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Since the GaN-based heterostructure field-effect transistors (HFETs) have
demonstrated high RF output power levels, it is treated as a candidate promising
candidates to realize high power integrated circuits. N-channel type GaN devices such as
High High Electron Mobility Transistors, is under research mostly, and some of them
have already been commercialized. In order to produce logic cuircuts likely to Si-based
CMOS technologies, p-channel GaN materials are considered fatal to the development of
next generation power integrated circuit using GaN. To avoid the problems that the Mg
doped p-type GaN has a limited activation ratio and difficult to obtain high mobility and
carrier density enough, the polarization at GaN/AlGaN heterointerface is used in this
research.

In this article, a sample made from GaN/AlIGaN/GaN heterostructure is presented. 2-
D hole gas (2DHG) is generated by negative polarization at the upper GaN/AlGaN
interfaces. Metal electrodes are added to the upper surface of GaN/AlGaN/GaN
heterostructure to measure electrical properties of the 2DHG. In order to obtain a non-
rectifying property at the metal/GaN interface, wet chemical etching and heat treatment
are performed. Firstly several conditions of wet chemical etching and heat treatment were
tested and then samples of Hall effect measurements were fabricated at the optimum
process condition. Van der Pauw method of Hall measurement was used in this
experiment and the dependence of mobility, sheet resistance, sheet carrier density and
temperature was obtained in a range of 80-460 K.

A totally different electrical property especially in the low temperature less than 200
K, is observed in the experiment for polarized GaN/AlGaN/GaN heterostructure
compared with conventional Mg-doped GaN. The measured results indicate that a p-type
conduction mechanism in polarized GaN/AlGaN/GaN is a “band conduction” in low
temperature. A possible reason for the difference is given in this article.
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1.1 Metal-Oxide-Semiconductor Field-Effect Transistor and

Heterojunction Field-Effect Transistor

As a fundamental element in electronics industry, transistor plays an important role. In
the design of transistor, to reduce the resistance is important considering the loss of signal.

Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET) is one of most
commonly used transistors.
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Figl.1 Structure of MOSFET

As shown in Fig 1.1, the voltage from Gate (G) leads to a channel developed between
source (S) and drain (D), and the carrier can transverse through the channel.

Compared to MOSFET, heterojunction field effect transistors (HFETSs) develop a
channel by a junction between two materials with different band gaps.
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Figl.2 Structure of HFET

As shown in Fig 1.2, the difference of the band of the spacer and the substrate leads to
a quantum well, an uncontinuous area of the band. As a result, the carrier will assume at



the interface. If the carrier is electron rather than hole we call this layer two dimensional
electron gas (2DEG).

As shown in Fig 1.3, the quantum well leads to an area where the Fermi level is higher
than the edge of conduction band. This develops the two dimensional electron gas.
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Fig 1.3 Band Structure in HFET

As mentioned at the beginning, to obtain relatively low resistance is important in VLSI
industry. As known, the electrical resistivity can be written as
_ 1
P= (1.1)
q is the charge on the particle; n is the majority carrier density; u is the mobility of the
carrier.

From (2.1), we know that the resistivity can be reduced by increasing the carrier
density. But for increasing the carrier density will lead to decrease in mobility, to have
low resistivity only by increasing the carrier density is difficult. To obtain both high
carrier density and high mobility is important, but it is hard to realize in traditional
MOSFET structure.

In HEFT structure, as the material use in spacer is undoped, so the influence by
impurity scattering is less. As a result, both high carrier density and high mobility can be
realized in this structure.

1.2 Gallium Nitride

Gallium nitride (Molecular formula: GaN) is a kind of I11-V component and has been
being used in semiconductor industry since the 1990s, especially LED. The electrical



properties of gallium nitride and other semiconductor materials are shown in Table 1.1.

[1]

Table 1.1 Physical Properties of Semiconductor Materials

Band Gap [eV] 1.1 1.4 3.3 3.4
Breakdown \Woltage [MV/cm] 0.3 0.4 3.0 3.3
Saturated Electron Velocity [10’cm/s] 1.0 2.0 2.0 2.5
Electron Mobility [cm?/Vs] 1500 8500 1000 1200
Hole Mobility [cm?/Vs] 600 400 115 ~10
Coefficient of Thermal Conductivity [W/cmK] 1.5 0.5 4.9 2.1

As shown in Table 1.1, the band gap of gallium nitride, which is nearly equal to that
of silicon carbide, is 3 times as silicon. On-resistance of gallium nitride device is thought
one third of silicon device, for the breakdown voltage of gallium nitride is 3 times higher
than silicon.

Gallium nitride has a Wurtzite crystal structure. Wurtzite crystal structure is an
example of hexagonal crystal system, and often seen in the structure of zinc sulfide (ZnS).
The structure of gallium nitride is shown in Fig 1.4. [2]
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Fig 1.4 Structure of Gallium Nitride

Compared to silicon carbide, a great advantage of gallium nitride is, that GaN has
relatively large discontinuity in bandgap with materials such as AlGaN, so it can be used
to form good heterojunction structure.

Another reason why GaN is chosen as the experimental material, is that the

manufacture of SiC, is limited. This material is somehow difficult to obtain nowadays.



1.3 2-Dimensional Hole Gas (2DHG)

The electrical characters of HFETs with two dimensional electron gas (2DEG) have
been reported in several articles. It is reported that high density 2DEG can be obtained by
using positive polarization charges at the AlIGaN/GaN interface. Therefore, the 2DEG
mobility is as high as 1000cm?/Vs, so it is treated as important candidate for next
generation power device.

Similar with 2DEG, two dimensional hole gas (2DHG) has been predicted in several
articles, but reports in which 2DHG is observed are few. According to the prediction,
2DHG should have properties as high mobility and high density.

In this experiment, we demonstrated a p-channel HFETs using GaN/AlGaN/GaN
heterostructure. The basic structure of the sample used in this research is shown as Fig
1.5. As shown in this figure, 2DHG exists at the upper GaN/AlGaN interface, and 2DEG
exists at the lower AIGaN/GaN interface.

3onm| Mg doped p-GaN

2DHG

47nm | Undoped Al ,;Ga, ;5N
+ + + + + IDEG

1.5um

[T000] ﬁ |—ﬂ‘

Fig 1.5 Structure of Sample

As only 2DEG is used in traditional HFET due to the high resistivity of 2DHG, CMOS
circuit cannot be realized in HFET. In order to produce circuits CMOS contained, it is
necessary to develop low resistance 2DHG. For illustration, Electric power conversion
machine is considered can be modified to a one-chip circuit using the GaN-Based CMOS.
High breakdown voltage is fatal to this kind of power device and GaN can satisfy it.



1.4 Electrical Properties of 2DHG HFET

According to A. Ozgir et al, using positive polarization charges at the AIGaN/GaN
interface leads to high density 2DEG with the densities over 103 cm can be obtained.
[3,4] In this research, a sheet carrier density of AIGaN/GaN interface of about 1.8 < 102
cm 2 at room temperature has been confirmed. The detailed will be reported in Chapter 4.

1.5 Conduction Mechanism of 2DHG

From the results of these experiments, we consider the conduction mechanism. Due to
the limited experiment equipment, we cannot give a precise answer about the conduction
mechanism, but a possible mechanism is given in Chapter 5.

1.6 Toward Future Research

The sample produced in this research has a sheet carrier density and mobility enough
to manufacture CMQOS circuit combined with 2-Dimensional Electron Gas according to
the prediction.
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2.1 Transmission Electron Microscope (TEM)

Transmission Electron Microscope is a kind of microscope, which is often used to
observe the structure of ultra-thin semiconductor materials. It is important equipment in
not only electronics but also in other fields like biology. [1]

In transmission electron microscopy technique, electrons from an electron gun will
transmit through the specimen, and the image of the specimen will be formed from the
information obtained through the interaction of the electrons and specimen.

Resolve detail in an object was limited approximately by the wavelength of the light
used in imaging. In optical microscopy technique, it is hard to observe specimens under
a few hundred nanometers for this reason. Let A be the wavelength of photons, and NA
be the numerical aperture of the system, so the maximum resolution is

A
~2NA

For the small de Broglie wavelength of electrons, the TEM has a resolve detail about
tens of thousands times better then optical microscope. Considering the relativity, the de
Broglie wavelength of electron is

d (2.1)

h
Ae =

J2m05(1 + B ) 22)

2mgc?
h is Planck's constant, m, is the rest mass of an electron and E is the energy of the
accelerated electron. Highly accelerated electrons lead to high resolution. The electron
beam will transmit through the specimen and then contains the information of electron
density, phase and periodicity. The information will be analyzed and used to form the
image of the specimen. Let W be the wave function of the electron transmitted from the
specimen, so the observed intensity of the image is

t1
I(x) = Py de 2.3)

1 tO to

2.2 Secondary lon Mass Spectrometry (SIMS)

The secondary ion mass spectrometry (SIMS) is a technique used to analyze the

13



composition of the material. The model of SIMS is shown schematically in Fig 2.1.

Primary ions (usually Cs+ or O2 ) are accelerated to high speed with a kinetic energy
of about 10kV by an ion gun. The primary ions will sputter the surface of the specimen
and the secondary irons will eject from the specimen. Then analyzers of the machine will
collect information such as the type and the mass of the secondary ions. Through the
SIMS measurement, we can obtain the dependence of the concentration of the elements
and depth.

Secondary ions, == Analyzer
Neutral particles,
P Electrons

P

Fig 2.1 The Model of Secondary lon Mass Spectrometry

Primary ions

2.3 Hall Effect Measurement

2.3.1 Hall Effect

The Hall Effect is a phenomenon in which a conductor or semiconductor that carries
an electric current perpendicular to an applied magnetic field develops a voltage gradient
transverse to both current and field. The voltage is known as the Hall voltage.

Consider the sample shown in Fig 2.2 has height, width, depth a, b, d, and the current
flows through the plane ad, and the magnetic field is parallel to the plane ad.

Under this situation, the Lorentz force is

F, = quB (2.4)

q isthe electrical charge on the particle; v is the velocity of the particle;B is the strength
of the magnetic field.

The current which flows through the plane can be written as

I = qunad (2.5)
where n is the carrier density.
So we have
1
- qnad (26)
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Fig 2.2 Hall Effect
From (2.4) and (2.6), we have
F, = ! _ 15 2.7
L=4 gnad =~ nad 27

On the other hand, the voltage developed will lead to an electrical field, and this field
will cause a force on the carrier, as

FE =q- (28)

Q<

where V is the voltage.
The Lorentz force balances the Coulomb's force, because the current continues to flow

along the sample, so

% _q g 2.9)
Hence
IB
V= @ (2.10)

Then we can rewrite (2.10) by sheet carrier density ng as

15



IB
V=
nsq
It shows that we can know sheet carrier density by measuring the Hall voltage.
Therefore, as the direction of flow of current is depend on both the direction of the
velocity of the move of the carriers and the type of the electric charge of the carriers, we
can judge whether the carriers are holes or electrons by the polarization of the Hall voltage.

(2.11)

2.3.2 Hall Effect Measurement

Van der Pauw method was used in this experiment in order to measure the properties
of the samples. The van der Pauw method, which was first propounded by Leo J. van der
Pauw in 1958, is a technique widely used in measure electrical properties of two-
dimensional samples.

2.3.2.1 Conditions of the Samples

Firstly, the sample to be measured by the van der Pauw method should be two-
dimensional; namely the samples should be of a flat shape of uniform thickness, and the
sample should not have any isolated holes.

Although the van der Pauw method is designed for sample of arbitrary shape, it is
found that the measurement error is smaller if using a homogeneous and isotropic sample.
So it is better to make the sample homogeneous and isotropic.

In order to flow currency to the samples, we also need add contacts to the surface of
samples. Four contacts are needs, and in order to minimize the measurement error, the
contacts should be sufficiently small compared to the size of the sample, and be located
at the edge of sample.

As discussed below, necessary conditions of sample for the measurement can be listed

a) The sample must have a flat shape of uniform thickness.

b) There are no isolated holes in the sample.

c) The sample must be homogeneous and isotropic.

d) Four contacts must be located at the edges of the sample.

e) The area of contact of any individual contact should be small compared to the size of
sample.

2.3.2.2 Necessary Conditions for the Contacts: Non-Rectifying
Another necessary condition for the contact is that the contacts should be ohmic.
Namely, the contacts should be non-rectifying, which means that the current—voltage

16



curve of the region is linear and symmetric.

When metal and semiconductor are in contact, a barrier will exist between the two
kinds of materials. The barrier is called Schottky Barrier (Fig 2.3). The Schottky Barrier
prevents the move of the carrier between metal and semiconductor, so the contact
becomes rectifying. This kind of rectifying behavior can be found in almost all metal-
semiconductor contacts.

In measurement using van der Pauw method, the Schottky Barrier between metal
contacts and semiconductor sample is treated as a problem. Basically we want an ohmic
contact, which obeys Ohm’s law. Some properties of the sample, such as resistance,
cannot be measured correctly if the Schottky Barrier exists.

qr/in .%&----i---q%i E,

Ef m ........................... f ................................. E]c

T

Fig 2.3 Schottky Barrier

Although totally removing the Schottky Barrier is treated impossible, there are two
methods to make the Schottky contact look like an ohmic contact. Under such situation,
where the current—voltage curve of the region approximates a linear function, we can
obtain the correct signals out and into the sample.

The two ways to make metal-semiconductor contact ohmic are:

a) Lower the Schottky Barrier Height(SBH)
As shown in (), The SBH is related to the work function of metal and the electron
affinity.
Psp = Pm — X (2.12)
@seis the SBH; @mis the work function of metal; y is the electron affinity.
We can choose the proper metal, whose work function is nearly equal to the electron
affinity of semiconductor which we use as sample, in order to lower the SBH.
Another method to lower the SBH is to create an alloy at the interface between
metal and semiconductor, by heat treatment such as annealing, which is widely used.
b) To create Quantum tunnelling
According to the theory of quantum mechanism, a particle, which behaves itself as

17



wave due to the wave—particle duality, is possible to tunnel through a barrier, through
which it cannot tunnel under classic mechanism theory. If we can make the possibility to
tunnel though the SBH high sufficiently to make the carrier move freely to both directions,
we can make the metal-semiconductor contact ohmic. According to the mathematical
analysis using the wave function in the Schrodinger equation, if SBH is extremely thin,
the carrier will have relatively high possibility to tunnel through it. We can make the
barrier very narrow by doping it very heavily, so the impurity concentration in the
semiconductor in very important. Although change the impurity concentration is not easy
considering other properties of the sample (e.g. the impurity concentration will effect on
the mobility and resistance), we can make the impurity concentration near the surface
between the two materials by heat treatment. By this method we can also obtain non-
rectifying contact. [2]

2.3.2.3 Measurement of Resistance

Fig 2.4 Sample for Hall Measurement

Let us consider a sample which satisfies the conditions mention in section 2.3.2.1, as
shown in Fig 2.4. Four contacts are at the edges of a sample of sharp of square and named
A, B, C, and D. If the current flows between contact A and B is defined as Ias and the
potential difference between D and C (Vb -Vc¢) is Vcp.

Then we define R4z cp as:

Vep
Rapcp = Tia (2.13)

AB

Likely, we can define Rsc pa as

VDA
Rpcpa = T (2.14)

BC

Rag cpand Rsc pacan be shown that they follow:
R R
exp (—Tl’ AB‘CD> + exp (—HM> =1 (2.15)
R, R,

18



Rs is the sheet resistance, And it can be rewritten as:

n (R + R R
= (Rag.co + Rpcpa) f| 222 (2.16)
In2 2 Rpc,pa
where
R —R exp(ln 2

AB,CD BC,DA _ farc cosh {M} (2.17)

Rap,cpo + Rpc,pa 2

We can use Taylor expansion to estimate the function f.

2
f=1- (RAB,CD - RBC,DA) In2

Rapcp + Rpcpa) 2 (2.18)

_ (RAB,CD - RBC,DA>4 {(ln 2)? _ (In 2)3} L
Rap,cp + Rpc,pa 4 12
From the equation (2.18), apparently, if
f =1,whenRypcp = Rpcpa (2.19)
As the sample has a flat shape of uniform thickness and it is homogeneous and
isotropic, we can say that R4g co = Rsc pa, SO the function f should be 1. So (2.16) can

be rewritten as

TRy cp
R. = - 2.20
$ In2 (2:20)

As in fact Rag cpdiffers slightly from Rsc psa, we always measure data for different
directions and use the average of them to calculate the sheet resistance. The 8 data of the
sample are

RAB,CD! RBA,CD' RCD,AB' RDC,AB' RBC,AD' RCB,AD' RAD,BC' RDA,BC (221)
We use the average of these 8 data to calculate the sheet resistance. [3]

2.3.2.4 Measurement of Sheet Carrier Density and Mobility

Consider a sample shown in Fig 2.2, firstly we flow the current from contact A to
contact C, while let the magnetic field be perpendicular to the surface of the sample, and
measure the potential difference between contact B and contact D(V, — V). Then we
reverse magnetic polarity, and measure the potential difference between contact B and
contact D again. One of the two results of the measurement of the potential difference
should be positive, and the other should be negative. Let us define the positive one, Vyc_p,
because this potential difference is measured when the current flows from contact A to
contact C. Likely, we can define the negative on V,c_,. Then we define that

Vac = Vac-p = Vac-n (2.22)
Likely, we can have V¢, Vgpand Vpg.
The overall Hall voltage is

19



_ Vac +Vea+ Vep + Vpp

4 5 (2.23)
We can use this voltage to calculate the sheet carrier density like
IB
ng = C[_V (224)
We can calculate the mobility by the data of carrier density.
The resistivity can be written as
1
p (2.25)

— q(nptn + pip)
When q is the charge on the particle, n is the concentration of negative carrier, p is
the concentration of positive carrier, and py,, pyare the mobility of negative and positive

carrier.
If we ignore the minority carrier, (2.25) can be written as
-1 2.26
P G tmttm (2:26)

n,, IS the concentration of majority carrier and ,, is the mobility of majority carrier.
We can use sheet carrier density ng and sheet resistance R to rewrite (2.26)

1
R = P (2.27)
Hence
= ! 2.28
Al'lm - quns ( . )

As sheet resistance R can be obtained by (2.27), we can calculate the mobility by
using (2.28).

2.3.3 Equipment for Hall Effect

The equipment used for Hall Effect is shown in Fig 2.5 and Fig 2.6. Fig 2.5 is the
equipment for Hall Effect at high temperature (Room Temperature~900K) and low
temperature (80K~Room Temperature). Liquid Nitrogen is used in the Hall Effect
measurement at low temperature to lower the temperature.

20



Fig 2.5 Equipment for Hall Measurement at Low Temperature

21



Fig 2.6 Equipment for Hall Measurement at High Temperature

2.4 Rapid Thermal Annealing (RTA)

Rapid thermal annealing (RTA) is a piece of equipment used for heat treatment. Using
the equipment shown in Fig 2.7 sample can be annealed in different atmosphere, to heal
the crystal structure of the wafer. A great advantage of the RTA equipment is that
temperature can fall and rise rapidly. The temperature change of 1000°C can be achieved
in about 10-20 seconds. Due to the short processing time, the further diffusion of the
dopants can be limited to a minimum.

e A ITR

Fig 2.7 Equipment for Rapid Thermal Annealing
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Fig 2.8 Rapid Thermal Annealing
As shown in Fig 2.8, the sample is under heat treatment in atmosphere in N2 /Oz (8:2)
gas, and N2 gas is used to surge pressure. [4]

2.5 Probe Station

The probe station is a machine used to acquire the signals from a semiconductor device.
| The total view of probe station is shown
in Fig 2.9. The microscope is used to observe
the sample and the location of the sample
and probes. The probes can be controlled to
contact the electrodes in the sample and
obtain signals from the sample.

The image of the part of plate under the
microscope is shown in Fig 2.10.

Fig 2.9 Probe Station
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Fig 2.10 Image of the Measurement Zone of Probe Station

2.6 Photolithography

Photolithography is a method using light-like material applied on the surface of a flat
thin sample to produce particular pattern on the sample. The light-like material is called
“resist”, and the light used in photolithography is usually ultraviolent (UV) light. The
photolithography technique is used to produce metal contact to the surface of sample,
which will be mentioned in Chapter 3.

24
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resist

substrate

2. Remove resist
substrate exposed to UV

H H

substrate 3. Etching

. . 4. Photoresist removal
substrate

Fig 2.11 Photolithograph Technique

The process is shown as Fig 2.11:

1) Applying the resist to the sample. In the application, we usually use a machine call
spin coater. A spin coater can rotate to high speed, and the sample can be placed on
it. As the resist must be applied to the surface of the sample uniformly, we can use
the centrifugal force to ensure it. First we apply the resist to the sample placed on
the spin coater, and then rotate it to a high speed, and finally the resist will become
a uniformly flat thin layer. After this, we should use a photomask which the light

shines through but blocks light in some areas and lets it pass in others. The
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2)

3)

4)

photoresist is exposed to the UV light after aligning the photomask on the sample.
The exposure leads to a chemical change in resist. As a result, the exposed region
and unexposed region become different chemically so the one of them can be removed
by a special solution call photographic developer. Which one can be removed is
depend on resist, and there are two kinds of resist: positive and negative. With
positive photoresist, exposed regions are soluble in the developer. On the other hand,
with negative photoresist, unexposed regions are soluble in the developer. The Fig
2.10 shows the situation of positive resist.

The region of upper layer to the substrate which is not protected by resist can be
removed by some chemical materials in the process of etching. The chemical
materials used in etching can be liquid or plasma.

After etching, the rest resist should be removed. A liquid call resist stripper can be
used for the removal of resist. Another way to remove resist is ashing. In ashing a
kind of plasma containing oxygen is used. The reactive species combines with the

photoresist to form ash which is removed with a vacuum pump.
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3.1 Procedures Needed for the Research

In this research, the GaN/AlGaN heterostructure is produced in POWDEC Co., and
what should be demonstrated is adding electrodes to the sample. As mentioned in section
2.3.2.2, proper heat treatment is necessary to lower the Schottky Barrier Height. Should
it exist, the signal from the sample would not be properly obtained. Also, the state of the
surface is importance, and proper preprocessing method is regarded fatal in experiment.

3.2 Preprocessing

In the manufacture process, preprocessing of the substrate by using different chemical
materials is basic step. By treating the substrate with proper chemicals, the pollutant and
compound such as oxide at the surface can be cleaned so the substrate can satisfy the
requirement for next processing steps. And for many kinds of semiconductor elements,
the more important reason is that the flat and clean surface can lead to an ohmic contact
rather than Schottky contact between the semiconductor and metal contact to be added
on, and it also affects the sheet resistance.

3.2.1 Methods for Preprocessing

In the manufacture process, preprocessing of the substrate by using different chemical
materials is basic step. By treating the substrate with proper chemicals, the pollutant and
compound such as oxide at the surface can be cleaned so the substrate can satisfy the
requirement for next processing steps. And for many kinds of semiconductor elements,
the more important reason is that the flat and clean surface can lead to an ohmic contact
rather than Schottky contact between the semiconductor and metal contact to be added
on, and it also affects the sheet resistance.

Several methods of preprocessing on the GaN have been developed. Y.Koide et al.
reported a sheet resistance of about 2~3 X 10-*Qcm? by dipping in HF solution buffered
with HF2NH4 after immersing in acetone and isopropyl [1]. H.W.Jang et al. reported a
sheet resistance of 1.2 X 10*Qcm? by dipping in HCI solution (HCI:H,0=3:1) after
Cl./BCl; echting [2]. J-K.Ho et al. reported a sheet resistance of about4 X 10°Qcm? by
echting with HCI solution (HCI:H.O=1:1) at room temperature for 1 minute [3]. There
are some other reports about the preprocessing but without the objective data of sheet
resistance. R.Wenzel et al. researched on several methods of preprocessing, and found
that following is the best among which are tested: Firstly dip in acetone for 30 seconds,
and then dip in 40% HF for 8 minutes and 65% HNOs for 1 minute, and finally rinse in
isopropanol for 30 seconds [4]. J-L.Yang et al. reported a preprocessing method using
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alkali [5].
Considering the results of these reports and the equipment and chemicals on hand, we
designed three methods for the preprocessing.
(a) HCI
In this experiment, a hydrochloric acid solution (volume ratio HCI:H20=1:1) is
used. It is mixed of 30cc HCI and 30cc ultra-pure water. The HCI liquid has not so
strong oxidizing properties, but pollutants like oxide will dissolve in hydrochloric acid.
The sample is placed in it for 60 seconds at room temperature. Then the sample is
rinsed in the ultra-pure water for 1 minute.
(b) SPM
SPM is abbreviation for Sulfuric acid-Hydrogen Peroxide Mixture. This liquid is
made of 15cc ultra-pure water, 15cc hydrogen peroxide and 45cc sulfuric acid. It has
strong oxidizing properties and it is used for cleaning the pollutant of metal particles
and organics at the surface. We place the sample in the SPM and use a hot plate to heat
it. The temperature of the hot plate is set as 250 °C, and the temperature of the SPM
liquid should to heated to 160~180 °C. The heating continues in 10 minutes. Then the
sample is rinsed in the ultra-pure water for 1 minute after cooling to room temperature.
(c) HF
Hydrogen fluoride solution (40%) is used in this experiment. It is made of 10cc HF
(50%) and 15cc ultra-pure water. It is also used for dissolving the pollutants like oxide
at the surface. The sample is placed in it for 60 seconds at room temperature. Then the
sample is rinsed in the ultra-pure water for 1 minute.

3.2.2 Most Suitable Method for Preprocessing

In order to find the best way for preprocessing, we conducted an experiment, which
steps are shown in Fig 3.1. We produced three kinds of samples by different methods
mentioned before to test. Firstly we performed organic solvent cleaning by acetone for 30
seconds and blowed the samples by gas gun, and then the preprocessing on the surface
by the three methods: a) HCI; b) SPM; c) HF. After this the metal was added to the
samples. The metal is 20nm nickel and 20nm gold. And the three kinds of samples were
performed heat treatment in RTA. At first, it was set to 450 °C and continued 10 minutes.
Then I-V property of the sample was measured in the probe station, and after it the sample
was performed heat treatment again but in 500 °C. The process was conducted like this
in also 550 °C and 600 °C.

The probe station is a machine used to acquire the signals from the sample. We
obtained the current-voltage relationship of the two contacts in a diagonal line, so as there

30



are four contacts in a sample, we can have two I-V curves for each sample in each RTA
temperatures.

Acetone
cleaning

Metal
deposition

(ORTA

()I-V Measure

Fig 3.1 Experiment of Preprocessing

The result of the 1-V measurement by the probe station is shown schematically in Fig 3.2,
Fig 3.3, and Fig 3.4.
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Figure 3.3 Measured V-1 Current under Processing Condition (b)
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Considering the results of the three kinds of preprocessing, we found that to (c) HF is
the best way to preprocess, for it has both a relatively high current and non-rectifying

property.
3.3 Steps of Experiment

After deciding the method wused in

_ _ _ Acetone
preprocessing, the experiment for adding | )
electrode to the sample was demonstrated. ci€aning

The steps of experiment are shown in Fig 3.5. HF

Similar to the experiment in section 3.2.2,
firstly organic solvent cleaning using acetone is
performed, and then the sample is blowed the Metal deposition
samples by gas gun. After this, the sample is .
place in Hydrogen fluoride solution (40%) for N|/Au=20nm/20nm
1 minute. Then nickel 20nm and Au 20nm is RTA
added as electrode to the sample. After heat
treatment in RTA for 10 minutes at 550°C in air
atmosphere (N2:0,=8:2), Titanium 20nm and
gold 100nm is added to the sample.

In the step of metal deposition, at beginning

Metal deposition
Ti/Au=20/100nm

the method of lithograph which is was Fig 3.5 Steps of Experiment
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mentioned in Chapter 2 has been tested, but we found that the ashing, which is used to
remove the photoresist from the sample, is not so good, especially in lowering the
Schottky Barrier Height.

Inside of the lithograph, we use a metal mask to deposit the metal to the surface of
sample. The metal mask is a plate made of metal and there are small holes which is 0.3mm
in diameter and equal to the diameter of metal electrode of the experimental producers in
the plate. The steps of adding electrodes to the sample is shown schematically in the Fig
3.6,

Sample

m sk

Metal Gas

$

Sample

__
Sample

L

electrode

Figure 3.6 Steps of Adding Electrodes to the Sample
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4.1 TEM

The GaN/AlGaN/GaN layer structure was observed in TEM, and we obtain the image
of the heterostructure shown schematically.

200nm X 75,000

Fig 4.1 The TEM Image of the GaN/AlGaN/GaN Layer Structure

In Fig 4.1, we confirmed the existence of
three layers, and the depth of each layer was
measured through the enlarged view of the
upper surface shown at Fig 4.2, then the
measurement result is shown in Fig 4.3. The
measured depth of the layers approaches to
the designed. Though the interface of Mg
doped GaN and undoped GaN is not clear, the
total depth of the layers of Mg doped GaN
and undoped GaN can be confirmed in this
image. Fig 4.2 Enlarged View of the Upper Surface of

the GaN/AlGaN/GaN Layer Structure
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GaN:40 nm

AlGaN:49 hnm

GaN (1.5 um: measured in Fig 4.1)

40nm X 520,000

Fig 4.3 Depth Measurement of SIMS Image

4.2 SIMS

SIMS is used to analyses the concentration of the atoms. The concentration of Al, Mg,
CsN and CsCa in depth of 0~400nm is shown schematically in Fig 4.3. We confirmed a
concentration of 4x10%* atoms/cc of Al in the layer of AlGaN.
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Fig 4.3 Analyses of Al, C, O and GaN by SIMS

4.3 Dependence of sheet carrier density, sheet resistance and

mobility on temperature

Hall measurement by van der Pauw method is used in this research to obtain the
relationship between sheet carrier density, sheet resistance, mobility and temperature. The
structure we used in this measurement is shown in Fig 4.5 (b), as mentioned at the Chapter
1, and we also demonstrate the same Hall measurement on another sample shown in Fig
4.5 (a) as control. The graphs of the measurement results are shown schematically in Fig
4.6, Fig 4.7, and Fig 4.8.
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As shown in the graphs, the existence of the AlGaN layer leads to a great change in
electrical properties, and somehow it is certain that this kind of change owns to the 2DHG.
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5.1 Conduction Mechanism of Mg-doped GaN

5.1.1 Band Conduction

Band conduction is the most common and simple conduction seen in semiconductor.
Shown schematically in Fig 5.1, 2 possible positions for electrons to exist are called
valence band and conduction band. Between the valence band and conduction band, there
is the band gap. Quantum mechanically, the electrons cannot exist in the band gap.

Conduction
A Band______
—
Energyé Band Gap
é ________
‘ v @ w Valence
Band
Electron

Figure 5.1 Model of Band Conduction

When the electrons in the valence band obtain some quantities of energy, which are at
least equal to the energy of band gap, the electrons may move to the conduction band.
The moving of the electron, which is usually called transition, leads to an important
change for the electron. When the electrons exist in the valence band, as a part of the
participators in the formation of a chemical bond, cannot move freely. It means that even
electrons in the valence band are in an electric field, current will not be observed. But
when the electrons transit to the conduction band, they can move freely and current will
flow when electric field exists. It is same for holes, and in the next of this section, the
situation of holes in p-type will be discussed.

Let n be electron density, N, acceptor density, n, unionized acceptor density, p
hole density, N, donor density, and n, unionized donor density.

From electric neutrality,

n+Ny,—ny=p+Np—np (5.1)
and from (5.1),
p=n+Ny—ny—Np+np (5.2
For the situation of p-type is discussed, n and nj can be ignored, so we have
p=Ny—Np—mny (5.3)

ny satisfies the next equation (5.4)
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Ny

1 _E,+Ep (5.4)
1+§exp( T )

ny =

g s for degeneracy.
By assuming p < Ny, hole density p and the carrier density of valence band Ny,
satisfy
p = Nyexp[Er/kT] (5.5)
Er is for energy of Fermi level.
Then, let us identify a new variable N’ to simply the calculation.

’ NV
N, = Eexp[—EA/kT] (5.6)
From (5.4), (5.5), (5.6), we have
_ Ny _ Ny Ny
M el RTT T | expEl/RT] | N
g exp[Ep/kT] gp/Ny P (5.7)
_ Nyp
p+ N,/
We can have N’ from (5.3) and (5.7)
Ny-p
=Ny —Np — :
p A D p+ N, (5.8)
Hence
p(p + Np)
Ny =——— (5.9)
4 Ny—Np—p
It is easy to have (5.10) from (5.6) and (5.9).
+ N N, E
—p(p L) = —Vexp (— —A) (5.10)
Ny—Np—p g kT

The equation (5.10) is an important equation for analyzing the carrier density in
semiconductor engineering. We use this equation to fit the result of sheet carrier density
in section 4.3, but please pay attention that as the variables in (5.10) is all for carrier
density rather than sheet carrier density, the result of carrier density calculated from sheet
carrier density in section 4.3 is used here.

The figure is shown schematically in Fig 5.2.
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As shown in Fig 5.1, the black line stands for fitting, and the points stand for the
experimental results. The horizontal axis is for 1000/T, so the larger value means lower
temperature. The red points, which are for the results at the temperature of 500K-700K,
fit the theoretical value properly. The green points, which are for the results at a relatively
high temperature of 700K-900K, show an error compared with the fitting results. The
error in the high temperature could come from the assumption of Eq. (5.5) because hole
density p is not negligible compare to effective density of state Nv. The blue points, which
are for the results at temperature of 130K~500K, differ from the fitting results a lot,
especially in low temperature of less than 200 K, though the results of lower temperature
are not shown in Fig 5.2.

In the graph of sheet carrier density, a minimum value is found at about 130K, but the
result of fitting shows us a monotonically decreasing function. This phenomena as
reported in several articles, and generally impurity-band and hopping are considered as
the main reasons. [1]

This fitting shows another important fact; that is the active acceptor is less than 1%,
which is also reported in other articles.
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5.1.2 Impurity-band Conduction

Impurity-band is a kind of energy band for carrier newly developed when the
semiconductor is heavily doped. Hung et al. firstly reported this phenomenoawhen
measuring resistivity using Hall Effect. [2,3,4] When the semiconductor is at low
temperature, the impurity-band may become the main conduction instead of band
conduction, and it is sometimes used to explain the unusual carrier density.

It is reported that in doped silicon and germanium, the conductivity follows that

o = ozexp(—e3/kT) (5.11)

Here o3 is strongly dependent on the concentration of majority centres and &5 is an
order of magnitudes smaller than the energy required to ionize the center. [5] Whether
such a theory is suitable for the situation of GaN or not is not clear, but at least we can
confirm that it is a possible reason for the increasing carrier density while the temperature
is decreasing at low temperature.

5.1.3 Hopping Conduction

Hopping conduction is another kind of conduction usually seen in organic
semiconductors. The fitting of hopping conduction is shown in Fig 5.3. The detail is
written below.
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Fig 5.3 Fitting of Hopping Conduction

It is considered that, a quantity of carrier traps exist in the semiconductor material.
When the carriers are near the carrier traps, the carrier may be trapped in the traps for the
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carrier traps are potentially low. Once the carrier be trapped, the carriers can move out
when obtaining enough energy. The possibility of the carrier to move out, is dependent to
the energy they can obtain, and thermal energy is an important source. In account of this
reason, it is clear that the mobility is lower when the temperature is lower.

Several models used to analyze the hopping conduction also prove this. For illustration,
a model called nearest neighbor hopping, which is one of the most common used, shows

us the mobility is
2

_ qRy B (_ WH) 512
q= 6kTeXp( ZaRH)vphexp T (5.12)

This model also shows the negative dependence of temperature and mobility in
hopping conduction. [6]

U

5.2 Conduction Mechanism of AlIGaN/GaN Heterointerface

Compared from the results in Chapter 4 with the Mg-doped GaN, the AlGaN/GaN
structure shows a constant property of carrier density. As the typical properties of Mg-
doped GaN at low temperature are not observed in AIGaN/GaN structure, it is likely that
conduction mechanism of AlGaN/GaN heterointerface structure is different from Mg-
doped GaN.

Concretely speaking, the two characteristics in section 5.1, the increasing carrier
density while the temperature decreasing at low temperature, and the increasing mobility
while the temperature decreasing at low temperature, are not observed in AlGaN/GaN
heterointerface structure.

We conducted a fitting in the graph of mobility and the result is shown as Fig 5.4.
Firstly the mobility at high temperature is fitted by the phonon scattering as (5.13).

3
*

o (@) (@)1

but only the phonon scattering cannot fit the result properly at low temperature, so we
assume that there exists another scattering mechanism, so according to the Matthiessen's

rule, the other scattering mechanism

1 1 1
— = (5.14)
U(a) HUphonon Hada
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Fig 5.4 Analysis of Scattering Mechanism
The extra scattering shows independent property to the temperature, so a surface

roughness scattering is considered possible. (Also, an alloy scattering in GaN/AlGaN
heterostructure system is reported as 103cm?/Vs and negligible in this situation [8])
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