A}* the effective Richardson constant for holes with the corresponding hole
effective mass and ¢ ppa+ Viio— V2 the effective barrier height. Only injected holes
which diffuse from zo to x1 influence the total hole current. Generally, the hole
current is much smaller than the electron current. Solving the current continuity
equation for holes using the particle and displacement current densities, the hole
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Figure 2.9: (a) charge distribution; (b) electrical field; (c¢) energy band diagram under low
bias (contact 1 reverse-biased)
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current density Jp; at the cathode:

dp
Jpl = qu% zl =
—aq_ .
qDppno tanh([(zo — x1)/Ly) (1 e :;’T) . A;;*TQe rpT (9Bp2tVei2) (e%;)f 1)

L, cosh[(z2 — z1)]/Lp

(2.25)
The total current is the sum of the electron- and hole-currents:

Jdark = Jn1 + Jpl (226)

Under low bias, the barrier of holes (¢pp2 + Viio — V2) is higher than that of
electrons (¢pn1). Therefore, the dominant current component is the reverse
electron saturation current.

e Voltages larger than the reach-through voltage V > Vpg

By increasing the bias voltage, the depleted area at the cathode grows while
at the anode it reduces. A small current is injected through the barriers: hole
current at the forward biased contact and electron current at the reverse biased
contact. The barrier for the holes is rapidly reduced with increasing voltage.
Therefore, if the height of a Schottky barrier on n-type material is greater than
half the bandgap, the region of the semiconductor adjacent to the metal becomes
p-type and contains a high density of holes. These holes will diffuse into the
neutral region of the semiconductor under forward bias. In that case, the electron
current remains constant but the injected hole current from the forward biased
contact begins to increase rapidly as the hole barrier (¢pp2+ Viia— V2) is lowered.
Nevertheless, the electron to hole current ratio is therefore determined by the
bandgap of the semiconductor. The two depletion regions touch each other ate
the reach-through voltage. At this moment, the whole MSM structure is depleted.
The sum of the depletion regions equals the electrode gap spacing s = W7 + W,
see figure 2.10.

For a symmetrical structure Vy;1 = V9 = V3, so that the depletion widths are:

2e
Wi = > (Vi + Vi 2.2
1 qu( 1+ Vai) (2.27)
W, 25 (Vo — Vi) (2.28)
2 = qu bi 2 .

Most of the applied voltage drops across the cathode. Assuming V; =V = Vgp
and Vo = 0 in Wy + Wy = s, gives for the reach-through voltage:
_ qNgs? 29Ny

-5
¢, €s

Vi (2.29)

Full depletion of the active region can occur even at zero bias, if the electrons
spacing s and/or the donor concentration Ny are small enough. By setting Vgr =
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Figure 2.10: Reach-through condition (a) electrical field; (b) energy band diagram

0 or W1 + Wy = s using eqn. 2.17, the spacing is defined as sqepieted = %i.
After reach-through, the electric field is continuous and varies linearly from z = 0
to x = s, see figure 2.11.

The maximum fields at the cathode and anode, respectively, are:

_V-I—VFB

Emt (2.30)

S
Em2 - ‘—lv _SVFBI

(2.31)

where the voltage Vrp the flatband voltage which makes the depletion width at
the anode W5 = 0. The relation between the applied voltage and the reverse-
biased/forward-biased barrier height becomes therefore:

E iz, _ (V + VFB)2

Vi+ V= 5 T Vg (2.32)
E - Vrg — V)?
Vi — V= m2(s2 Zr) _ ( F43VFB ) (2.33)
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Figure 2.11: Flatband condition (a) electrical field; (b) energy band diagram

where z, is the reach-through point (the position at which point the electric field

is zero): x, = €5Em1/qNy = i‘%gw. When the applied voltage exceeds Vir,

the neutral region (z2 — 1) becomes zero and eqn. 2.25 using eqn. 2.33 reduces

to:
A 9(¢ Bp2+Vei) Vs
Jpp = Ay T%e  *8T efsT —1
_4$Bp2 _a(Vpg-V)? _ @V

The total current is the sum of eqns. 2.20 and 2.34 (note that in eqn. 2.20 the
second exponential term drops out, because applying a voltage V1 it approaches
Z€10):

g _ _9%8p2 [ _aVpp-=V)? _aVy
Jdark:A;kl*TQe k:BT((’bB"l A¢Bnl)+A;*T26 kT (e kpTAVEg —e Ty

(2.35)

21



Chapter 2. Theory

From egn. 2.35, it can be seen that the current increases exponentially with
increasing bias voltage.

¢ Voltages larger than the flatband voltage V > Vg
As the voltage is further increased, the energy band at x = s becomes flat and the
electric field becomes zero. This is the flatband condition with the corresponding
flatband voltage, Vrg. By setting z, = s, the maximum field at the cathode
becomes E + ml = iqe-]—:rii Equalizing this with eqn. 2.30 gives for the flatband
voltage:

Vip = (2.36)

By proper selection of Ny and s, the flatband voltage can be varied from a few
volts to a tenfold. Increasing the voltage in excess of Vrp, causes the energy
band to bend further downward, see figure 2.12.
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Figure 2.12: Applied voltage larger than Vpp (a) electrical field; (b) energy band diagram



2.3.4. Photocurrent Mechanisms in MSM Photodetectors

The maximum voltage, the breakdown voltage Vgp, which can be applied to
the MSM structures is limited by the breakdown phenomena near the maximum
field at the cathode. Using eqn. 2.30 and defining the maximum field E,,; at
breakdown as Epp the maximum applicable voltage becomes:

Vep = Epps — Vrp (2.37)

At V = Vgp, the factor in brackets in the hole current density, eqn. 2.34,
approaches unity. The hole current reaches its critical value since the hole barrier
approaches the limiting magnitude ¢ppe. For voltages in excess of Vgp the hole
current increases slowly due to the Schottky barrier lowering effect. The hole
current is now expressed as:

Jpl — A;*T2e_76—;“f(¢3p2_A¢Bp2) (238)

where A@pp2 is the Schottky barrier lowering for holes:

_ /qEm2 _ [q(V —VEB)
A¢Bp2 = 477'65 = 47‘(’63 (239)

with F,,2 defined in eqn. 2.31. The total current, assuming that breakdown
phenomena can be neglected, is the sum of eqns. 2.20 and 2.38:

Jdark :A;*T2e—k—g?(¢3n1—A¢Bn1) +A;*T26—k—gT(¢Bp2—A¢Bp2) (2.40)

2.3.4 Photocurrent Mechanisms in MSM Photodetectors

One of the most important parameters to describe the performance of a MSM pho-
todetector is the responsivity (R). This is the ratio of the generated photocurrent to
the incoming illumination with an optical power corresponding to a photon energy hv

at the wavelength A:

R_ Ln _qnGi _ MG

= 2.41
Pp:  hv  1.24x 1076 (2.41)

where 7 the quantum efficiency of the device and G; the internal gain. The quantum
efficiency for a MSM diode is expressed as:

— —ad
n=m(l = ()1 - e (242)
where 7); the internal quantum efficiency, r the reflection coefficient at the air-semiconductor
interface depending on the material and the wavelength, d the thickness of the active
region, s and w the spacing and width of the fingers and « the absorption coefficient
as a function of the wavelength.
For an ideal MSM photodetector the internal quantum efficiency, which is defined as

the number of electron-hole pair generated per incoming photon and collected at the
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electrodes, equals unity. However, if multiplication mechanisms are present, the num-
ber of collected carriers increases, and the internal quantum efficiency can be larger
than 100 % and give rise to G;. In case no gain is present, the theoretical responsivity
is: \

n
R< 1.24 x 10—6
Due to the forbidden bandgap, the limiting wavelength for photoexcitation is: A < hc
In order to optimize the responsivity of a MSM photodetector, the different factors
which contribute to the quantum efficiency will be discussed.
First, the wavelength dependence of the responsivity is significant since the photon
wavelength determines the absorption of light into the semiconductor. The light passes
through the device decreases exponentially according to e~*®, where x the distance
measured from the surface of the semiconductor. Hence, the amount of absorbed light
is determined by the factor (1 — e~**). The penetration depth - of light into GaN
can be deduced from its absorption spectrum by v = 1/a. In figure 2.13, it can be
seen that the absorption depends on the wavelength with a sudden increase at energies
above the bandgap energy (3.39 eV for GaN at room temperature). From this figure,
it can be derived that the penetration depth of light is approximately 100-200 nm in
GaN.

A/W (2.43)
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Figure 2.13: Absorption spectrum of GaN at room temperature

Secondly, in practice only a part of the incoming light reaches the active region of
the photodetector. The reflection coefficient at the air-semiconductor interface for an
incoming light coming perpendicular to the surface is:

where ng» = 1 for air, and n, the refractive index of the semiconductor. Between 200
nm and 365 nm, the reflection coefficient at the semiconductor/air-interface for GaN
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is approximately constant and comes between 25 % and 28 %. In order to minimize
reflection and thus improve sensitivity, an antireflection coating (ARC) can be used.
Finally, the metal of the electrodes also affects the responsivity. In case of opaque
electrodes, the fraction of light that will reach the semiconductor surface is the ratio
of the finger spacing to the pitch: ( Sjw). If transparent electrodes are used, blocking
of incoming light is reduced and more light is allowed to enter the active area.

As discussed, reflection and absorption in the Schottky metal reduce the photodetector
responsivity. Due the transparency of (polished) sapphire, back illumination (illumi-
nation through the substrate) can reduce reflection losses. However, the carriers are
photo-generated close to the semiconductor/substrate interface and must diffuse to
the space-charge region before collection by the electrodes. Therefore, the responsivity
decreases if the diffusion length of the carriers in not long enough. This is mostly the
case because the semiconductor/substrate interface is an area with a large density of
defects, which can act as recombination centers, due to the large lattice mismatch.
Hence, front illumination through the Schottky metal is the only configuration which
is preferable.

In MSM photodetectors, the photocurrent depends on the applied bias and on the
light intensity. An observed property is that the photocurrent shows an initial increase
followed by saturation and subsequent sharp increase before breakdown occurs. Figure
2.14 shows the potential profile on a n-type MSM device under low applied voltage and
under illumination. The cathode is reverse biased by Vi, while the anode is forward
biased by V5. The total photocurrent is the sum of the photocurrents at the cathode
and the anode on the semiconductor side.

cathode W, X, - X, W, anode

A%
EF:] ;‘L \\ - /{ qv,
7 | Ep, 77/ Eru:

hv hv

AAV

/XV//////////////QM %

Figure 2.14: Energy band diagram of a MSM photodetector under low bias voltage and under
illumination
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The photocurrent density from the small voltage range V < Vgr up to voltages larger
than the reach-through voltage V' > Vgr is determined by [7]:

Jph = —qG(W1 - WQ) (2.45)

where W; and Wy are the depletion region width as defined in eqns. 2.27 and 2.28,
and G the carrier generation rate (number of generated electron-hole pairs per time-
and volume unit). Eqn. 2.45 is derived from the current continuity equation in the
depletions regions assuming that carrier recombination can be neglected. It takes only
the photo-generated electron-hole pairs which are generated in the depletion regions
of the cathode and anode into account. This assumption is valid if we assume that
the undepleted region is much larger than the diffusion length. At reach-through, the
length of the undepleted region x9 — 27 = 0.

The light induced generation rate of electron-hole pairs as a function of distance x
from the surface is g(z) = ®oae™**, where &g = %&f is the incoming photon flux per
unit surface area and a the absorption coefficient of the semiconductor. Integrating
the generation rate over the thickness of the active semiconductor region d and taking
into account the internal quantum efliciency 7; gives:

1 [% P _ Popt1i
G== | =L =ae™dr = (1 - e %) L= 2.46
d/o o e dr=-e) (246)
At flatband, the depletion region of the cathode reaches the anode, making the electric
field at the anode zero. For voltages larger than the flatband voltage, the photocurrent
density per cross section area is characterized by:

Jpn = qGs (2.47)

The photocurrent for a MSM structure in DC steady state under constant illumination,
taking into account the surface reflectivity r, the shadowing due to the metal fingers
and using eqns. 2.46 and 2.47, becomes:

S

J(1 = r)(1 — e—od) opti (2.48)

I, =
ph ( hv

In this equation, opaque electrodes are considered because the term (- jw) defines
the fraction of the free semiconductor surface. Eqn. 2.48 is only valid when the
voltage is above flatband voltage and therefore the current is saturated. In the other
voltage regions, the total current characteristics can be modeled by combining the
contributions of the photocurrent I, (eqn. 2.48) and the thermionic emission current

density Jgqrk, which is described in section 2.3.3.[§]
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2.4 Comparison of Schottky Barrier Diode and the P-N
Junction Diode

Although the ideal current-voltage characteristic of the Schottky barrier diode given by
eqn. 2.12 is of the same form of that of the p-n junction diode, there are two important
differences between a Schottky diode and a p-n junction diode: the magnitude of the
reverse-saturation current densities and the switching characteristics.

We will compare a Schottky diode made from a n-type semiconductor with a p-n
junction having the same barrier height (see figure 2.15) [5].

Figure 2.15: Band diagram of (a) Schottky barrier and (b) p-n junction showing the definition
of ¢ and ¢y,

The current mechanism in the two devices are different. The current in a p-n junction
is determined by the diffusion of minority carriers while the current in a Schottky bar-
rier diode is determined by thermionic emission of majority carriers over a potential
barrier. To ensure that also the current in the p-n junction is carried almost by elec-
trons, we will assume that the p side is slightly more doped than the n side.
Assuming that the current through the p-n junction is carried completely by electrons,
the I-V characteristic is given by

Jpn = Jspnlexp (¢V/ksT) — 1] (2.49)
where DN
Jspn = 1 I(j - €Xp (_Q¢B/kBT) (250)
[

where D, and L, are the diffusion constant and diffusion length respectively of the
electrons in the p-type side. Eqn. 2.50 can be rewritten using the relationship from
kinetic theory that D, = vl./3, where [, is the mean free path of electrons in the p
region and v their mean thermal velocity. Moreover, I, = T7e and Le = v/ DeTre, where
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Tee 18 the mean time between collisions and 7, the lifetime of electrons in the p-type
side. Then, Eqn. 2.50 becomes

gN.v
Jspn = ﬁ €xp ("q(bB/kBT) (2'51)
where e
Te = — (2.52)
Tece

For a Schottky diode the I-V characteristic is normally given by the thermionic emission
theory according to
Js = Jsslexp (qV/kpT) — 1] (2.53)

where _
N.v

Jos = Lo exp (—qo /kpT) (2.54)

Comparison of eqns. 2.51 and 2.54 gives

s _ Vire ~ e (2.55)

Jspn

For a GaN p-n junction, a typical value of 7. is ~ 107%s [9] while 7, ~ 107 1%s, and
therefore /re > 10%. Hence for the same barrier height the saturation current density
of a Schottky diode exceeds that of a GaN p-n junction by a factor of 102 or more.
For a long-lifetime semiconductor like Si, the ratio is larger and can be 103 or more.

In MSM structures, also the hole injection have to take into account if voltages larger
than the reach-trough voltage are applied (see section 2.3.3). The injection of holes
from the metal into the semiconductor is analogue to the injection of holes into the
n-type side of the p-n junction. The transport of holes through the depletion region of
a Schottky barrier and their subsequent diffusion in the neutral region of the semicon-
ductor is identical to the mechanism of hole transport in a p-n junction. Therefore,
we can write

Jn = Jsnlexp (qV/kpT) — 1] (2.56)
where, by analogy with eqn. 2.51
gN,©
V3T

where ¢y, the barrier for holes and r, = 74 /7cp. The hole-injection ratio +y, is therefore
given by

Ton = exp (—q¢n/kpT) (2.57)

JIh, Nﬁ_ 4N,

h= Jn+ Jo A V3N, exp (—q(on — ¢B)/kBT) (2.58)
or
Th ™ % exp (—q(én — ¢B)/kBT) (2.59)
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because J. is the thermionic-emission current given by eqns. 2.53 and 2.54 and
N, =~ N,.

This equation shows that -y increases with increasing ¢p because in that case J, re-
duces and 7, decreases with increasing ¢p because J; reduces. For most Schottky
barriers and certainly for GaN Schottky barrier diodes due to their large bandgap:
¢n > ¢, so the exponent is negative. Hence, the hole injection ratio is generally
small and therefore the Schottky barrier diode is a majority carrier device. However,
due to the decreasing hole barrier with increasing voltage (voltages larger than the
reach-through voltage) in MSM structures the hole current will also play an important
role in these devices.

The second major difference between a Schottky barrier diode and a p-n junction is the
frequency response or switching characteristics which are determined by the minority-
carrier storage due to the minority-carrier injection. If the bias in a p-n junction diode
is suddenly changed from forward to reverse, the electron and hole concentrations in-
jected into the p side and n side respectively will start to decrease before the diode can
retain a high-resistance state. This is in contrast with a Schottky barrier diode which
is a majority carrier device. When switching a Schottky diode from forward to reverse
bias, there is no minority carrier stored charge to remove. Since there is no minority
carrier storage time, the Schottky diodes can be used in fast-switching applications.
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Results and Discussion

3.1 Fabrication of MSM and Schottky Barrier Photode-
tectors

The MSM and Schottky barrier photodetectors were fabricated on a quarter of a 2
inch GaN on sapphire wafer. The GaN layers were grown by metalorganic chemical
vapor deposition (MOCVD) on sapphire substrates (£ 330 pum). Due to the high lat-
tice mismatch between GaN and sapphire, first, a 25 nm low temperature buffer layer
of GaN was deposited on the substrates. Then a thicker high-temperature GaN layer
(2-3 pm) was grown, which was unintentionally doped to prepare MSM photodetec-
tors. Nevertheless, the doping concentration in these wafers was still in the 10*® - 1016
cm ™ range. The cause of this unintentionally n-type (electrons) conductivity is still
widely debated (see section 2.2.2). Otherwise, the GaN layers to prepare Schottky
barrier photodetectors had a larger electron concentration (2.5 x 107 cm™3). This
will ensure a good ohmic contact due to a thinner Schottky barrier and therefore the
increase of the tunneling probability of the majority carriers through that Schottky
barrier.

To fabricate MSM photodetectors (figure 3.1), a test mask was used with 6 differ-
ent active areas (100 x 250, 100 x 100, 66 x 66, 50 x 50, 40 x 40 and 33 x 33 um?).
The gap spacing (s) between the interdigitated electrodes and the finger width (w)
was varied as well (0.5 ,1,2 4 and 8 um). Two different electrode metallization, gold
and platinum, were used to make MSM photodetectors. These metals are the most
suitable ones because Au and Pt have high workfunctions, 5.10 eV and 5.65 eV respec-
tively, and therefore a large barrier height can be achieved. The Au electrodes were
deposited using radio-frequency (RF) sputtering in an argon plasma. The Pt contacts
could only be deposited by electron-beam evaporation. Due to the evaporation of the
Pt contacts (better surface contact when using sputtering) and the bad adhesion of the
Pt to the GaN, a thin titanium layer was rf-sputtered to promote the adhesion. The
MSM electrodes were then defined by standard photolithography and a lift-off process.
With this lift-off process, only gap spacing larger than 4 pym can be obtained. Smaller
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gap spacings were only achieved by using wet chemical etchants. Finally, the contact
pads were formed by a lift-off process using a TiW/Au (10nm/160nm) metallization.

hv
Au or Ti/Pt

—— ¢

2-3 um NID GaN (£ 10'8 cm®)
+ 25 nm GaN buffer layer

+ 330 um sapphire substrate

(b)

Figure 3.1: (a) Microscope photo of a 8 um gap spacing MSM photodetector (66 x 66 pum?).
(b) Cross-sectional view of the device shown in (a).

In this thesis, also lateral Schottky barrier photodetectors (figure 3.2) were fabricated
for reasons discussed in detail in section 3.4. Therefore, a mask with rectangular
shaped Schottky (90 x 290 pm?) and ohmic contacts was used. First, the ohmic con-
tacts were formed by using a lift-off process, using a Ti/Al/Mo/Au (20/40/25/50 nm)
alloy which was annealed at 550 °C for 15 minutes and at 750 °C for 1 minute. This
configuration has a very low contact resistance of + 0.4 OQmm. In this study, Schottky
barrier photodetectors with Au, Ni, ITO and ITON Schottky contact metallizations
were prepared. The 30 nm thick Au and Ni Schottky contacts were rf-sputtered in
an argon plasma and defined by a lift-off process. The details of the ITO and ITON
deposition techniques and properties will be discussed in detail in section 3.4.

The processing details to fabricate the MSM and Schottky barrier photodetectors with
all the cleaning and photolithography procedures are summarized in Appendix A.

For a complete characterization of the MSM and Schottky barrier photodetectors, elec-
trical (I-V, I-V-T and C-V) and optical (spectral responsivity, quantum efficiency and
internal gain) measurements are performed.

The I-V and I-V-T characteristics of the photodetectors were measured using an Agilent
4156C semiconductor parameter analyzer and a Temptronic thermochuck (TP03215B)
with a temperature range from 0 °C until 300 °C. In order to achieve low-noise mea-
surement of the dark current, a Cascade Summit probing station was used. This probe
station uses a shielded MicroChamber to eliminate electrostatic and electromagnetic
interference to ensure a dark and noise-free measurement environment. With the Fem-
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Ohmic: Ti/AlMMo/Au Schottky

e

2-3 um n-type GaN (x 2.5 107 ecm-3)
+ 25 nm GaN buffer layer

+ 330 um sapphire substrate

(a) (b)

Figure 3.2: (a) Microscope photo of a Ni Schottky barrier photodetector (90 x 290 ym?).
(b) Cross-sectional view of the device shown in (a).

toGuard chuck and the triaxial shielding probes down to the tip, accurately low current
measurements down to + 10 fA could be achieved. The C-V measurements were per-
formed with a computer controlled Agilent 4284A Precision LCR meter on the same
probing station.

The optical measurement were performed by using a 150 W Xenon arc lamp and
a Sutter Lambda 10-2 optical filter wheel. In the optical set-up, 13 optical bandpass
filters were installed from 200 nm until 400 nm (20 nm step). Also the bandpass filter
for 370 nm and 390 nm were installed to characterize the cut-off wavelength accurately.
The optical UV bandpass filters had a transmission band of + 5 nm FWHM. The light
that emerged from the filter wheel was coupled into one end of a UV enhanced fiber.
The other end of the fiber was precisely positioned over the device under test. The
optical system was calibrated using a SiC UV detector (IFW JEC 0.1 SS) with known
absolute spectral response.

3.2 Dark Current Mechanisms in MSM Photodetectors

The aim of this section is to perform a detailed characterization and analysis of the dark
current in MSM photodetectors and to identify all the conduction mechanisms which
contribute to the dark current. In order to achieve this goal, a general description of
the dark current will be made first and compared with the MSM theory. After that,
the measured dark current will be compared and fitted with different current-transport
mechanisms/models. In all these models, the barrier height and the Richardson con-
stant are considered as known parameters. Due to the two Schottky barriers back-to-
back by MSM photodetectors, the extraction of these parameters will give cause for
some problems. These will be first solved by a detailed discussion and comparison of
different techniques to extract the barrier height and Richardson constant as accurate
as possible.
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3.2.1 Global Description Dark Current

A detailed description of the MSM theory was already given in section 2.3.3. There,
three operations regions were distinguished in function of the applied voltage:

The "low-current” region, corresponding to applied voltages smaller than the reach-
through voltage. In this case, the MSM photodetector is not fully depleted and the
current is mainly due to the transport of majority carriers.

The "injection” region, corresponding to applied voltages between the reach-through
voltage and the flat-band voltage. In this region, the MSM photodetector is completely
depleted of carriers, but the peak of the barrier for holes still lies within the semicon-
ductor. The barrier height for holes is a decreasing function of the applied voltage and
therefore, the hole current increases rapidly.

The ”saturation” region, corresponding to applied voltages larger than the flat-band
voltage. In that case, the barrier height for the holes lies at the semiconductor-metal
interface and will only lower due to the image force and therefore, the hole current will
be saturate.

In order to verify the presence of these 3 regions, MSM photodetectors (25 nm Au, s
= w = 8 um) are prepared. Figure 3.3 shows the plot of the I-V curve under dark
condition for the MSM photodetector at 200 °C. Below that temperature, the dark
current is in the fA range and therefore too small to be detected accurately by the
measurement set-up.

It can be seen that instead of three regions, only the ”saturation” region is present.
From eqn. 2.36, we know that the flat-band band voltage is only a function of the
electron concentration (Ny) in the n-type GaN and the gap spacing (s) between the
electrodes. Due to the small donor concentration in not-intentionally-doped (NID) n-
type GaN, the flat-band voltage can occur already at very small voltages. To achieve
this, the donor concentration has to be lower than 5 x 10 cm™3 when a gap spacing
of 8 um is assumed. To prove this, a C-V measurement is performed to check if the
MSM device is completely depleted. Figure 3.4 shows the C-V characteristic of a MSM
photodetector (area = 100 x 250 ym?, s = 8 um) under dark condition measured at
a frequency of 1 MHz and an AC-signal amplitude of 10 mV.

When a MSM photodetector is completely depleted, the capacitance becomes inde-
pendent of the applied voltage. In this case and with the assumption that there is no
interfacial layer, the capacitance per unit area (C) is the same as that for a parallel
plate condenser:

€s

C=— 3.1

- (3.1)
The value of the measured capacitance (0.105 pF) is in agreement with the value ob-
tained from eqn. 3.1 (0.26 pF). The small difference in both values can be explained
by an uncertainty in the MSM area.
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Figure 3.3: I-V characteristic of the MSM photodetector under dark condition

Hence, we can conclude that all our MSM devices are operating in the ”saturation”
region. In this region, the dark current is given by eqn. 2.40. To get an idea of
the contribution of respectively the electron and hole current to the dark current, an
estimation is made using this equation. We assume the theoretical Schottky barrier
height for electrons of + 1 €V when an Au metallization is prepared on GaN. There-
fore the Schottky barrier for holes becomes E; - 1 eV = £ 2.4 eV. In that case, the
electron current is approximately 24 orders of magnitude larger than the hole current
if the small influences of barrier height lowering and different Richardson constants are
neglected. Hence due to the large bandgap of GaN, the dark current in GaN MSM
photodetectors is approximately completely determined by the electron current. This
is in contrast with for example GaAs MSM photodetectors, where the hole current
dominates the "injection” and ”saturation” region because the barrier height for the
holes becomes smaller than for the electrons in these regions.

The "saturation” region is also the normal operation mode for MSM photodetectors
because in this region, the photo-generated carriers will be swept to the electrodes at
their saturation voltage due to the strong electrical field. Therefore as low as possible
donor concentrations will be used in n-type GaN, not only to achieve a high quality
Schottky barrier, but also to become full depletion of the MSM photodetector with
reasonable gap spacing between the electrodes.

In figure 3.3 can be seen that the dark current rises slowly with the applied voltage and
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Figure 3.4: C-V characteristic of the MSM photodetector under dark condition

does not show any effect of saturation. The lack of saturation for a general Schottky
contact under reverse bias can be commonly explained in terms of barrier lowering or
the barrier height is dependent on the electrical field in the barrier as a result of the
existence of an interfacial layer between the metal and the semiconductor. The lack
of saturation can also be caused by image force lowering of the barrier height and due
the generation of electron-hole pairs in the depletion region [5]. A detailed discussion
of these mechanisms, especially applied on GaN MSM photodetectors, will be given in
section 3.2.3.

Finally, we notice that in agreement with the MSM theory, the current is completely
symmetric around 0 V if the same metallization and size is chosen for the anode and
the cathode. Therefore, in the future only positive bias voltage will be applied to the
MSM photodetectors without any loss of validity.

3.2.2 Schottky Parameter Determination in MSM Photodetectors

Due to two Schottky contacts back-to-back in MSM devices, the extraction of the
Schottky parameters is not always obvious. When a voltage is applied, one of the
Schottky contacts is forward and the other is reverse biased. Only the reverse I-V
characteristics of these Schottky contacts can be measured. Therefore, in this section,
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different techniques to extract the Schottky barrier height and the effective Richardson
constant from I-V-T measurements will be presented and discussed in detail. The
knowledge of these parameters is essential to understand and fit the dark current
characteristic of MSM photodetectors. First, the effective Richardson constant will be
determined because this constant is needed to extract the Schottky barrier height from
the different measurements.

Effective Richardson Constant (A**)

The current-voltage characteristic according to the thermionic-emission theory for
Schottky barrier diodes is given by:

—q¢ —qV
[ = AA*T2TsT (e"’“?BT - 1) (3.2)
where A 12
. 4mm’q

where A* is the Richardson constant for thermionic emission and only dependent of
the semiconductor effective mass (m*). For GaN, the theoretical Richardson constant
for electrons is given by:

*

m A A
A*=1 — | — = 264——; .
20 ( m ) em2K? 26 4cmzK2 (3:4)

The Richardson constant was introduced by Crowell and Sze [10] and represents the re-
combination velocity (V;.) at the top of the barrier. In terms of the thermionic-emission
theory which assumes that no electrons which pass over the maximum of the poten-
tial barrier are scattered back into the semiconductor, V,, = v/4 where v is the mean
thermal velocity of electrons in the semiconductor. However, according to quantum
mechanics, an electron may be reflected by a potential barrier even if it has sufficient
energy to pass the barrier. The probability of an electron reaching the metal without
being scattered back into the semiconductor is given by a factor f,. Another effect is
the quantum mechanical reflection and the tunneling of electrons through the top of
the barrier. These two effects are combined by a factor f;. Now, for the case in which
thermionic-emission theory is valid, the effect of f, and f, is to replace A* in eqn. 3.2
by A** = f,f;A*. In general, the effective Richardson constant A** is less than A*.

In order to determine the effective Richardson constant in the MSM photodetectors
(25 nm Au), first, I-V measurements are performed at different temperatures. The
result, where the temperature is varied between 200 °C and 300 °C, is shown in figure
3.5.

For V > kgT/q, eqn. 3.2 can be written as [11]

q(¢s —V/n)

In(I/AT?) = In(A*™) — T

(3.5)
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Figure 3.5: Temperature dependent [-V characteristic of the MSM photodetector under dark
condition

To determine the effective Richardson constant, a plot of In(I/AT?) versus 1/T is
made at a constant bias voltage V = Vjs- This Richardson plot has a slope of
—q(éB — Vibias/n)/kp and an intercept of In(A**) on the vertical axis. The Richardson
plot, extracted from figure 3.5 at a bias voltage of 0.2 V is shown in figure 3.6.

The y-intercept at this figure is at -1.28 £ 1.00. Therefore, the effective Richardson
constant of the 25 nm Au MSM photodetectors is extracted to be 0.28 %Aﬁg. Theo-
retically, the Richardson constant is a property of the semiconductor because it is only
dependent on the effective mass of the electrons. Therefore, the effective Richardson
constant should be the same for all the MSM photodetectors on the same wafer and
also for different metallizations. Nevertheless, Ti/Pt (5/25 nm) MSM photodetectors
on the same wafer have a different effective Richardson constant (0.0045 %?77)

The extracted effective Richardson constants in the MSM photodetectors are always
two to four orders of magnitude lower than the theoretical ones. This is in agreement
with literature [12], but to my knowledge never a detailed explanation is given.

First, the slope of the Richardson plot is well defined, but the extraction of the A**
from the intercept give cause to errors. Generally, the 1/T axis covers only a narrow
range, 0.0017 to 0.0022 in our measurements. Extrapolating the data from that narrow
range to 1/T = 0 involves extrapolating over a long range and any uncertainty in the
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Figure 3.6: Richardson plot at 0.2 V of the MSM photodetector under dark condition

data produces a large uncertainty in A**.

Secondly, to make a Richardson plot the current has to be divided by the MSM area
which can be chosen on different ways. Because the whole MSM device is depleted,
the whole active MSM area is chosen as junction area. This can give cause to a lower
effective Richardson constant because the active area is the largest which can be cho-
sen.

Finally, the extraction of the effective Richardson constant is done by supposing the
thermionic-emission theory (see eqn. 3.5). Therefore, the obtained value will only
be valid and accurate if the conduction mechanisms in the MSM photodetectors are
also due to thermionic emission. Nevertheless, the low effective Richardson constant
indicates already that tunneling currents play an important role. In that case, the
probability factor f, decreases and therefore lowers the effective Richardson constant.
To estimate the error which is caused by using thermionic-emission theory to extract
A* in MSM photodetectors with tunneling currents, a simulation is performed using
the thermionic-field emission theory (section 2.3.1) to obtain the I-V characteristics at
different temperatures. The Richardson plot of this simulation (TFE, ¢p = 1 eV, and
A** =26 —4=) at 0.1 V bias voltage is shown in figure 3.7.

The obtained A** from the Richardson plot is 3.37 5"7‘47;, which is approximately 10
times lower than the Richardson constant used in the simulation.
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Figure 3.7: Richardson plot of the simulation using thermionic-field emission theory

Nevertheless, all these extrapolation errors could not explain completely the low effec-
tive Richardson constants. A physical interpretation of these low Richardson constants
will be given in detail in section 3.4.

Schottky Barrier Height (¢5)

The Schottky barrier height is most commonly calculated from the reverse saturation
current (I;), determined by an extrapolation of the In(I) versus V plot to V.= 0 V.
The current axis intercept for the straight-line portion of this plot at V = 0 is given
by Is. The Schottky barrier height is calculated from (I;) in eqn. 3.2 according to

kT <AA*>"T2 )
= In

; T (3.6)

¢B

The ideality factor n can be extracted from the slope in this method and the Schottky
barrier height is these for zero bias voltage.

This method is applied to 25 nm Au MSM photodetectors (Area: 100 x 250 pm?,
s = w= 8 um) and the result which is measured at 200 °C is shown in figure 3.8.
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Figure 3.8: In(I) versus V plot of a 25 nm Au MSM photodetector together with 3 possible
extrapolations to extract the Schottky barrier height

In this figure, three suggestions are made to extract the reverse saturation current
from the I-V characteristics. Like clearly shown on the graph, the voltage range where
the value I has to be obtained is always very small in MSM photodetectors. Therefore,
the number of data points which are taken into account for the extrapolation is crucial.
Hence, this method is very user-dependent and will give cause to a large spread in the
extracted Schottky barrier heights.

Averine et al. [13] worked out a new method to extract the Schottky parameters (¢p
and n) from the MSM I-V characteristics. They do not start from eqn. 3.2 to evalu-
ate the Schottky parameters, but use the more general one which take into account a
barrier height which is dependent on the applied voltage:

e () e ] o

A Schottky barrier height can be dependent on the electrical field due to image-force
lowering or the presence of an interfacial layer [5]. The equation can also be written
in the form of
Iexp(qV/kpT) qV
= 5 3.8
exp (qV/ksT) — 1 ° P\ kepT B
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When V > 0.5 V, eqn. 3.8 can be simplified to

qV qV
I — | =1 .
exp (nkBT> s €Xp (nkBT> (3.9)
v\ _ v
In [Iexp <nkBT)} =Inl,+ wkpT (3.10)

The plot of In(Iexp(qV/kgT)) versus V should give a straight line with slope =
q/nkpT and y-intercept at In I.

This method is also applied to 25 nm Au MSM photodetectors (Area: 100 x 250
pm?, s = w = 8 um) and the results which are measured at 200 °C, 250 °C and 300

°C are shown in figure 3.9.
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Figure 3.9: In(Iexp (qV/kpT)) versus V plot of a 25 nm Au photodetector to extract the
Schottky barrier height

Like shown in this figure, the reverse saturation current I increases with temperature
like expected from the thermionic-emission theory. Using eqn. 3.6 and the calculated
effective Richardson constant (0.28 cm—éKg), the Schottky barrier height can be cal-
culated from Is. Because the value of A** deviates much from the theoretical value,
it is essential to use the calculated value to determine the Schottky barrier height.
Nevertheless, at room temperature a 100 % increase in A** results in a change of only

42



3.2.2. Schottky Parameter Determination in MSM Photodetectors

| Temperature (°C) | 200 | 250 | 300 |

oB (eV) 1.16 | 1.20 | 1.21
n 0.971 | 0.964 | 0.959

Table 3.1: Schottky barrier height (¢g) and ideality factor (n) for 25 nm Au MSM photode-
tectors at different temperatures

10 meV to the Schottky barrier height. The value of the reverse saturation current is
obtained from the y-intercept of a linear fit of the data points according to eqn. 3.10.
An example of this linear fit is also shown in figure 3.9 for the I-V characteristic at 300
°C. The Schottky barrier height (¢p) and ideality factor (n) for the MSM photodetec-
tor at different temperatures is given in table 3.1.

The value of I, is completely determined by the I-V characteristic for applied voltage
above 0.25 V, like shown in the linear fit in figure 3.9. According to eqn. 3.10, this
method is only valid for voltages larger than 0.5 V. Nevertheless, when voltage larger
than 0.5 V are applied to the MSM photodetectors, the current does not saturate
when the reverse bias voltage increases. In this region, other conduction mechanisms
are present and therefore this method is inadequate for GaN MSM photodetectors.
This conclusion is also supported by the obtained ideality factor. With this method,
ideality factors below 1 are found which is not possible by definition because the ideality
factor (n) is given by [5]

1 0dp
2 -1_ZB .
~ - (3.11)
or 6
=14 ——at (3.12)

w(dgDs + &;)

where § the thickness of the interfacial layer, €; the permittivity of the interfacial layer,
w the width of the depletion region and D, the density of the interface states. The
effect of the bias dependence of the Schottky barrier height is to change the shape of
the I-V characteristic by an increasing n-value when for example an interfacial layer
or surface states are present. If the current does not saturate by using this method,
the calculated slope (eqn. 3.10) is higher which results in a smaller n-value. Also the
obtained zero-bias Schottky barrier height is too large compared with literature [14].
Theoretically, the Schottky barrier height for an Au contact on GaN will be 1.00 eV
according to eqn. 2.1.

From this method, we can conclude that it is essential to know the reverse satura-
tion current at very low voltages because the current does not saturate as expected
by the MSM theory based on thermionic-emission. By using the first method, it was
possible to extract the reverse saturation current at very small bias voltages. Never-
theless, the obtained Schottky barrier heights are showing a large scatter because the
number of data points which are taken into account to fit and extract I is crucial.
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Therefore, another method is needed to extract a reliable value of the barrier height
at very small bias voltages.

The Norde method [15] which was originally derived to extract the barrier height
from Schottky diodes with a high series resistance can be used to solve this problem.
These method can also be applied to MSM photodetectors because the forward I-V
characteristic of a Schottky diode with high series resistance ”looks” similar to one of
a MSM photodetector.

Using the Norde method, the Schottky barrier height can be obtained by plotting the

F(V) -V curve:
F(V) = -‘21 - sz In ( Aix(:)w) (3.13)

where I(V') originates from the measured I-V characteristic of the MSM photodetec-
tors. From the minimum of the F(V) — V curve, the Schottky barrier height can be
expressed as

Vmin _ kBT

¢B - F(Vmin) + 5 p

(3.14)

where F(Vp,in) the minimum point of the F'(V) curve and Vpp, the corresponding
voltage.

This method is applied to 25 nm Au MSM photodetectors (Area: 100 x 250 pm?,
s = w = 8 um) and the F(V) — V curves which are measured at 200 °C, 250 °C and
300 °C are shown in figure 3.10.

From the F(V) — V curves, it can be seen that the minima occur already at very low
applied voltages. In this voltage region, the current increases a few orders of magni-
tude and saturates on a logarithmic scale at higher bias voltages. Therefore, the Norde
method ”thinks” that the saturation part is caused by series resistance and extract the
Schottky barrier height at bias voltages around 0.1 V (see figure 3.10).

Hence, this method meets the conditions to determine reliable the Schottky barrier
height of MSM photodetectors. The obtained barrier heights using the Norde method
are summarized in table 3.2. It can be seen that ¢p is much smaller than using the
previous method due to the more accurate and reliable determination of the reverse
saturation current Is. The values are also in agreement with other studies [14].

| Temperature (°C) | 200 | 250 | 300 |
[ ¢ (eV) [0.92]0.91 088 ]

Table 3.2: Schottky barrier height (¢p) for 25 nm Au MSM photodetectors at different
temperatures using the Norde method
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Figure 3.10: The F(V)-V curves of 25 nm Au MSM photodetectors at different temperatures

3.2.3 Modelling of the Dark Current Mechanisms

So far, the general I-V characteristics of MSM photodetectors are discussed and reli-
able techniques to determine the effective Richardson constant and the Schottky barrier
height are presented.

A MSM photodetector consists of two back-to-back Schottky contacts: one forward
biased and the other reverse biased. Due to the wide bandgap in GaN semiconduc-
tors, the hole barrier is much higher compared to the electron barrier. Therefore
the current from the reverse-biased contact will account approximately for the en-
tire behavior which is essentially the same as a Schottky diode with the forward-biased
contact replaced by an ohmic, non-injecting contact. Therefore, to model the dark cur-
rent mechanisms in MSM photodetectors the standard Schottky theory can be used
together with the obtained effective Richardson constants and Schottky barrier heights
by using techniques presented in section 3.2.2.

To model the dark current mechanisms, Ti/Pt (5/25 nm) MSM photodetectors (Area:
100 x 250 pm?, s = w = 8 um) are fabricated on NID GaN (Ngz = £10'¢ cm~3). The
extracted effective Richardson constant and Schottky barrier height are 0.0029 %QAT{@
and 1.01 eV respectively for these MSM photodetectors.

In section 2.3.3, the theoretical dark current mechanisms of MSM photodetectors
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are discussed. In the ”saturation” region, the current is completely described by
thermionic-emission theory with the Schottky barrier lowering effect. In figure 3.11,
the I-V characteristic of a Ti/Pt MSM photodetector measured at 233 °C is shown
together with a theoretical fit (see Appendix B) to the experimental data using this
theory.
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Figure 8.11: Dark I-V characteristic of a Ti/Pt MSM photodetector (black line) and theo-
retical fit using thermionic-emission theory with barrier lowering (red line)

It can be clearly seen that this theory can not fully explain the conduction mechanisms
in the MSM photodetectors.

Another current transport mechanism which dominates in general the dark current in
semiconductor photodetectors is the generation-recombination current density (Jg) in
the space-charge region according to eqn. 3.15:

_qni | 2€
7V gNg

where 7 the lifetime within the depletion region and n; the intrinsic concentration

given by:
—B
g = \/NCNve%gT (3.16)

where N, and N, the effective density of states in the conduction band and valence
band respectively. However, for a wide bandgap semiconductor such as GaN, the intrin-
sic carrier concentration is very small at room temperature (n; = 4,5 x 1071 cm=3).

(Vo — V) (e?V/2kBT _ 1) (3.15)
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According to eqn. 3.15, the contribution of the generation-recombination current to
the total current can be estimated. In GaN MSM photodetectors, I, is approximately
10~2% A and therefore we can conclude that the generation-recombination current gives
not a serious contribution to the dark current.

The lack of saturation suggests that an important tunneling component exists in
the dark current of the MSM photodetectors. To model and fit the tunneling cur-
rent through the Schottky barrier, the thermionic field emission (TFE) theory is used
which is discussed in detail in section 2.3.1. In the TFE theory, the reverse current
transport is due to electrons which are thermally excited from the metal Fermi level
and tunnel through the semiconductor depletion region to the semiconductor conduc-
tion band. Because the MSM photodetectors are measured between 200 °C and 300
°C, only TFE will play an important role in the current transport mechanisms. Field
emission (FE) will contribute only to the dark current if the temperature is lowered so
that tunneling can only take place around the Fermi level. In figure 3.12, the result of
the fit according to the TFE theory (see Appendix B) is shown.

Current (A)

........ Dark Current
—— TFEFit (N,=2.77 10" cm®)
—— TFEFit (N,= 110" cm"®)
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Figure 3.12: Dark I-V characteristic of a Ti/Pt MSM photodetector (dashed black line) and
theoretical fit using thermionic field emission theory with Ny = 2.77 x 10'® em™2 (red line)
and Ng =1 x 101 cm™3 (blue line)

If an electron donor concentration (Ng) of 2.77 x 10'° cm™ is assumed in the curve

fitting using the TFE theory, the measured I-V characteristic agrees very well with
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the theoretical curves as seen in figure 3.12. However, this value of Ny is far too large
compared to the value of NID GaN and can not interpreted as possible fluctuations
of the bulk donor concentration. To show the influence of the donor concentration of
the I-V characteristics in the TFE theory, also the theoretical curve for a lower Ny
and typical for our NID GaN is visible in the figure. In that case, the dark current
is approximately one order of magnitude lower than the measured values and also the
slope is too small. Hence, the TFE theory can also not explain the measured I-V
characteristics of the MSM photodetectors quantitatively.

So far, numerous researchers have tried to explain the current transport mechanisms
which are responsible for the large leakage current in GaN Schottky barrier diodes.
Sawada et al. suppose that the present leakage current seems due to non-uniform dis-
tribution of the Schottky barrier height, namely, existence of ”surface patches” with
lower values of the barrier height. In that case, the total current is given by the sum
of currents passing through an usual high Schottky barrier region and patches with
lower barrier heights [16]. Most probably, the origin of these patches are (surface)
crystal defects and in particular threading dislocation with a screw component. These
dislocations are found to be accompanied by high current densities and low effective
Schottky barrier heights [17]. Typically, GaN layers have a large dislocation density
(£10° cm™2) where most of them have a screw component.

Sawada et al. use this theory to model the forward current in GaN Schottky barrier
diodes. Nevertheless, this theory can not explain the observed I-V characteristics in
our MSM photodetectors. The "surface patches” could give an explanation for the
larger dark current compared to the thermionic-emission theory with only one Schot-
tky barrier height, but can not explain the lack of saturation because the theory of
Sawada et al. uses also thermionic-emission.

Carrano et al. believe that the dark current can be modeled by assuming trap-assisted
tunneling at the reverse-biased Schottky barrier. In that case, presence of discrete
deep-level states or a continuum of trap states within the Schottky barrier is assumed,
and they are supposed to provide tunneling paths through the energy barrier after
capture of electrons by thermal excitation [18]. The traps are a combination of inter-
face states and deep-level bulk states. The deep-level interface states are likely to be
a combination of states associated with the contamination layer, the thin native oxide
and threading dislocations. This trap-assisted tunneling model is shown schematically
in figure 3.13.

We believe that trap-assisted tunneling can explain some of the I-V characteristics
of our MSM photodetectors. The dark currents of a 25 nm Au MSM photodetector
(Area: 100 x 250 um?, s = 8 ym, w = 2 um) measured at room temperature are
shown in figure 3.14.

The initial dark current is typical for this size of MSM photodetectors. However, af-
ter a second measurement of the dark current a significant degradation of the curve
occurs. Afterwards, a I-V measurement is performed where the MSM photodetector
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traps

Figure 3.13: Trap-assisted tunneling as dark current mechanism
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Figure 3.14: A set of dark currents of a MSM photodetector showing the degradation mech-
anism related to trap-assisted tunneling

is illuminated with the white light of the microscope. A dark current measurement
taken subsequent to this white light illumination gives again a I-V characteristic that
is equal to the initial dark current.

We believe that traps play an important role in the reported dark current character-
istics. After an initial dark current measurement, deep level states become filled with
trapped electrons that have tunneled from the metal into the semiconductor. After this
measurement, most of the states will be filled and therefore a subsequent dark current
measurement shows a degraded curve because there are less empty states to support
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the trap-assisted tunneling process. White light illumination can cause de-trapping
of the interface and bulk states due to the visible and IR light components. These
photons with short wavelengths will strongly interact with the traps which are lying in
the bandgap of the semiconductor. This is consistent with the observations of Binari et
al. who concluded that illumination or heating depopulates traps in their GaN-based
field effect transistors [19]. Therefore, a dark current measurement taken subsequent
to the white light measurement will appear similar to the initial one because a larger
number of states are available again to support the trap-assisted tunneling process.

Nevertheless, it is obviously difficult to model and fit the reported dark current by
trap-assisted tunneling because it is a two step process. First, the carriers have to be
captured by the trap states and afterwards they have to tunnel through the Schot-
tky barrier. When carriers are captured by the trap or interface states, the charge
neutrality at the junction will be disturbed. In presence of these traps, the neutrality
condition becomes Q,, + Qg4 + Q; = 0, where Q,, the negative charge on the metal,
Qg the positive charge due to the ionized donor atoms and Q; the charge in the trap
states. Depending on the net positive or negative charge in the trap states, Q4 must
therefore be smaller of larger respectively than if trap states were absent. This means
that the depletion width will be correspondingly reduced or enlarged respectively. This
mechanism will also play a important role in the current transport characteristics.
Nevertheless, measurements at low temperature could also lead to a better understand-
ing of this process because the thermal excitation process of electrons to higher traps
would be suppressed at these temperatures. Also the reliable Schottky parameter ex-
traction from these MSM photodetectors is not possible because the measured dark
current depends on the number of voltage sweeps.

Finally, it is important to notice that only MSM photodetectors on one GaN wafer
show these reported dark currents characteristics. On other GaN wafers, the MSM
dark currents do not suffer from this hysteresis. From that, we can conclude that the
current transport mechanisms are much dependent on the ”quality” of the GaN layer.
A low dislocation density is one of the most critical parameters to achieve good quality
GaN layers.

We believe that the measured dark currents without hysteresis can be explained by
the thin surface barrier (TSB) model introduced by Hasegawa et al. [20]. This model
is schematically shown in figure 3.15. This model assumes the formation of high den-
sities of unintentional defect donors near the surface. This will reduce the width of
the Schottky barrier and thereby enhance the electron tunneling through the Schottky
barrier in both forward and reverse directions. In our case, thermionic field-emission as
tunneling mechanism will be dominant due to the intermediate doping concentrations,
low bias voltages and the high temperature (I-V characteristics measured between 200
°C and 300 °C).

In this model, they assume a rectangular distribution of defect donors on top of the
uniform bulk doping. Therefore, the TSB region is characterized by a net surface donor
concentration of Npg, the thickness D and the ratio of the total TSB area to the total
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Figure 3.15: Schematic illustration and band diagram of the T'SB model as dark current
mechanism

sample area (n). Due to the high nonuniformity of the GaN surface involving many
dislocation, it is likely that the TSB regions are distributed spatially nonuniformly.
Assuming the rectangular distribution of defect donors, a set of analytical formulas
are derived to fit the measured I-V characteristics [20].

In order to compare the TSB model with the I-V measurements of our MSM pho-
todetectors, Ti/Pt (5/25 nm) MSM photodetectors (Area: 100 x 250 ym?, s = w = 8
pum) are prepared and measured between 200 °C and 300 °C. The result of the mea-
sured dark currents together with the fitted curves using the TSB model (see Appendix
B) are shown in figure 3.16.

According to the TSB model, the best fitting is obtained by assuming a defect donor
concentration of 5 x10'® cm™ and a TSB region thickness of 3.05 nm. Because no
information is available on the value of 7, it is assumed to be one. In figure 3.16,
the dark currents of the MSM photodetectors measured at different temperatures are
all fitted with the same TSB parameters and the results are already satisfactory. To
agree completely with the measured dark current, the TSB parameters have not to be
changed much at different measurement temperatures, ranging from 2 x10'® cm= to
7 x10' ¢cm™3 for the defect donor concentration and from 2.5 nm to 5 nm for the TSB
region thickness. Discrepancy takes only place at low bias voltage, where the current
is extremely sensitive to the shape of the barrier because the TFE process takes place
near the bottom of the barrier. During the fitting process, it became clear that the
choice of the TSB parameters was very critical. To show this, the parameters sensivi-
ties to the reverse currents are plotted versus values of Npg and D in figure 3.17 for
various temperatures.

According to this figure, the TSB model predicts a very strong dependence of the
I-V-T behavior on the TSB parameters. Therefore, it is essential to know the origin
of these defect donors which from the TSB regions. According to Hasegawa et al.,
they propose that defect donors are caused by nitrogen vacancies (V) or oxygen in
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Figure 3.16: Dark I-V characteristics of a Ti/Pt MSM photodetector at different temper-
atures and theoretical fit using thin surface barrier model with Npg = 5 x 10*® cm™3 and
D = 3.05 nm (black lines)
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Figure 3.17: Calculated parameter sensivities of MSM dark current against the defect donor
concentration Npg (a) and the TSB region thickness D (b)

the nitrogen site (Ox). Also Neuenbauer and Van de Walle [3] have found indications
by first-principle calculations that a N vacancy defect acts as a (shallow) donor. As
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the formation mechanism of defect donors, they propose that the defect donors are
introduced during the metal deposition by E-beam deposition or sputter deposition
where the surface is hit by high-energy metal atoms. Also the presence of Ga atoms at
the surface (Ga-face polarity) can possible play a role in the formation of TSB regions.

3.3 Photocurrent Mechanisms in MSM Photodetectors

The aim of this section is to perform a detailed analysis of the photocurrent in MSM
photodetectors. To achieve this, a general description of the photocurrent will be made
and compared with the dark current. Also the physical photocurrent mechanisms will
be discussed in detail. The aim of MSM photodetectors is to detect only photons with
larger energies than the bandgap. Therefore, a spectral response of the GaN MSM
photodetectors will be made to verify if the photodetector is visible-blind. Finally, the
quantum efficiency (QE) will be determined to characterize the optical performance of
the MSM photodetectors.

In figure 3.18, a comparison between the dark current and the photocurrent of a 25
nm Au MSM photodetector (Area: 100 x 250 um?, s = w = 8 um) is shown.

Current (A)

0"

—— Dark Current at 200 °C
—— Photocurrent at 25 °C (A = 360 nm)
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Figure 3.18: Comparison between the dark current and the photocurrent (A = 360 nm) of a
25 nm Au photodetector
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We remark that the dark current is measured at 200 °C because below that tem-
perature the current is too low to perform the measurement accurately. Nevertheless,
an estimation of the photocurrent to dark current ratio can be made. Assuming that
the dark current at room temperature will be in the fA range, the signal-to-noise ratio
is approximately 10° when the illumination power is approximately 25 nW at a wave-
length of 360 nm.

In section 3.2.3, the dark current mechanisms are discussed in detail for MSM pho-
todetectors. To examine if the same current transport mechanisms are responsible for
the photocurrent, the I-V-T characteristics of the dark current and photocurrent are
compared. These measurements are shown in figure 3.19 for 25 nm Au MSM pho-
todetectors (Area: 100 x 250 ym?, s = w = 8 um) where the temperatures is varied
between 200 °C and 300 °C.
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Figure 3.19: Dark current (solid lines) and photocurrent (dashed lines) I-V-T characteristics
of 25 nm Au MSM photodetectors

It can be clearly seen on this figure that if the temperature is increased, the differ-
ence between the dark current and photocurrent becomes smaller. However, if the
thermionic emission theory is also suitable for the photo current transport mecha-
nisms (discussed in section 2.3.4), the difference between the dark current and the
photocurrent has to be equal at all temperatures. This indicates that another conduc-
tion mechanism is responsible for the photocurrent. Therefore, we will calculate the
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activation energy (F4)/Schottky barrier height for both the dark and photo-current
and the Arrhenius plot is shown in figure 3.20 when a voltage of 2 V is applied.
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Figure 3.20: Arrhenius plot of the dark current and photocurrent of 25 nm Au MSM pho-
todetectors

From the slope of the Arrhenius plot, the activation energy for the dark current (1.02
+ 0.09 eV) and the photocurrent (0.62 + 0.02 eV) are calculated. We believe that if
the MSM photodetectors are illuminated with UV light, the decrease of the activation
energy can be caused by 2 mechanism.

Most probably, the Schottky barrier height is decreased due to a photo-generated
charge carriers at the metal-semiconductor interface. The surface states (UV light
penetration is around 100 nm) at the interface can trap the photo-generated carriers.
If this happens, the charge neutrality condition at the interface becomes disturbed. To
satisfy the junction neutrality condition again, the width of the depletion region has
to be reduced. This means that the amount of band bending or the built-in voltage
has to be reduced. This reduction under UV illumination will decrease the Schottky
barrier height.

Another possible photocurrent conduction mechanism is based on trap-assisted tunnel-
ing. The traps are attributed to dislocations for example threading edge dislocations,
having an donor-like nature with mid-gap energy [21]. The calculated activation energy
is also approximately mid-gap, where also the (TFE) tunneling has the largest prob-
ability due to an optimum between the Schottky barrier thickness and the available
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electrons. However, we believe that this mechanism is not responsible for photocurrent
transport because it also could not explain the dark current in our MSM photodetec-
tors without hysteresis effects.

In order to figure out which mechanism is responsible for the photocurrent, C-V mea-
surements has to be made while the MSM photodetectors are UV illuminated. Then
the variation of the Schottky barrier height can be clearly examined. Because the
capacitance in our MSM photodetectors is constant, Schottky barrier diodes will be
made. The results of these measurements will be discussed in section 3.4.

One of the most important parameters to describe the performance of a MSM pho-
todetector is the responsivity (R). This is the ratio of the generated photocurrent to
the incoming illumination with an optical power corresponding to a photon energy hv

at the wavelength \:
Iph )\T]Gl A
= = — gl
i Popt 124 x10°6 \ W Rhdlr)

where 7 the quantum efficiency of the device and G; the internal gain.

The measured spectral response at room temperature for 25 nm Au MSM photode-
tectors (Area: 100 x 250 pum?, s = w = 8 um) when a voltage of 8V is applied can
be seen in figure 3.21. Also the quantum efficiency is calculated using eqn. 3.17 and
plotted for each wavelength on the same figure.
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Figure 3.21: Responsivity of a 25 nm Au MSM photodetector as a function of wavelength
(black dots) together with the calculated quantum efficiency (red dots)
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On the figure, it can be clearly seen that the cut-off wavelength is situated around 370
nm. This is in agreement with the theoretically expected cut-off wavelength of 365 nm
(bandgap GaN = 3.4 eV) if we also take into account the 5 nm FWHM of the UV band
filters. There is also a sharp, visible-blind cutoff of more than 3 orders of magnitude
at the band edge and below the bandgap there appears no considerable response.

At the band-edge, a significant peaking of the spectral response can be observed. This
can be attributed to the existence of excitons (bounded electron-hole pairs) which are
particulary important in GaN because the large binding energy permits them to still
exist at room temperature. The wurtzite crystal structure with three valence bands
allows three excitation transitions that are relative close together in energy. At room
temperature, an exciton binding energy between 23,5 meV and 30 meV is determined
[22]. Therefore, we can conclude that the photocurrent in this part of the spectral
response is primarily attributed to excitons.

Below 340 nm, the responsivity is approximately constant at 0.03 A/W. We remark
that the spot diameter of the incident UV light was larger than the MSM area, which is
not optimal because carrier diffusion from the surroundings may influence the detected
photocurrent. Assuming no gain mechanism is present in our MSM photodetectors,
this responsivity equals to a quantum efficiency of approximately 15 %.

However, by measuring the responsivity of a function of the applied bias, we can obtain

insight into the existence of an internal gain mechanism. The result of this measure-

ment are shown in figure 3.22. Our MSM photodetectors show a linear dependence of

responsivity on bias. Such a linear relationship is indicative of a photoconductive gain

mechanism. This can be understood if following equations are considered [23]:
G=T TV

e 2

(3.18)

where pi. the electron mobility, 7 the recombination lifetime, 7. the electron transit
time, s the electrode gap spacing and V' the applied voltage. As voltage increases the
electron transit time decreases and the gain subsequently increases linearly. Generally,
these equations are derived for photoconductors. In our case, the photocurrent does not
saturate like expected from the theory in this voltage region (8V - 14V) which is shown
in figure 3.18. We believe that this is caused by the traps at the metal-semiconductor
interface like already mentioned. In that case, the traps are filled with photo-generated
carriers and cause an increase in conductivity and hence photoconductive gain by
subsequent re-emission. Therefore, we can conclude that following equation is more
applicable for our MSM photodetectors:

2qntrapNeV

. (3.19)

Iop ~
where 74qp is the number of trapped carriers. This equation assumes that the pho-
tocurrent is not limited by the recombination time but is proportional to the trapped
photo-generated carriers. We believe that traps capture photo-generated charge car-
riers which causes the sweep-out and reinjection of other charge carriers to maintain
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Figure 3.22: Responsivity of a 25 nm Au MSM photodetector as a function of the applied
bias voltage (A = 300 nm)

charge neutrality in the space-charge region. It is this reinjection that causes the
internal gain mechanism.

3.4 The Effect of Annealing on metal/n-type GalN Schot-
tky Barrier Diodes

Today, one of the major concerns is to reduce the dark current in GaN photodetectors
or gate leakage in AlGaN/GaN High Electron Mobility Transistors (HEMTs). So far,
different techniques are used with varying success to achieve this goal. For example,
surface passivation using a SiOy or SizNy layer to reduce the gate leakage in HEMTs
[24]. In that case, the dielectric layers chemically passivate the dangling bonds to
reduce the surface trap density. Another method is to use wet chemical etchants like
H3PO4 and KOH [25]. The etchants attack the defective regions and smooth the sur-
face which decreases the leakage current. Finally, thermal annealing of the metal can
also reduce the dark current due to an enhanced intimate contact between the metal
and the semiconductor [26].

A detailed analysis of the influence of annealing on the Schottky parameters including
the effective Richardson constant could not be found in literature. In this section, we
will try to link the extracted Schottky parameters to the current transport mechanisms
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and the properties of the metal-semiconductor interface. To perform this physical in-
terpretation of the Schottky parameters, Schottky barrier diodes are prepared instead
of MSM structures because the extraction of the parameters in Schottky diodes is more
reliable and also the information obtained by C-V measurements can be used.

In this study, four different metallizations on the same n-type GaN (Ng = 2.5 x 1017
cm~3) on sapphire wafer are used; Ni and Au are rather used as reference while indium-
tin-oxide (ITO) and indium-tin-oxynitride (ITON) are used because both conductive
materials are transparent for UV light.

ITO is a n-type degenerate semiconductor, with both oxygen vacancies and tin con-
tributing to its high conductivity which is caused by a high carrier concentration. The
high optical transmittance of ITO films is a direct consequence of the wide bandgap
(3.5 eV - 4,06 eV). The fundamental absorption edge lies therefore in the ultraviolet
region and shifts towards shorter wavelengths with an increase in carrier concentration
due to the Burstein-Moss effect. Aperathitis et al. have compared the electrical an
optical properties of thin ITO and ITON films [27, 28]. The films were deposited by
RF-sputtering from an indium-tin-oxide target in a plasma containing pure nitrogen
or Ar-Ny mixture (ITON) or in a pure Ar plasma (ITO). Increasing the amount of
nitrogen in the plasma will increase the resistivity and reduce the carrier concentra-
tion and mobility of the films. They attribute the reduced carrier concentration to the
occupation of oxygen vacancies by nitrogen and the reduced mobility to the creation
of defects due to the nitrogen introduction. Nevertheless, after annealing the electri-
cal properties improve due to the outdiffusion of oxygen or nitrogen, increasing the
oxygen vacancies and therefore the carrier concentration. Also, the optical properties
of the ITON films improve by increasing the amount of nitrogen because the overall
transmittance is inversely dependent on the free carrier concentration and thus on the
conductivity. The change in the absorption edge of the ITON films deposited in pure
Ny plasma is shifted to higher energies after annealing according to the Burstein-Moss
effect because the carrier concentration increases. For as-deposited ITO and ITON,
they calculate an optical bandgap of 3.43 eV and 3.51 eV respectively. After annealing
at 400 °C for 1 min, the bandgap increases to 3.61 eV and 3.95 eV respectively (see
figure 3.23).

The enhanced UV transmittance of the ITON films is not the only reason to use them
on GaN Schottky barrier devices. Another possible advantage can be the presence of
nitrogen in the ITON thin films. In section 3.2.3, the thin-surface-barrier model as-
sumes nitrogen vacancies at the surface which can act as donor and therefore enhance
tunneling currents. It is likely that the outdiffusion/precense of nitrogen (after anneal-
ing) can passivate chemically the N-vacancies. So far, ITON films are never applied to
Schottky barrier diodes to my knowledge.

In this study, the ITO and ITON films were deposited with a thickness of 100 nm

in a 100 % Ar and a 100 % nitrogen plasma respectively with a chamber pressure of
3.0 1073 mbar and 2.7 10~3 mbar respectively. The Ni, Au, ITO and ITON Schottky
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barrier diodes were annealed from 300 °C to 600 °C each time for 15 min in a nitrogen
atmosphere. The I-V characteristics of the annealed Schottky barrier photodetectors
biased from -10 V to 5 V and measured at room temperature are given in figure 3.24
(Ni diodes), figure 3.25 (Au diodes), figure 3.26 (ITO diodes) and figure 3.27 (ITON
diodes).

Absorbance (%)

Figure 3.23: Ultraviolet absorbance spectrum of as-deposited and annealed ITO and ITON
films according to Aperathitis et al. (From [27])
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Figure 3.24: Forward and reverse I-V characteristics of Ni/n-GaN Schottky barrier diodes as
function of the annealing temperature
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Figure 3.25: Forward and reverse I-V characteristics of Au/n-GaN Schottky barrier diodes
as function of the annealing temperature
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Figure 3.26: Forward and reverse I-V characteristics of ITO/n-GaN Schottky barrier diodes
as function of the annealing temperature

61



Chapter 3. Results and Discussion

Current (A)
S
X

10‘“’1_
10'“'!

-12 :
10 1

-10

Voltage (V)

Figure 3.27: Forward and reverse [-V characteristics of ITON /n-GaN Schottky barrier diodes
as function of the annealing temperature

After each annealing step, the Schottky parameters (ideality factor (n), barrier height
(¢B) and effective Richardson constant (A**)) are determined. The Schottky barrier
height is extracted on two different ways by using the I-V and C-V characteristics of
the Schottky barrier diodes. The barrier height is obtained from I-V measurements
by extracting the reverse saturation current by extrapolating the forward-bias current
in a semi-log I-V plot to V = 0V (see section 3.2.2). From the obtained slope of the
forward current in a semi-log I-V plot, the ideality factor can be calculated using:

ne 4 oV
kT olnJ

(3.20)

The barrier height can also be determined by capacitance measurements using eqn. 2.9.
If we assume a constant doping profile, the Schottky barrier height can be extracted
from the intercept on the voltage axis according to:

kT keT'. N kg
@=w+w+{%:m+{%mi+ll (3.21)

where V3; the voltage intercept and V,, the depth of the Fermi level below the conduc-
tion band, which can be calculated if the doping concentration is known. The doping
concentration can be extracted from the slope according to eqn. 2.9. The effective
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Richardson constant is extracted from I-V-T measurement by making a Richardson
plot (see section 3.2.2) and varying the temperature from 20 °C to 100 °C in steps of
20 °C.

The calculated Schottky parameters for the 4 different metallizations at each annealing
step are summarized in table 3.3.

Metal Annealing | Ideality Barrier Barrier Effective
tempera- factor height C-V | height I-V | Richard-
ture (eV) (eV) son  con-

stant  (A/
em?K?)

Ni As-dep 1.27 1.00 0.59 0.027
300 °C 1.23 1.01 0.76 0.11
400 °C 1.43 1.12 0.65 0.012
500 °C n/a 1.15 n/a n/a
600 °C n/a n/a n/a n/a

Au As-dep 1.17 1.05 0.69 0.056
300 °C 1.45 130 0.79 0.21
400 °C 1.61 1.40 0.74 0.082
500 °C 1.20 1.21 0.60 0.012
600 °C 1.17 1.15 0.62 0.061

ITO As-dep 1.63 110 0.55 0.0069
300 °C 1.38 1.22 0.65 0.011
400 °C .17 1.41 0.85 0.092
500 °C 1.11 1.30 0.64 0.018
600 °C 1.17 1.20 0.60 0.11

ITON As-dep 1.50 1.26 0.75 0.95
300 °C 1.31 1.20 0.71 0.58
400 °C 1.16 1.15 0.67 0.3
500 °C 1.09 0.98 0.56 0.14
600 °C 1.28 2.04 0.53 0.0024

Table 3.3: Calculated Schottky parameters for Ni, Au, ITO and ITON/n-GaN Schottky
barrier diodes from I-V, I-V-T and C-V measurements as function of the annealing temperature

It can be clearly seen in table 3.3 that the Schottky barrier heights obtained from I-V
measurements and C-V measurements show the same trends, but the values obtained
by capacitance measurements is always higher. To know which value is the most reli-
able, we have to consider all the parameters which can influence the measurements.

The barrier height extracted from C-V measurements is approximately the flatband
barrier height because it is determined from the 1/C2-V curve (see eqn. 2.9) for 1/C?
— 0 or C — o0, indicating sufficient forward bias to cause flatband conditions in
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the semiconductor. Therefore, the Schottky barrier height obtained by capacitance
measurements does not take into account the barrier height lowering because these is
close to zero. The Schottky barrier lowering is given by eqn. 2.13 and is completely
determined by the maximum electrical field in the semiconductor. However, when a
small layer is highly doped at the metal /semiconductor interface compared to the bulk
doping (thin surface barrier (TSB) model), it will induce a high(er) electrical field at
the interface according to

By 2 T (3.22)

€s

Therefore, the TSB region will cause an enhanced Schottky barrier lowering according

to

Agp = 4, /NosD

€s 47

(3.23)

For NpsD = 102 and 10" em~2, the corresponding Schottky barrier lowerings are
0.045 eV and 0.14 eV respectively. These values indicate that barrier lowering play an
important role to calculate the barrier height but it can not completely explain the
difference between the values obtained by I-V and C-V measurements.

To extract the Schottky barrier height from I-V measurements, the effective Richardson
constant has to be known. Therefore, after each annealing step the Richardson constant
is extracted because the value is very sensitive to processing conditions. Nevertheless,
it is still difficult to obtain a reliable value (see section 3.2.2). Hence the barrier height
obtained by C-V measurements is more reliable in this case because this method is
independent of the effective Richardson constant.

Also the condition of the metal-semiconductor interface is important to understand
the difference in the obtained Schottky barrier heights. The annealing of the diodes
can cause interfacial changes [26] and therefore can varying the C-V characteristic.
Cowley [29] has shown that an interfacial layer of thickness § and permittivity &; a
n-type semiconductor with surface state density Ds (see section 2.3.1) produces an
intercept voltage V;i in a 1/C%-V plot that is larger than the actual Vj;. However,
the slope of the 1/C2-V plot remains linear with a value of 2/ge; Ny as in the ideal
case discussed where no interfacial layer is present. In our calculations, the obtained
donor concentration from the capacitance measurements is + 3.3 x 107 em =2 which
is in good agreement with the predicted one. The intercept voltage Vb/i when a thin
interfacial layer is present according to Cowley is given by

’ 2NV Nya?
Vi = Voi + oy N e (3.24)
€s 2eq

o des
g;i +qdéDg
From eqn. 3.24, we can conclude that the voltage intercept increases almost linear

with the thickness of the interfacial layer (the last term can be neglected except at
very high doping concentrations) and also a change of the effective dielectric constant

where
(3.25)
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(due to annealing) can influence the voltage intercept.

As mentioned previously, a low dislocation density is crucial to achieve good quality
GaN on sapphire wafers. A high density of dislocations can possibly act as current
leakage paths which results in low(er) obtained Schottky barrier heights from I-V mea-
surements. Due to lateral nonuniformity caused by the dislocations, the I-V method
tends to give the lowest barrier height, where the C-V technique tends to measure
more average values of the barrier height.

Therefore, we can conclude that the C-V technique gives the most reliable value of the
Schottky barrier height because this method is not sensitive to the effective Richardson
constant and the dislocation density but provides detailed information on the interfa-
cial changes.

In table 3.3, it can be clearly seen that when the annealing temperatures is increased,
the ideality factor decreases and the Schottky barrier height increases. Assuming that
an insulating layer at the metal-semiconductor interface is present, a part of the bias
voltage is dropped across the insulating layer so that the barrier height is a function of
the bias voltage. The effect of this bias dependence of the barrier height is to change
the shape of the I-V characteristic which is described by the ideality factor according to
eqn. 3.12. Likely, annealing will promote the formation of an intimate contact between
the metal and semiconductor. On the other hand, after some annealing steps (400 °C
for Ni, Au and ITO) the barrier height decreases again and in general also the ideality
factor increases again. A feasible explanation for this phenomenon can be the forma-
tion of an interfacial layer due to the diffusion of metal atoms in the semiconductor
(for example Ni atoms into the GaN layer [30]). This can also influence the dielectric
constant of the interfacial layer which influence also the ideality factor (see eqn. 3.12).
In figure 3.24 it can be seen that the Ni/n-GaN Schottky diodes loose there rectifying
characteristics and become ohmic. According to eqn. 2.12, a higher Schottky barrier
will reduce the saturation current density and vice versa. This relationship is clearly
shown in figures 3.24 to 3.27 where the reverse saturation current decreases with in-
creasing Schottky barrier height.

Nevertheless, the ITON/n-GaN Schottky diodes show slightly different characteris-
tics compared to the other prepared Schottky diodes. In table 3.3, it can be seen that
after the different annealing steps, the ideality factor decreases but also the Schottky
barrier height decreases and this contrast with the other metallizations where anneal-
ing at 400 °C gives the lowest reverse saturation current.

First, we remark that the non-annealed ITON/n-Gan Schottky diodes have the lowest
reverse saturation current (£ 10~7 A at 10 V). Probably, the presence of nitrogen can
chemically passivate the N-vacancies which are likely present according to the TSB
model and therefore it can reduce the reverse saturation current. After each annealing
step, the barrier height decreases and reverse saturation current increases which can be
caused to the outdiffusion of nitrogen according to Aperathitis et al. who also found
outdiffusion of nitrogen in ITON films by performing infrared absorptions measure-
ments. This outdiffusion can decrease the barrier height because the influence of the
N-vacancies at the interface will increase. Nevertheless, at 600 °C the reverse satu-
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ration current decreases suddenly 2 orders of magnitude. This phenomenon reveals
itself by a increase of the Schottky barrier height obtained by capacitance measure-
ments and a decrease of the effective Richardson constant with 2 order of magnitude.
Aperathitis et al. observed also a shift from a crystallin to a more amorphous structure
after different annealing steps (500 °C for 10 min) of ITON films deposited in pure
nitrogen plasma. In our ITON/n-GaN Schottky diodes, the increased barrier height
can be caused by the formation of an interfacial layer with probably a higher work-
function. The formation of an interfacial layer is also in agreement with the increased
ideality factor. Nevertheless, the obtained barrier height from I-V measurements is still
low. This can be explained by a transition in the current transport mechanisms. The
extracted effective Richardson constant in the ITO/n-GaN diodes is approximately
one order of magnitude higher compared to the other metallizations. This suggest
that tunneling currents are reduced in these devices. However, a large decrease of
the Richardson constant is observed after annealing at 600 °C. According to Libra et
al., the amorphous structure in ITO films generally contains levels of localized states
lying near the forbidden gap edges in the band structure [31]. Therefore, it is likely
that these introduced traps in the ITON films play an important role in the current
transport mechanisms and reduce the effective Richardson constant. The influence of
these traps is also visible in the UV response of the ITON/n-GaN Schottky barrier
diodes annealed at 600 °C for 15 min (see figure 3.28).
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Figure 3.28: UV response (UV light off — UV light on — UV light off) of a ITON/n-Gan
Schottky barrier diode annealed at 600 °C for 15 min at a bias voltage of -1 V. The inset shows
the I-V characteristic in dark and under illumination.
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We already reported in section 3.3 that photo-generated carriers can cause a decreased
barrier height due to the conservation of charge neutrality which can be disturbed by
trapped charge carriers. To examine this hypothesis, capacitance measurements were
performed at ITON /n-GaN Schottky diodes annealed at 400 °C in dark and under UV
illumination (see figure 3.29).
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Figure 3.29: 1/C2-V characteristic of ITON/n-GaN Schottky diodes annealed at 400 °C in
dark and under UV illumination showing a different Schottky barrier height due to a different
voltage intercept

When the ITON/n-GaN Schottky diodes are UV illuminated, the barrier height ob-
tained from the C-V measurements decreases 0.21 eV from 1.15 eV to 0.94 eV.

We know that in n-type GaN a number of generation-recombination centers or traps
could be present due to the many threading edge dislocations or nitrogen vacancies
which are acting as donors in n-type GaN. Also the localized states lying in the bandgap
caused by amorphous thin films and surface/interface states can act as traps. Depend-
ing on the photon-energy, the light source can create electron-hole pairs (photon energy
above the band gap) that will be separated by the depletion region and therefore cre-
ating a photovoltage (see inset figure 3.28) but it can also ionize some interface traps
even for photon energies below the bandgap. In that case, the equilibrium surface
charge is affected due to a reduction of trapped electrons. Therefore the depletion
width has to be reduced which will cause a lower Schottky barrier height. The barrier
lowering is therefore proportional to the occupied trap concentration.
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When the light source is switched off, the photocurrent decreases because the cap-
ture flux is larger than the emission rate and an electron recapture process will start
to reoccupy the traps and therefore the Schottky barrier height recovers again. This
persistent photocurrent (PPC) effect can be clearly seen in figure 3.28. On the other
hand, the turn-on transient is much faster. This is likely caused due to the higher
involved electron fluxes.

At this moment, two current mechanisms are contributing to the photocurrent. The
first is the photocurrent caused by charge carriers optically generated in the depletion
region. The second photocurrent is due to the lowering of the Schottky barrier caused
by illumination and trapping of the carriers. This mechanisms is responsible for the
gain, which can be seen in the spectral response of the ITON/n-GaN Schottky diodes
(figure 3.30).
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Figure 3.30: Spectral response of a ITON/n-GaN Schottky barrier diode annealed at 500 °C
(Vbias =-1 V)

According to eqn. 3.17 and assuming 100 % quantum efficiency, the maximum re-
sponsivity is approximately 0.3 A/W. Therefore, it is clear that gain mechanisms are
responsible for the high response of these photodetectors. Nevertheless, these enhanced
photo-to-dark current ratio due to the Schottky barrier lowering and trapping of the
charge carriers will limit the bandwidth (A f) of the photodetectors where

1
Af=5— (3.26)
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where 7 the typical time constant for the photodetector to reach the steady-state dark
current after switching of the UV illumination. In figure 3.28, it is clear that this
time constant is in the order of 102 seconds. On the other hand, the prepared MSM
photodetectors and non-annealed ITO or ITON/n-GaN Schottky barrier diodes show
significantly smaller time constants of approximately 1 second.
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Chapter 4

Conclusions and Outlook

In this study, a detailed electrical and optical characterization of MSM structures as
photodetectors is performed. Due to the lack of good quality p-type GaN material
and good ohmic contacts, GaN MSM structures are the first option to fabricate UV
photodetectors. Also the fabrication simplicity, low capacitance and low dark current
density are major advantages of MSM photodetectors.

According to the MSM theory, three operation regions (low-current, injection and
saturation region) are distinguished as function of the applied voltage. In our MSM
photodetectors only the saturation region is present which is proved by capacitance
measurements. This is caused by the small donor concentrations (£ 106 cm™3) and
the small spacing between the interdigitated metal contacts. The dark current in the
saturation is almost completely determined by electrons. Due to the large bandgap of
GaN (E; = 3.4 eV), the decreasing hole barrier in the injection and saturation region
is still to high for the holes to have a significant contribution to the dark current. Nev-
ertheless, a saturation of the dark current is not observed in our MSM photodetectors.

To investigate and model the current transport mechanisms which are involved in
the dark current, first the Schottky parameters (Schottky barrier height and effective
Richardson constant) have to be determined from the MSM I-V-T characteristics. The
extracted effective Richardson constant was two or three orders of magnitude smaller
than the theoretical one. Theoretically, the Richardson constant is a material constant
and therefore should be independent on metallization but this was not observed in our
MSM photodetectors. The small effective Richardson constant can be an indication
for large tunneling or leakage currents. However, a large error in the extraction of
the effective Richardson constant is introduced to the variability of the MSM active
area and the small temperature range of the Richardson plot. The Richardson plot is
based on the thermionic emission theory and therefore when large tunneling current
are present, the calculated effective Richardson constant is 1 order smaller than the
real one. The calculated effective Richardson constant is also important to extract the
Schottky barrier height from I-V measurements. Due to the lack of current saturation,
the extraction of the barrier height by extrapolation of the In(I) versus V plot to V =
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0V is not reliable. Nevertheless, the Norde method can determine reliably the Schottky
barrier height because these method extract accurately the reverse saturation current
at low applied voltage in contrast with the method supposed by Averine et al. [13].

To investigate which current transport mechanisms are responsible for the lack of
saturation, different theoretical models are compared with the measured dark current.
The measured dark current do not show the same characteristics compared to the
MSM theory which is based on thermionic emission with Schottky barrier lowering.
Possibly, also generation-recombination currents do not contribute to the dark current
due to the large bandgap of GaN. In general, large dislocation densities (108 - 10%°
cm™2) are present in GaN on sapphire wafers due to large lattice and thermal mis-
match between these materials. A large concentration of (threading edge) dislocations
introduces states in the forbidden bandgap and they can act as traps. These traps will
promote trap-assisted tunneling as current transport mechanisms. This mechanism
agree qualitatively with the observed hysteresis effects by subsequent measuring the
MSM photodetectors in dark and under white light illumination. An initial dark cur-
rent measurements can occupy some traps, whereas measurements under white light
can empty traps due to the visible and IR light components. Nevertheless, MSM pho-
todetectors on different wafers do not shown these hysteresis effects. This suggests
that the quality of the wafers (low dislocation density) is one of the most important
parameters to achieve high performance MSM photodetectors. We believe that these
measured dark currents can be qualitatively and quantitatively explained using the
thin surface barrier (TSB) model. This model assumes a thin region at the surface
with a higher donor concentration compared to the bulk concentration. These high
donor concentration at the surface can be caused due to the presence of nitrogen va-
cancies caused by metal deposition. This thin layer will enhance tunneling currents
and can therefore explain the lack of saturation. It can also explain the large scatter
in measured dark current densities because the parameter choice of the donor concen-
tration and the thickness of the thin layer is very critical.

To investigate which current mechanisms determine the photocurrent, I-V-T and ca-
pacitance measurements on ultraviolet illuminated MSM photodetectors are performed.
Both measurements show a decreased barrier height compared to the dark condition.
Interface or defect states can trap the photo-generated charge carriers and therefore
disturb the charge neutrality condition at the surface. To satisfy this condition again,
the depletion region and therefore the barrier height has to be reduced. This effect has
two consequences. First, a photoconductive gain is introduced due to the subsequent
re-emission of the charge carriers. Secondly, after switching of the UV illumination,
the charge carriers has to re-occupy the traps again to satisfy the charge neutrality
condition at the interface. This will introduce a persistent photocurrent (PPC) effect
which is dependent on the occupied trap concentration and the trap time constants.
In conclusion, the photocurrent to dark current ratio will increase due to the gain
effect but the bandwidth/speed of the photodetector will decrease. The responsivity
of the prepared Au MSM photodetector is 0.03 A/W which give a quantum efficiency
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of approximately 15 % if no gain is taken into account.

Annealing of Schottky contacts is one method to decrease the dark current. Annealing
will enhance the formation of an intimate contact between the metal and semiconduc-
tor. This reveals itself in a higher Schottky barrier height and a decreased ideality
factor which leads to a reduced reverse saturation current in Schottky barrier diodes.
Also the calculated effective Richardson constant is important because this value gives
an indication (of the change) of the current transport mechanisms.

The use of other Schottky contacts can also decrease the dark current. A promising
candidate is indium-tin-oxynitride (ITON) not only due to the enhanced transparency
in the ultraviolet region compared to indium-tin-oxide (ITO) but also the presence of
nitrogen in these thin films can chemically passivate the GaN surface according to the
nitrogen vacancies introduced in the thin surface barrier (TSB) model. As-deposited
ITON films show the most promising result due to the lowest reverse saturation cur-
rents compared to other metallizations and the high responsivity to UV illumination.
Annealing of the ITON films will cause outdiffusion of nitrogen resulting in a lower
barrier height and will also create traps due to the creating of states in the forbidden
bandgap due to the transition of a crystalline into an amorphous structure. The latter
will limit the operating speed of the photodetector.

Another more structural method to avoid the surface/interface problems which are
discussed above is to change the device structure by using p-n junctions as photodetec-
tors. In that case, the saturation voltage is some order of magnitude smaller compared
to Schottky barrier devices and most important, the operation region is shifted from
the surface (Schottky barrier device) to the bulk of the photodetector. Therefore,
the material quality is critical to achieve high performance p-n UV photodetectors.
Particulary, high quality p-type GaN is the most important condition to achieve long
diffusion lengths and high mobility of the minority carriers.
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Appendix A

Detailed Process Flow
Photodetectors

In this appendix, the processing details to fabricate the MSM and Schottky barrier
photodectors with all the cleaning and photolithography procedures ara given.

A.1 MSM Photodetectors

Step 1: Dicing 2 inch GaN wafer and alignment crosses

e Protection for dicing GaN wafer: Litho: S1828, 4000 rpm, 1 min at 120 °C on
hotplate

Dicing GaN wafer in 4 quarters

Strip of resist and cleaning: Aceton in beaker, 1 min hot aceton, 1 min hot IPA,
DI water, nitrogen drying

Litho for alignment crosses

— ma-N420 / 4000 rpm / 30 sec

— Softbake at 90 °C for 2.30 min on hotplate
— 25 sec exposure on MAG6 with hard contact
— Development in OPD 5262 for 2 min

Metallization: RF-sputtering of TiW/Au (10/160 nm)
o Lift-off metallization

Step 2: Finger structures

e Cleaning: 1 min hot aceton, 1 min hot IPA, DI water, nitrogen drying

e RF-sputtering metallization (Au or Pt)
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Appendix A. Detailed Process Flow Photodetectors

e Litho for patterning MSM structures

— S1828 / 4000 rpm / 30 sec

— Softbake 1 min at 120 °C on hotplate

— 15 sec exposure on MA6 with hard contact

— 2%40 sec development in DEV .351 (diluted 1:4 with water)

e Oxygen plasma treatment (100 W/ 1 min)
e Wet ecth 25 sec (diluted 1:8 Au 5-solution with water)
e Strip of resist in aceton beaker

Step 3: Contacts pads

e Cleaning: 1 min hot aceton, 1 min hot IPA, DI water, nitrogen drying

o Litho for contacts pads

S1828 / 4000 rpm / 30 sec

— Softbake 1 min at 120 °C on hotplate

— 15 sec exposure on MA6 with hard contact

— 2*40 sec development in DEV .351 (diluted 1:4 with water)

e Metallisation: RF-sputtering TiW/Au (10/160 nm)

e Lift-off metallization

A.2 Schottky Barrier Photodetectors

Step 1: Dicing 2 inch GaN wafer and alignment crosses

e Protection for dicing GaN wafer: Litho: S1828, 4000 rpm, 1 min at 120 °C on
hotplate

e Dicing GaN wafer in 4 quarters

e Strip of resist and cleaning: Aceton in beaker, 1 min hot aceton, 1 min hot TPA,
DI water, nitrogen drying

e Litho for alignment crosses

— 51828 / 4000 rpm / 30 sec

— Softbake at 120 °C for 1 min on hotplate

— 15 sec exposure on MA6 with hard contact

— 2*40 sec development in DEV .351 (diluted 1:4 with water)
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A.2. Schottky Barrier Photodetectors

o Metallization: RF-sputtering of TiW/Au (10/160 nm)
e Lift-off metallization

Step 2: Ohmic contacts

e Cleaning: 1 min hot aceton, 1 min hot IPA, DI water, nitrogen drying
e Litho for ohmic contacts

— ma-N420 / 4000 rpm / 30 sec

— Softbake 2.30 min at 90 °C on hotplate

— 25 sec exposure on MA6 with hard contact
— Development in OPD 5262 for 2 min

e Metallization: RF-sputtering of Ti/Al/Mo/Au (20-40-25-50 nm) alloy
e Lift-off metallization
e Annealing of the ohmic contacts: 15 min at 550 °C and 1 min at 750 °C

Step 3: Schottky contacts

e Cleaning: 1 min hot aceton, 1 min hot IPA, DI water, nitrogen drying
e Litho for Schottky contacts

— 51828 / 4000 rpm / 30 sec

— Softbake 1 min at 120 °C on hotplate

— 15 sec exposure on MA6 with hard contact

— 2*40 sec development in DEV .351 (diluted 1:4 with water)

e Metallization: RF-sputtering of the different metals

o Lift-off metallization
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Appendix B

IGOR Pro Procedure Files

In this appendix, the procedure files used in IGOR Pro to model and fit the measured
I-V characteristics of the MSM photodetectors are given using the thermionic emission
theory with barrier lowering, thermionic-field emission and the thin surface barrier
(TSB) model.

B.1 Thermionic Emission with Barrier Lowering

Function TElow(w,V) : FitFunc
Wave w
Variable V

Variable area, q, es, pi, k, T, s, delta, J
Variable phi, A, nd

phi = w[0]
A = wl1]
nd = w[2]

area=0.00025
q = 1.6e-19
h = 6.6262e-34
es = 8.4075e-13

pi = 3.1415
k = 1.38e-23
T = 293.15

s = 8e-4

delta=sqrt (g* ((V-(g*nd*s~2)/(2%es)))/(4*pi*es*s))
J=AxareaxT"2xexp(-g*phi/ (k*T))*exp(q*delta/ (k*xT))
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B.2. Thermionic-Field Emission

return J

End

B.2 Thermionic-Field Emission

Function TFEreverse(w,V) : FitFunc
Wave w
Variable V

Variable area, q, h, m, es, k, T, nc, Vn, EO, Js, J
Variable phi, A, nd

phi = w[0]
A = wl1]
nd = w[2]

area=0.00025

q = 1.6e-19

h = 6.6262e-34
m = 2.00409e-31
es = 8.4075be-13
k = 1.38e-23

T = 293.15

nc = (4.3e14)*T"(3/2)

Vn=phi-(k*T*1n(nc/nd))/q

EO=qxh*sqrt (nd/ (m*es))/2

Js=((A*T*sqrt (pi*E0) ) /k) * (sqrt (abs ((g* (V-Vn) +

((g*phi)/ ((cosh(E0/ (k*T)))"~2)))))*exp ((-q*phi)/(E0*(1/tanh(E0/ (k*T))))))
J=areaxJs*exp (((q*V) /E0) * ((EO/ (kxT))-tanh(EQ/ (k*T))))

return J

End

B.3 Thin Surface Barrier (TSB) model

Function TSBr(w,V) : FitFunc
Wave w
Variable V
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Appendix B. IGOR Pro Procedure Files

Variable area, q, h, nd, m, es, k, T, nc, Vn, VO, EO, phiO, Js, J
Variable phi, nds, d, A

phi = w[0]

nds = w[1]

d = w[2]

A = w[3]

T = 293.15
area=0.00025
nd = lel6

q = 1.6e-19

h = 6.6262e-34
m = 2.00409e-31
es = 8.4075e-13
k = 1.38e-23

nc = (4.3e14)*T"(3/2)

Vn=(k*T*1n(nc/nd))/q

VO=phi-(g*nds*d"2)/(2xes)-Vn

EO=g*(h/ (2*pi))*sqrt(nds/(m*es))/2

phiO=(g*nd/ (2*es))*(1-(nd/nds) ) *

(sqrt ((((2xes/(q*nd) ) *(VO-V)+d~2)))-d) "2+V+Vn
Js=((A*xT*sqrt (pi*E0)) /k) * (sqrt (abs ((g* (V-Vn) +

((g*phi)/((cosh(EO/ (k*T)))"2)))))*exp((-q*phi0)/ (EO* (1/tanh(E0/ (k*T))))))
J=areaxJs*exp(((qxphi0)/E0)* ((E0/ (k*T))-tanh(EO/ (kxT))))

return J

End
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