Electrical Characterization of
GaN:Si and AlGaN:Si

Hong Ye

Hongy@student.chalmers.se

Department of Applied Physics

Department of Microtechnology and Nanoscience
CHALMERS UNIVERSITY OF TECHNOLOGY
Goteborg, Sweden 2011


mailto:Hongy@student.chalmers.se

Abstract

Wide band gap materials such as GaN, AIN and AlGaN alloys are of great interest because of
their special physical properties which are very suitable for optoelectronic and electronic device
applications. The group-lll-nitride semiconductors are the only semiconductor materials
capable of emitting light from the infrared (E; ;,y = 0.7 eV) to the deep ultraviolet (E; 4y =
6.2 eV) part of the spectrum. Compared to other semiconductors, lllI-nitrides also possess
several other advantageous characteristics that are interesting for devices, such as high thermal
conductivity, high breakdown voltage, and resistance to both high temperatures and chemically
hostile environments.

This work is focused on Hall Effect measurements on GaN and AlGaN layers doped with Si.
Bohr’s hydrogen model is used as the basis for a discussion on the theory of the doping
mechanism and its effects on the conductivity. The Hall Effect and the basic work principle of
the Hall Effect setup are described. Hall Effect measurements are frequently employed in my
diploma work to measure the resistivity, mobility and carrier concentration of our IlI-nitride
samples. Molecular beam epitaxy (MBE) is used to grow GaN and AlGaN layers doped with Si. A
solid source Si-cell that is mounted on the MBE system is used to provide the Si dopant. The
atomic Si flux corresponding to the doping concentration is depending exponentially on the Si-
cell temperature. The atomic Si flux (and consequentially also the electron concentration) in the
MBE system is depending exponentially with the temperature. Temperature dependent Hall
Effect measurements on a reference GaAs:Si sample are also performed as a comparison. It is
demonstrated that (compared to GaAs) achieving a high carrier concentration in GaN and
especially AlGaN is challenging since these materials have large bandgaps (>3.4 eV for AlGaN vs.
1.4 eV for GaAs). The large bandgap tends to increase the activation energy of the donor.

Keywords: IlI-V semiconductors, lll-nitrides, GaN, AlGaN, Schottky contact, Ohmic contact, Si-
doping, Bohr’s hydrogen atom model, Hall Effect, Molecular beam epitaxy.
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1. Introduction

1.1 History of semiconductors

According to G.Busch [1] the term “semiconducting” was first used by Alessandro Volta in 1782.
The first documented observation of a semiconducting effect took place in 1833, when Michael
Faraday described the decreased resistance of silver sulfide with temperature [2]. In 1874 Karl
Ferdinand Braun detected rectification in metal sulfides using a metal point probe [3]. Later
that year, Arthur Schuster found rectification in a storage circuit made of copper wires due to
copper oxide at the ends of the wires. A new semiconductor copper oxide was discovered [4].
Among all the research on rectification later in that period, Walter Schottky’s research was
outstanding for the experimental verification the presence of a barrier in a metal-
semiconductor junction in 1929 [4].

Meanwhile, another physical property of semiconductors, namely the sensitivity to light
attracted many physicists. In 1839, Alexander Edmund Becquerel discovered the photovoltaic
effect at a junction between a semiconductor and an electrolyte [5]. While the photovoltaic
effect in solids was observed almost forty years later by Adams and Day in 1876. They noticed
that presence of light could change the direction of the current flowing through selenium
connected to a battery [6]. With combination of a metal plate and a thin layer of selenium
covered by a very thin layer of gold, the first working solar cell was constructed by Charles Fritts
in 1883 [6].

Since Edwin Herbert Hall discovered the deflection of charge carriers in magnetic field in 1878,
this phenomenon played an important role for further study of semiconductor properties [7].
From then on, a number of theories were developed: electrons in lattices developed by
Ferdinand Bloch in 1928; the concept of forbidden gaps by Rudolf Peierls in 1930; conduction
caused by impurities by Alan Wilson in 1931; the concept of hole by Heisenberg in 1931 and
thermionic emission by Hans Bethe in 1942 [7].

The 1lI-V nitrides are not really novel materials. Early in 1907, the synthesis of AIN was already
reported and it is believed to be one of the first synthesized IlI-V semiconductors [8]. The
crystalline structure of GaN was described in 1937 [9] and growth of GaN crystalline epitaxy
layer was developed in 1969 [10]. Three important milestones were reached in 1971. First,
Pankov and his partners reported GaN-based metal-insulator semiconductor light emitting
diodes (LEDs) [11]. The same year, Manasevit succeeded for the first time to grow GaN with
metal-organic chemical vapor deposition (MOCVD) [12]. Last, Dingle and coworkers established
the prospect of ultraviolet semiconductor injection lasers via discovering the stimulated light
emission from needles of GaN single crystals at a temperature of 2 K [13].



The main obstacle that had to be overcome in making practical nitride-based devices refers to
difficulties of growing high-quality AIGaN and InGaN alloys. This is why the nitrides were largely
ignored in favor of other wide bandgap materials such as SiC and II-VI materials.

Because lattice-matched substrates are not readily available, mastering epitaxy on foreign
substrates is essential to control the chemical purity of GaN and to minimize dislocation in the
lattice. The growth of GaN on sapphire substrates resulted in low-quality material full of
defects, with a high background free carrier concentration and a rough morphology. In the
search for improved properties, Yoshida discovered that an AIN nucleation layer between
sapphire substrate and epitaxial layer increases the efficiency of cathodoluminescence of the
films [14]. Deposition of a low temperature buffer layer allowed for continuous coverage of the
substrate and overcame the wetting obstacles related to surface and interface energetics.
Using this AIN low-temperature buffer layer on sapphire substrates, Amano and Akasaki grew
the first smooth surface of GaN films in 1986 with MOCVD [15]. This resulted in a significant
improvement of the electrical and optical properties of the films. Later, a low-temperature GaN
buffer layer was used by Nakamura even more successively [16].

In the same year (1986), Amano demonstrated that silane (SiH4) could be used as an effective
and controllable n-type dopant [15]. Magnesium was supposed to be a good shallow acceptor.
Although it was possible to incorporate large amount of Mg in GaN, it did not effectively
introduce positive charge carriers (holes) due to unintentional passivation with hydrogen that is
present in the MOCVD reactor chamber. This does not occur in MBE systems due to the
extremely low H background. In 1989, Amano and Akasaki demonstrated that low-energy
electron irradiation activates Mg doped GaN films. With this method they achieved a hole

concentration of 106cm =3

, which was sufficient to produce the first p-n junction-based blue
light emitting diode [17]. In 1992, Nakamura reported that sufficiently high hole concentrations
could be achieved by thermal annealing of these Mg-doped GaN layers after growth [18]. The
development of extremely thin layers composed of InGaN alloys by Nakamura resulted in the

realization of a blue LED in 1993 [19].

The next challenge was to a room-temperature nitride laser diode (LD). Although a number of
reports on stimulated emission appeared during 1991-1995 [20-23], the goal of an electrically
injected device was developed not earlier than the end of 1995 by Nakamura [24]. This
achievement induced a rapid improvement in the performance of the lasers. In 1996, Akasaki
fabricated a laser diode emitting at a wavelength of 376 nm [25]. In 1998, Nakamura illustrated
a room-temperature continuous wave laser emitting at 400 nm [26].

The development of high-power and high-temperature electronics was seen in the last few
years. An semiconductor material for power applications should perform excellent transport

and thermal properties, a high breakdown voltage, mechanical stability, and allow for the
7



fabrication of both unipolar and bipolar devices. The lll-nitride compounds fulfill most of these
demands. In 1993-1994, the first GaN-based transistors were demonstrated [27, 28], but recent
developments led to many new exciting achievements. The electron mobility in the two-
dimensional electron gas (2DEG) at the GaN/AIGaN interface reaches 10000 c¢m?/Vs at
cryogenic temperatures and 2000 cm?/Vs at room temperature [29]. Moreover, a very fruitful
combination of high current values (over 20 A/mm) with very high breakdown voltages (several
thousand volts) makes the nitrides ideal candidates for high electron mobility transistors [30].

1.2 Application of semiconductors

There is no doubt that semiconductors changed the world beyond anything that could have
been imagined before them. The technology of electronics took a large step forward when
William Shockley, John Bardeen and Walter Brattain observed the transistor action in a piece of
germanium in 1947. They later got the Nobel Prize for this discovery.

The most commonly used semiconductor today is silicon. It is to date the most extensively
implemented semiconductor and is widely used in computers, cars and networks. Despite the
success of Si devices, the material is not well suited for a wide range of applications, mostly due
to its relatively small, indirect bandgap. The search for suitable semiconductor materials led to
the development of the compound semiconductors.

Semiconductors based on IlI-V compound materials provide advance in high-speed microwave
and optoelectronic applications. The IlI-V semiconductors correspond to the compounds
formed by the elements in column Il (Al, Ga and In) and column V (N, P, As and Sb) in the
periodic table. Most of them have the direct bandgaps which means that they can be used to
emit light efficiently. Gallium arsenide (GaAs) can be used to make LEDs emit red light.
Moreover, due to higher electron mobility, GaAs is widely used in devices requiring high speed
such as mobile phones, satellite communications and high frequency radar systems. GaAs
devices tend to have less noise than silicon devices. However, the production of GaAs based
devices is more costly than devices based on silicon. And the conventional IlI-V semiconductors
(e.g. GaAs, GaP and AlGaAs alloys) together with Si are not suitable for optoelectronic devices
in the blue, violet or ultra-violet wavelength regions. The wide band gap semiconductors
overcome many of these limitations.

The wide bandgap materials can provide relatively high electron mobility, high thermal
conductivity, high breakdown electric fields and thermal and chemical stability [31]. SiC has
drawn much attention having a bandgaps around 3 eV. However, due to problems with
material quality and device lifetime, only few commercial SiC products exist today such as SiC
based metal oxide semiconductor field-effect transistor (MOSFET). The IlI-nitrides
semiconductors are the best candidate materials fulfilling all the requirements for successful



device-making. For instance, the mixture of GaN with In (InGaN) or Al (AlGaN) allows the
manufacture of LEDs with colors that can go from green to ultra-violet [32]. GaN based high
electron mobility transistors (HEMTs) have found immediate use in various wireless
infrastructure applications due to their high efficiency and high voltage operation. GaN based
metal semiconductor field effect transistors (MESFETs) and MOSFETs also offer many
advantages in high power electronics, especially in automotive and electric car applications
[33]. Nanotubes of GaN are proposed for applications in nanoscale electronics, optoelectronics
and biochemical-sensing applications [34].


http://en.wikipedia.org/wiki/Indium
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2. Physical properties of I1I-V semiconductors
The 1lI-V semiconductors have become to the most important materials in the optoelectronics
area, due to their specific physical properties mainly due to their wide band gap.

2.1 Crystal structure of III-V Semiconductors

Most semiconductors crystallize in the wurtzite, zincblende and rock-salt structure. Wurtzite
can be considered as two interpenetrating hexagonal close-packed lattices having tetrahedral
arrangement of four equidistant nearest neighbors. The zincblende structure can be considered
as two interpenetrating face-centered cubic lattices, similar to diamond structure but with
different atoms in the sublattice. Rock-salt is similar to zincblende but each atom has six
nearest neighbors compared with four in the zincblende structure [35]. The crystal structures
are shown in Fig. 1.

Fig. 1 (a)Wurtzite structure; (b)Zincblende structure; (c)Rock-salt structure; (d)Diamond structure

The lll-nitrides crystallize in the wurtzite structure at ambient temperature and pressure.
Normally, due to the inherent polarity of crystal structure, there exists a spontaneous
polarization and a piezoelectric polarization. In wurtzite GaN, the centers of positive and
negative charges from the ionicity of the Ga-N bond are displaced from each other. Therefore
electric charges appear at the opposite surfaces of the crystal, which lead to spontaneous
polarization. Additional polarization charges result from the physical strain when growing on
substrates with different composition and lattice constants (heteroepitaxy). This strain
corresponds to the piezoelectric polarization.

2.2 Energy bands of III-V Semiconductors

Figure 2 shows the band gap energies of most Ill-V semiconductors. All the llI-nitrides have
direct band gap, implying direct transition at the I point in the E-k diagram (Fig. 3). The band
gap energies of llI-nitrides span a wide range from 0.7 eV (InN) over 3.4 eV (GaN) to 6.2 eV
(AIN), covering infra-red and ultra-violet spectral ranges as well as the visible range. And the in-
plane lattice constant a, is 0.31 nm for AIN and to 0.36nm for InN.
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Fig.3 Band gap structure of GaN

The electronic band structure for GaN is displayed in Fig. 3. GaN is a direct band gap compound
semiconductor with its highest energy point in the valance band and its lowest energy point in
the conduction band located in the same point, T, in the k-space. In a wurtzite crystal, the |Z)
state (corresponding to the p, state) becomes unique because of the crystal field generated by
the wurtzite structure, whereas the other two states |X) and |Y) (corresponding to the p, and
p, states) are degenerate. The |Z) state forms a subband called the split-off band with an
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energy difference of approximately 10 meV. The states |X + iY, T) and |X — iV, l) have parallel
magnetic moments from orbiting electrons and electron spin and therefore form heavy holes.
The states |X + iY,l) and |X — iY, T) have antiparallel magnetic moments forming light holes,
which are about 17 meV lower in energy compared to the heavy holes [37].

2.3 Schottky and Ohmic contact of III-V Semiconductors

Metal-semiconductor contacts are categorized into Schottky contacts (rectifying) and Ohmic
contacts (non-rectifying). The Schottky contact allows conduction of the current only under
forward bias conditions. An ohmic contact, as the name indicates follows Ohm’s Law. Current
flowing through an ohmic contact is the linear function of the applied voltage and conduction is
possible under both forward and reverse bias.

2.3.1 Principle of Schottky contact

When a metal is sputtered or evaporated onto a semiconductor surface, a Schottky contact is
formed. The magnitude of the band bending in both n-type and p-type semiconductor is
displayed in Fig. 4 which also describes the operation of the Schottky contact.

n-type i
Metal Semiconductor Metal | Semiconductor
Vacuum L
r Pl |
e ¢S_ (o) [
¢'m T :F\‘ | :F!
Op 1 et "
B o el .
l E I r CB
g d i
j W
———————— VB I !
: \\ 1
rmmmm——me- VB
(a) ]
p-type !
Metal Semiconductor Metal i Semiconductor
Vacuum T :
T xs i !
0 -L_—— B ettt CB
l T 2 o
I | -
———————— VB Il e VB
0y L “,
l’%’_& ________________
(c) (d)

Fig. 4 Ideal diagram of metal n-type Schottky contact: (a) before contact; (b) after contact;
Ideal diagram of metal p-type Schottky contact: (c) before contact; (d) after contact [38].
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In Fig. 4, ¢ is the potential barrier and V,; is the built-in voltage. The difference between the
Fermi level and vacuum level is termed the work function, ¢,, and ¢, for metal and
semiconductor respectively. In the n-type case where ¢,, > ¢,, electrons flow from the
semiconductor with lower work function but higher energy states to the metal until the Fermi
level aligned to achieve the thermal equilibrium [38]. In the p-type case, electrons flow from
the metal to the semiconductor until equilibrium (and corresponding barrier) is reached.

2.3.2 Principle of Ohmic contact

The basic principle of ohmic contact is similar to the principle of Schottky contact. Electrons
flow from the lower work function of the semiconductor/metal combination to the higher work
function of metal/semiconductor. However, an ohmic contact only forms when the resistance
within the contact is negligibly small compared to the resistance of the semiconductor. The
most important difference between the Schottky contact and ohmic contact is the width of the
depletion region w.

Metal . nhrtvpe Sericonductor Metal n-tvne Semiconductar

af, \ . qd)b.,‘ FL—/ .

: E¢ ton : E¢
: region :
I I
I I
I 1
\-u.__hl Ey 1 E,
LR

(a) ()

Fig.5 (a) Lower barrier height of Ohmic contact in n-type semiconductor;
(b) Ohmic contact after high doping in n-type semiconductor. [39]

From Fig. 5(a), we see that moving up the Fermi level results in a lower potential barrier ¢pzand
lower built-in voltage ;. In this case, electrons can jump over the barrier. Moreover, the
barrier height also decreases due to the image force lowering effect. When an electron from
the semiconductor side approaches the metal-semiconductor interface, a positive charge is
created at the metal surface due to the repulsion of the negative charges. Image force is
defined as an attractive force between the positive charge and the electron [40].

A common way of employing the process image force lowering effect is to increase the carrier
concentration. This can be achieved by through heavy doping of the semiconductor. It is also a
method used commonly to reduce the thickness of depletion region. However, it is difficult to
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make ohmic contacts on wide band gap semiconductors. In such cases the general technique is
to heavily dope the surface layer to produce an n*- region near the surface to form an n*-n
junction [39]. In this case, tunneling will dominate the current transport and the barrier
becomes transparent to electrons in both directions displayed in figure 5(b).

2.3.3 Ohmic contact for GaN

For the formation of high-quality ohmic contacts to GaN, the contacts should have a low
Schottky barrier or the GaN needs to be heavily doped to allow carriers to tunnel through the
barrier. Because the height of Schottky barrier depends on the work function of contact metals,
for n-type GaN, ohmic contacts can be easily formed by using metals having a work function ¢,,
that is smaller than that of n-GaN, e.g. In (¢,,=4.12 eV), Al (¢,,=4.28 eV) and Ti (¢,,=4.33 eV)

3 low

[41]. For these contacts to n-GaN with a carrier concentration of 5—7 x 10%%cm™
contact resistances range from 107> to 1078 Q- cm?. These resistances are low enough for

good ohmic contacts and thus for the operation of optoelectronic and electronic devices [42].

In contrast, to produce ohmic contacts to p-type GaN one needs is to use metals having a larger
work function. However, it is difficult to form good-quality ohmic contacts with a specific
contact resistance that is lower than 10~* Q - cm?. This is mainly due to the high activation
energy of the deep Mg acceptors (134 meV) [43]. Ni/Au contact has been commonly used to
form the ohmic contacts to p-GaN because Ni has large work function ¢,,=5.15 eV. Ni/Au
contacts generally produce a specific contact resistance of 1072 Q - cm? [44]. Annealing the
Ni/Au contacts in ambient at 500 °C results in a specific contact resistance in the range of
107 — 107%Q - cm?[45].
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3. Impurities in III-V semiconductors

3.1 Shallow impurities

Shallow impurities are defined as impurities which are ionized at room temperature (25 meV).
Shallow impurities, which determine the conductivity and the carrier type of the
semiconductor, can be either acceptors or donors. A donor has an extra electron that can be
excited from the dopant to the conduction band, while an acceptor accepts electrons excited
from the valence band thereby leaving a hole behind.

3.2 Bohr’s hydrogen atom model

When an extra charge provided by a doping atom move through the lattice, it will be attracted
by a weak potential at the ionized impurity atom. This electrostatic potential of a point charge
is the so called Coulomb potential. The Coulomb potential of a positive point charge (+e) in
vacuum located at r is obtained from Poisson’s equation and is given in spherical coordinates by
[46]

e

V(r) = (3.1)
4-7'[801"

where g, is the permittivity of vacuum. When this is compared to the central symmetric
potential, or the physical system of a charge and an ionized centre, it is seen that it can be
described by Bohr’s hydrogen model. For the Bohr hydrogen atom model, to simultaneously
meet the conditions of a stationary circular motion of the electron around the proton and the
guantization of the angular momentum of the electron, we introduce the Bohr radius (n=1) and
the kinetic energy

__4megn?h?

agn = (n=1,2,3...) (3.2)

mgye?

2 1 1 e*myg
2 (41e()? N2h2

Eginn = %mov (n=1,2,3...) (3.3)
This energy represents the energy required to remove the electron from the energy state n to
an infinite distance from the proton. For n=1, an energy E};,=13.6eV is required to ionize a
hydrogen atom [47].

3.3 Hydrogen-like donors and acceptors

The hydrogen atom model can be applied to shallow donors (Es; 4 = 5.8 meV) in -V
Semiconductors. Such donors are called hydrogen-like donors. Effective Bohr radius and
ionization energy are well predicted for such donors. In order to apply the model for dopants in
semiconductors, we need to know the effective mass of carriers m; and the dielectric constant
€ of the semiconductor. Using these two parameters, the following properties of hydrogen-like
impurities can be derived.
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« _ 4men?n?

apn = — (n=1,2,3...) (3.4)
1 1 e*m}
Ekin,n = 2 (ane)? nZhZe (n=1,2,3...) (3.5)

For ground state n=1, we get the donor Bohr radius ag and the donor ionization energy as

x 4meh? _ &r
U = tue? = g U8 = g 0534 (3.6)
_etmy _ omy/mg _ my/mg
B~ 2(4meh)? - 372~ Ekin - 13.6eV (3'7)

where ¢, is static dielectric constant (g, = ‘9/80, &o is the permittivity of vacuum) and my is the

free electron mass. The ground state energy Eg means the ionization energy from the first
energy state to the band edge of the shallow impurity [47].

Application of the hydrogen atom model to acceptors in IlI-V Semiconductors is more
complicated due to their degenerate valence band structure. In 1973, Baldareschi and Lipari
developed a now widely accepted model for shallow acceptor stated in cubic semiconductors
with degenerate valence bands [47]. According to their calculation,

N Ameh?y,

ag = p— (3.10)
e mh

where the parameter y; is the so-called Luttinger parameter. And f(u) is a function that
relates the acceptor ionization energy with the effective kinetic energy.

The effective mass and dielectric constant in GaAs and GaN is presented in Table 1. These
values were used to calculate the energy levels of a few donor and acceptor impurities in GaAs
and GaN (Table 2) according to the hydrogen model.
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Table 1. Effective mass of electrons and holes and dielectric constant of GaAs and GaN. Listed are the

electron effective mass mg, the heavy hole effective mass my,,, the light hole effective mass m;; and

the dielectric constant &, [48].

Material m; my, my, &
GaAs 0.067 0.45 0.082 13.1
GaN 0.15-0.21 0.6 0.26 9.0

Table 2. Shallow energy levels for GaAs and GaN and impurities [49].
Material Donors Energy (meV) Acceptors Energy (meV)
GaAs Si 5.8 Mg 28
Ge 6.0 Si 35
S 6.0 Be 28
Sn 6.0 C 26
GaN Si 25-35 Mg 134
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4. The Hall Effect

In 1879, E. H. Hall first discovered that an electromotive force may be generated across a
current-carrying conductor by placing the conductor in a magnetic field [50].This phenomenon
attracted much interest over the years and it is well known as the Hall effect today.

4.1 The Hall effect principle

When an applied magnetic field is perpendicular to the direction of the current flow, a voltage
will be developed across the Hall element and is referred as the Hall voltage. The basic
geometry for the Hall Effect is shown in Fig. 6.

Hall voltage /
O,

1
i Magnetic
! field B

v

Thickness
o

Z

/ﬁurrent flow |

Fig. 6 Hall element showing critical dimensions and reference axes

The basic principle underlying the Hall effect is the Lorentz force [51]. With expresses the force
on a point charge due to an applied electromagnetic fields.

F = e[E +v x B] (4.1)

where v is the velocity of the charge carriers and, E and B are the electric field and magnetic
field intensity respectively.

Steady state is achieved when F, = 0, which reflects that the electric field produced by the
carrier concentration gradient neutralizes the magnetic deflection given as

ek, —evB, =0 (4.2)
According to the expression of current density [52]

Jx = Zim evy” (43)
if we assume that all the carriers have the same velocity, we obtain
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J = nev, , wheren = Y;n,.

Related to the Eq. (4.2), E,, can be written as

— ]sz
Ey - ne
The Hall coefficient is defined as
— B _ 1
RH "~ JxBz e

(4.4)

(4.5)

(4.6)

From Eqg. (4.6), we see that the Hall coefficient is inversely proportional to the carrier

concentration, n, and also demonstrates the type of the carriers, negative for electrons while

positive for holes [51].

4.2 The Hall Effect in semiconductors

Hall Effect in semiconductors where there are both electrons and holes involves not only the

concentrations of electrons and holes, n and p respectively, but also the electron and hole drift

mobilities, u, and p,[53].

Considering a single carrier acting in the net electrostatic force F,,; = teE, based on the

relationship between drift velocity and mobility, we acquire

Fret
e

For holes v = WE =y

Fret

For electron Ve = U E = —, .

At steady state, there is no net current along the y-direction.

Fyy = eE, —evp, B, and —F,, = ek, + evy,B,

Jy =Jn+]e = epvpy, +env,, =0

From Eq. (4.7), we have

evy ev,
Fpy =—= and —F,, =—%
Hh He

Substituting vy ox = UpeEy and Eq. (4.10) into Eq. (4.8)
Yy _ g _ Yey _
=E, —uyExB, and =E, + u.E B,

Hh He

From Eq. (4.9), we get pvy, = —nv,,, which we substitute to Eq. (4.11)

E,(puy — np,) = ExB,(puy — npd)

(4.7)

(4.8)

(4.9)

(4.10)

(4.11)

(4.12)
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The current along the x-direction is given by
Jx =Jn +Je = epvpy + envey, = epupEy + enp Ey (4.13)

If we combine the expression with Eq. (4.12), we obtain the Hall coefficient

2 2
Ry = —PEhmEe 4.14
H ™ e(puptnpe)? ( )
From Eqg. (4.14), we can conclude that the Hall coefficient in semiconductors depends on both
concentration and mobility of electrons and holes. When pu2 — nu2 > 0, Ry will be positive,
and vice versa.

4.3 The Hall Effect measurement

Virtually every major semiconductor laboratory makes use of the Hall effect to measure the
carrier concentration and to determine the polarity. The method is simple and yields carrier
concentration n (or p), mobility u and resistivity p. The expressions used to measure and
calculate them are briefly stated below [54].

I'-B

Vy =2 (4.15)
1

n= E (416)

Where Vy is the Hall voltage, B the magnetic field strength, | the current passing through the
sample and d is the thickness of the sample layer.

4.3.1 Van der Pauw structures

The Van der Pauw measurement geometry became the most popular Hall effect measurement
configuration after Van Der Pauw solved the potential problem in a thin layer of arbitrary shape
in 1958. While the primary conditions demand the sample to be flat, homogenous and
isotropic, the most difficult part to realize the van der Pauw technique is to make true ohmic
contacts on the surface.

Although arbitrary shape is applicable, in practice a symmetrical shape is preferable because of
the ease of the fabrication. Some of the more common examples are displayed in Fig. 7.
Consider the configuration displayed in Fig. 7(a), with a square sample with triangular contacts
at the corners of the square. This shape, perhaps the most common in use today, is also the
geometry used in our measurements. Unfortunately, the square shape is more sensitive to the
finite-contact-size problem as compared with other configurations. In Fig. 7, [, is the length of
the contact points and L is the sample length.
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Generally, 1./l; is supposed to be less than 0.1. According to Fig. 8(a) and Fig. 8(b), the

uncertainty of the resistivity for this value will be less than 0.7% and the deviation from the

theoretical Hall voltage will be ~6%. In our laboratory, the sample is cut into size between

3 X 3mm?and 4 X 4 mm? with a contact size of 0.5 mm. Thus, i—cz 0.125 — 0.16. The

S

resistivity correction factor is therefore 2%. While the Hall voltage correction factor is
10%—15%. According to Eq. (4.15) and Eq. (4.16), the correction factor for carrier concentration

and mobility is calculated as 17% and 2% respectively. Thus, a sample with a longer periphery

and smaller contact is preferred for Hall effect measurement.

Fig. 7 Various Van der Pauw structures with finite contact size: (a) square; (b) Greek cross; (c) and (d)

circles.
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Fig. 8 (a) Contact-size correction factors for the resistivity of a square pattern; (b) Contact-size

correction factors for the Hall voltage of a square pattern. Here O is the Hall angle, defined as

tanf = —g—x ~ —uB [55].
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4.3.2 Measurement method and errors analysis

As discussed before in Eq. (4.15) and Eq. (4.16), we can calculate the mobility and carrier
concentration by measuring the value of Hall voltage and resistivity. Consider the sample with
the square shape shown in Fig. 9.

® .

O]

(a) (b)

Fig. 9 A square shape for van der Pauw measurements: (a) resistivity; (b) Hall Effect.

In Fig. 9(a), a current | flows from contact 2 to 1, and a voltage Vc is measured between contact
3 and 4. We define the resistance R;jy; = Vi;/I;j, where the current enters contacts i and
leaves contact j, and voltage is measured from contact k to contact |. Thus without the
magnetic field, the resistivity p is written as follows:

— T4 |Ra134+R3241
o lnz[ 2 ]f (4.17)

where f is determined from the transcendental equation:

-1 _ f 1 in2
o1z arccosh {2 exp [ - } (4.18)

and Q is the resistivity-ratio calculated as R 34/R3241 and should be >1, otherwise it should
be inversed. By solving the equation system:

_InG-a)
Q o In (%+a') (4'19)
In &
f= 0E (4.20)

1n(%+0()+1n (%—a)
we can also get the value of f by first calculating a as a function of Q.

Furthermore, to average the resistivity p, we need to include two other contact permutations
and also need to reverse the current for all four permutations. Then we obtain
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d 1
p= ln_2 ’ g [(R21,34 - R12,34 + R32,41 - R23,41)fA + (R43,12 - R34,12 + R14,23 - R41,23)fB]

(4.21)
where f; and fz are determined from Q4 and Qgrespectively [56].

Measuring the Hall voltage Vy is theoretically straightforward according to Fig. 9(b). However,
in real measurements, the extraction of the Hall voltage is by various undesired effects such as
[57]:

(1) The potential difference caused by the Etinghausen effect. All electrons moving along
the negative y-axis do not have the same velocity v. Electrons with higher speed induce
larger radius of gyration which make them reach one side of the semiconductor quickly.
More electrons with higher energy accumulate on one side than the other side. It arises
a temperature difference between two sides generating the potential difference Ug.

(2) The potential difference caused by Nernst effect. The resistivity within each contact
point is different. When the current goes through them, contacts get heated, giving rise
to thermal diffusion current. Similar to Hall Effect, this thermal diffusion current will
generate a potential difference Uy.

(3) The potential difference caused by Righi-Leduc effect. According to the Etinghausen
effect which arises from the different velocities of thermal diffusion electrons, another
kind of thermal electromotive potential Uy is generated between the contacts.

(4) Due to manufacturing difficulties and the heterogeneity of the material, even without
external magnetic field, there will be a potential difference when the current goes
through it.
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Molecular beam epitaxy
Molecular beam epitaxy (MBE) is a technique for epitaxial growth that occurs on a heated
crystalline substrate surface. Epitaxy is described as the controlled deposition of one crystal
upon another crystal. This process produces very pure materials. In addition, it offers the
advantage of changing growth material within a few atomic layers, suitable for growth of
heterostructures.

The term epitaxy is constituted of the Greek words epi meaning “on” and taxis meaning
“ordered”, and was coined by Royer in 1928. Royer put forward several rules for the occurrence
of epitaxy, the most important of which can be written as [58]:

e There must be a matching of symmetry between the contacting crystal planes of the
substrate and overgrowth.
e The misfit between parallel lattice rows at the interface must be less than 15%.

Today, epitaxy is used in the commercial production of light emitting diodes, laser diodes and
high frequency transistors. ldeally, epitaxy should take place on a lattice matched substrate i.e.
where the growth material is the same as the initial substrate, also known as homoepitaxy, or
when the semiconductor is perfectly matched to a substrate of another material, referred to as
lattice-matched heteroepitaxy. The samples presented in this thesis were all produced by MBE.

5.1 General description of the MBE system

MBE growth of semiconductors takes place in an ultra-high vacuum (UHV) environment. In
Fig.10 a schematic of a typical MBE system is shown. The solid sources materials such as Ga are
placed in effusion cells to provide an angular distribution of atoms or molecules in a beam,
which hits the surface of a single crystalline substrate. The substrate is heated to the necessary
temperature and is continuously rotated to improve the homogeneity of growth.

To reach the molecular beam conditions, the mean free path A of the particles should be larger
than the geometrical size of the chamber. This is fulfilled if the total pressure is below 107>
torr. However, for growing a sufficiently clean epitaxial layer or epilayer, a typical gallium flux is

2 571 corresponding to a growth rate of 0.5-1um/h, the background or base

10'° atoms m~
pressure should not exceed 10711 torr. This is concluded from the requirement that the
monolayer deposition times of the beams t;, and the back ground residual vapor pressure t, .
should fit the equation t,., < 107°t, [59]. Therefore, UHV is essential for MBE systems.
Pyrolytic boron nitride is chosen for the crucibles which are thermally stable up to 1400°C.
Refractory metals such as molybdenum and tantalum are widely used for the shutters, the
heaters and other components. In addition, only ultrapure materials can be used as sources

[59].
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Fig. 10 A typical MBE system [60].

MBE systems permits the control of composition and doping of growing structures at the
monolayer level by changing the nature of the incoming beam just by opening and closing
mechanical shutters. The UHV environment of the system is also important for the operation of
reflection high energy electron diffraction (RHEED). The RHEED shows the diffraction from the
sample surface in real time and gives direct information on the state of the surface. RHEED
oscillations (Fig. 11) accurately yield the growth rate during the growth of GaAs layer [61].
Unfortunately, due to the specific growth conditions for nitrides, RHEED oscillations are only
observable during suboptimal growth conditions for nitride layers.

MONOLAYER GROWTH ELECTRON BEAM RHEED SIGNAL

[eo1]

/-—-m 0]

Fig. 11 Intensity oscillations of the specular beam in the RHEED pattern from a surface. The period
corresponds to the growth rate of exactly a monolayer [62].
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5.2 Epitaxial growth of IlI-nitrides

For lll-nitrides growth, there are two dominating epitaxial technologies, MBE and metal-organic
vapor phase epitaxy (MOVPE). The greatest problem concerning llI-nitrides epitaxy growth is
the lack of an inexpensive, sufficiently large (= 1cm?) and lattice-matched substrate of
sufficiently high quality.

5.2.1 Substrate for GaN growth

Choosing a proper substrate is an important task for growing GaN crystal film of good quality.
Due to high melting point of GaN and the high vapor pressure, it is difficult and costly to
fabricate a GaN substrate [63]. Therefore, heteroepitaxy is usually employed for growing GaN-
based materials. Table 3 lists the disadvantages related to heteroepitaxy of GaN.

Table 3. Challenges commonly encountered with heteroepitaxy [64].

Substrate property Consequence for a substrate

High-tension leakage currents of an unit due to high
density of dislocations; short life times of minority
charge carriers; decrease in specific thermal
conductivity; accelerated diffusion of impurities

Lateral mismatch of lattices

Vertical mismatch of lattices

Counter-phase interfaces; boundaries of inversion
domains

Surface steps in non-isomorphous
substrates

Mismatch boundaries of packing

Discrepancy between thermal
conductivity coefficients

Strain thermally induced in a film

Low thermal conductivity coefficient

Weak dissipation of heat

Difference in chemical composition
as compared to that of an epitaxial
film

Contamination of film with substrate elements;
boundary electronic stales made by broken bonds; poor
wetting of a substrate with growing film

Using a foreign substrate for nitride growth, a number of factors such as crystal orientation,
polarity and concentration of defects of the epitaxial film will be effected. A detailed review of
different substrates for GaN growth was made by Liu et al [64].

Researchers have also developed homoepitaxial substrates, but the process still needs some

improvements. Several substrates are compared in Table 4 [64].
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Table 4 Display the properties of several different substrates. Listed are the crystal structure, lattice

constant, thermal conductivity and thermal expansion coefficient [64].

Substrate Crystal Lattice Constant Thermal Thermal
Material structure (nm) conductivity expansion
(W/cm-K) coefficient (10° K)
a-,c-axis
GaN Hexagonal a=0.318843 2.1 5.59,6.30
c=0.518524
Sapphire Hexagonal a=0.4765 0.23~0.25 7.5,4.33
c=1.2982
6H-Silicon Hexagonal a=0.30806 3.6-4.9 4.46,4.16
carbide c=1.51173
Silicon Cubic a=0.543102 1.56 2.59
y-Lithium Tetragonal a=0.5169 2.83 7.1,15
aluminate c=0.6267
(LIAIO,)

5.2.2 Growth of IlI-nitride layer

For llI-nitrides materials, the material quality is highly sensitive to the growth conditions.

Growth temperature influences the growth of GaN, AIN and InN by varying the incorporation

rate, desorption rate and thermal decomposition. Typically, GaN and AIN have 1um/h
decomposition rates at 850 °C [65] and 1400 °C [66] respectively. MBE growth of GaN most
often takes place at T, = 700 — 750°C. When the temperature is reduced, a deterioration of

material quality is often observed due to lower surface atom mobility. A key parameter for llI-

nitride growth is the IlI-V ratio. For GaN, when increasing the lll-V ratio to >>1, the growth

conditions go from nitrogen rich to gallium rich. Nitrogen-rich surface gives material with rough

surfaces and poor crystalline quality. A Ga-rich surface shows Ga droplets forming on the

surface and these also have a negative effect on the layer properties [67]. Optimum growth

conditions are reached under Ga-stable (slightly Ga-rich) conditions giving smooth surfaces,

higher crystal quality and better optical and electrical properties.
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6. Experiments

6.1 Hall Effect Setup
The Hall Effect setup includes three main parts: Sample holder, electronic control and computer
program. Figure 12 shows the Hall Effect setup in the MBE lab.

bt Ll LLILLI..J-JLLJ-A

L EET

l"[l!ll_llll],ll_‘ Llj-l

'm' ll\\l‘\

Fig.12 The Hall Effect setup in the MBE lab

In Fig. 12, to the upper left is the lab computer which runs the Hall Effect program and data
processing shown. In the left-bottom picture, the turbo pump is shown. This pump can pump
the system to 107° torr. It is connected to the cryo sample holder. This can be used to do
temperature dependent Hall Effect measurements. To the right of the pump, the two black
cylindrical objects are the electromagnets. The holder is inserted between these magnets
during measurement. To the right in Fig. 12, several different electronic instruments used to
control the system are arranged into a rack. These instruments are connected to each other
according to the schematic shown in Fig. 13.
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Figure 13 shows the outline of the backside of the system control rack (right picture in Fig. 12).

Heater Series 5500 [} [

Pawer i 553064 [

d ’—0 Cooling s};t_em
—=° ? ===

Heater output

- hain power opperation

34854 Switch/Contral Unit

I L Reverse Box 1
— == [ |
Power Power
Supply Supply
34784 Multimeter Computer
B186C Current Source | -
|
te |t -
] ] } |
| | | |
| | 1 1
1 1 !
I |
100mA Fast | oaMPIE NOIdEr 1 HP 34884110
| L—— @ 41
o Ltz SR
HP 34784 170 315mA Fast

I |
Magnetic field Paower supply to magnetic pole

Potentiometer .7

|
s &4

Fig. 13 Schematic of the Hall Effect system control rack.

The series 5500 is employed to control the temperature and output the temperature value. The
59306A unit is applied to cool the cryo sample holder and give feedback on the temperature.
The 3488A device can be referred as the core instrument which switches the operation of the
multimeter, power supplies, signal analyzers and other instruments. All units are controlled by a
computer program. The 6186A is a current source while 3478A is a voltage source. Both of
them transfer the signal data to the HP 3478A I/O from the front side of the frame. The 3478A
is sensitive enough to measure the extremely small voltages and currents. Voltage, current,
resistivity and temperature will be transferred into the computer program through 3478A. A
potentiometer is used to change magnetic field strength. Using a magnetic probe, we tested
the magnetic field strength with change of the potentiometer to calibrate the magnetic field.
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First, we checked the stability and the degree of accuracy of the magnetic system. The magnetic
field strength was measured along axes via varying the distance from the zero point “O” to both
negative and positive directions. From Fig. 14, we can generally conclude that in the central
2X 2 X 2 cm? cube, the magnetic field strength is fairly constant. And the error is determined
by divided the difference of magnetic field strength between points zero and 1 cm (or -1 cm) to
the total magnetic field strength. The number is within 5% for X axis, 2.5% for Y axis and 2.7%
for Z axis.
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Fig. 14 (a) Sketch of the magnetic poles in three dimensions; (b)the magnetic field strength (Gauss) vs.
distance (cm) along axis X; (c) the magnetic field strength vs. distance along axis Y; (d) the magnetic field
strength vs. distance along axis Z.

The magnetic probe was inserted between the magnets to test the magnetic field strength via
changing the value of potentiometer. The plot is shown in Fig. 15. The potentiometer changes
the current supplied to the electromagnets, thus altering the value of the magnetic field
strength. According to Fig. 15, the magnetic field strength is approximately linear with respect
to the range of the potentiometer. The cryo holder gives a larger magnetic field strength using
the same potentiometer setting, because of the smaller distance between the two magnetic
poles for the cryo holder. The smaller the distance between the magnets is, the larger the
magnetic field. The value of the magnetic field strength in Fig. 15 is comparable to the value
obtained from a calibration performed in Sep. 8™ 1995 (potentiometer 900 corresponds to a
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magnetic field of 5500 Gauss at room temperature on the holder and to 6500 Gauss in the cryo

holder). Therefore, we can conclude that this system has been stable for 16 years.

Room Temperature Holder
sl Calibrated on April 7th, 2011

Magnetic field strength (Gaues)
N

0 100 200 300 400 SO0 &0 700
Potentionmeter number
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Fig. 15 The magnetic field strength vs. potentiometer setting in (a) Room temperature holder; (b) Cryo

holder.
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A second Hall effect system is used to verify some of our measurements. This machine is shown
in Fig. 16. The sample was inserted into the white plane with four electronic probes contacted

with four corners. The back half of the machine supports the magnetic field. The drawback with

this system is that it cannot do continuous temperature dependent Hall Effect measurements.

Only two temperature points can be obtained from this setup, room temperature and at 77K

(liquid nitrogen).

Fig. 16 The Hall Effect machine on 6™ floor
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6.2 Measurement Procedure

6.2.1 Sample preparation

To measure a new sample, the first step is to check whether the sample is conductive or not on
the surface using a multimeter. The sample was cut into 3 X 3 mm? pieces using a diamond
scriber. For the contact preparation, the sample was placed with the epitaxial layer up. A
narrow-tipped soldering iron was used to solder indium on each of the corners. The sample was
fixed to the sample holder by a drop of wax. Silver paint was used to connect the soldered
indium contacts with the copper strips on the holder. The connections were tested with an
Ohmmeter. If all connections gave approximately the same resistance, the sample was ready to
be measured. The process is shown in Fig. 17.

soldering iron

silver

(f)

Fig.17 The process of the sample preparation: (a)cutting the sample into 3 X 3 mm?; (b)making
contacts using soldering iron; (c)cutting the sharp tip of the indium contacts; (d) ,(e) and (f) fixing the
sample on the holder and using silver paint to connect indium contacts with the copper strips of the
holder.
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6.2.2 Sample measurement

The sample was mounted into a groove of the chosen holder. The contacts were verified by
simply measuring the resistance between the copper leads of the holder. All four should show
close to zero resistance. For the cryo holder, there is a protection cap that needs to be screwed
on before the measurement. Also a vacuum shield has to be mounted. The turbo pump is used
to pump down for at least an hour before starting the cryostat if a low temperature
measurement is performed. The software control interface is shown in Fig. 18. Before the
measurement, the Hall current needs to be set manually. The magnetic field has to be set
manually via the potentiometer. The measurement is started by clicking on “Start
Measurement”.

[E3 HALL MEASUREMENT 1.2 : _ =10 x|
Save!
| tart M t
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Fig. 18 Computer interface to the Hall Effect program
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7. Results and Discussion

Table 5 shows the results of a series of Hall Effect measurements at room temperature. All the
samples are GaN grown on GaN templates. GaN template used in our experiments is 3-4 um
insulating GaN layer grown on the sapphire substrate giving the size of circle with diameter of 5
cm. Sample 1550 is insulating. Sample 1547 and 1556 didn’t generate a current-voltage (I-V)
curve but gives value of the resistivity, mobility and the carrier concentration under the current
of 0.1 YA and 0.01 mA respectively. Sample 1603 provides a non-liner |-V curve which gives
unreliable values. All other samples are conducting and have a linear |-V contact characteristic
for 0.1mA/0.5mA, behaving as ohmic contact in this interval, which is a requirement for reliable
Hall effect measurements.

Table 5 Hall Effect measurement results of GaN/GaN in room temperature. Listed is the thickness of the
growth layer, the material of growth layer/ template, the Si source temperature (Ts; ), the resistivity, the
mobility and the carrier concentration of the specific sample.

Sample | Thickness Material Tsi Resistivity Mobility Electron carrier
(um) (°C) (Q-cm) (cm?/V-s) Concentration
(cm™3)

1545 0.7 GaN/GaN 1390 0.0151 48.2 1.19e+19
1546 0.7 GaN/GaN 1350 0.476 29.8 6.16e+17
1547 0.56 GaN/GaN 1300 Bad contacts
1550 0.7 GaN/GaN Undoped Not conducting
1556 0.14 GaN/GaN Undoped Bad contacts
1557 0.7 GaN/GaN 1390 0.0286 27.7 1.10e+19
1558 0.7 GaN/GaN 1380 0.203 6.78 6.37e+18
1559 0.7 GaN/GaN 1395 0.0175 48.2 1.03e+19
1601 0.294 GaN/GaN 1370 0.169 24.2 1.52e+18
1602 0.456 GaN/GaN 1398 0.00575 89.9 1.21e+19
1603 0.42 GaN/GaN 1330 Non-linear |-V curve
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First, we compare the GaN/GaN samples which are intentional doped by Si source and showing
a good conductivity. The carrier concentration as a function of the Si source temperature is
shown in Fig. 19. A Si source temperature of 1390 °C resulted in an electron concentration of
1.15 x 10*° cm™3.

As expected, Fig. 19 shows an exponential relationship between the Si source temperature and
the carrier concentration. A change of 10-15 °C of the Si source temperature results
approximately in a factor two in the electron concentration. This rate is slightly higher than
what has been reported in the literature (a factor two per 15-20 °C). The cause could be a lower
sensitivity of the temperature control. The highest carrier concentration was achieved with the
Si source at 1398°C which gave a value of 1.21 x 10 cm™3. This value is very high, when
compared to a recent report [68]. Normally, the error of Hall measured carrier concentration
has a range from 20% to 50% due to a series of issues such as the imperfect square sample
shape, contacts problem and stability of the Hall setup. In Fig. 19, the error bar was performed
by 30%. The deviation of the data points is within the expected error limits. This figure is used
as a calibration for the GaN:Si layer grown in our MBE system later.

i

GaN:Si grown on
GaN template

Electron carrier concentration {cm-3)
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1 1 1 1 1 1
1340 1350 1360 1370 1380 1390 1400 1410
Si source temperature (degC)

Fig. 19 Electron concentration vs. Si source temperature
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We also grew sample 1543, 1601 and 1604 which are GaN grown on different substrates with

other parameters staying the same. The results are displayed in Table 6.

Table 6 Hall Effect measurement results of GaN grown on different substrates at room temperature.

Listed is the thickness of the growth layer, the material of growth layer/substrate, the Si source

temperature (Ts; ), the resistivity, the mobility and the carrier concentration of the specific sample.

Sample | Thickness Material Tsi Resistivity Mobility Electron carrier
(um) (°C) (Q-cm) (cm?/V-s) | Concentration
(cm™3)
1543 0.5 GaN/Sapphire 1370 0.223 6.67 4.23e+18
1601 0.294 GaN/GaN 1370 0.169 24.2 1.52e+18
1604 0.14 GaN/6H-SiC 1370 2.57e-05 139 1.74e+21

The GaN layer grown on sapphire shows approximately 3 times higher carrier concentration
than the sample grown on GaN. This is much higher than expected since the defects related to
heteroepitaxy usually results in lower carrier concentrations. We believe that the reason for
this high carrier concentration is the growth conditions for GaN/sapphire. Here, an AIN
nucleation layer is deposited on the sapphire substrate before the GaN layer is started. The
sapphire/AIN/GaN interface can create a 2DEG [69] which will heavily impact the Hall Effect
measurements. This is displayed in Fig. 20. The GaN layer grown on sapphire has a defect
density that is 10 to 100 times higher than GaN/GaN layers. GaN thin film grown on 6H-SiC
shows an ultrahigh carrier concentration of ~1021cm™3. This is mainly due to the conductive
substrate (unintentionally doped). The carrier concentration measured in Hall measurement is
the total carrier concentration of both GaN layer and 6H-SiC substrate which is about 300 um
thick. Another reason can be the additive Si doping source from the SiC substrate.

GaN:Si GaN buffer layer

2 DEG

AIN nucleation

Sapphire layer

Fig. 20 The diagram of the layer grown in sample 1543 GaN/sapphire.
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Table 7 illustrates the results of Hall Effect measurements of AlGaN grown on sapphire
template with various compositions of Al and Ga. Sample 1427 is not conductive. The main
obstacle refers to the difficulty of Si doping process of the pure AIN materials due to the wide
band gap energy (6.2 eV).

Table 7 Hall Effect measurement results of AIGaN with various compositions of Al and Ga. Listed is the
thickness of the growth layer, the material of growth layer on sapphire, the Si source temperature (Ts;),
the resistivity, the mobility and the carrier concentration of the specific sample.

Sample | Thickness Material Tsi Resistivity | Mobility Electron carrier
(um) (°C) (Q-cm) (cm?/V-s) | Concentration
(cm™3)
1427 0.5 AIN 1310 Not conducting
1438 0.5 Aly1GagoN 1350 0.143 33.9 1.28e+18
1439 0.5 Aly,GaggN 1350 0.159 146 2.69e+17
1440 0.5 Aly3Gag,N 1350 0.175 64.9 5.49e+17

From table 7, we see that the highest carrier concentration was achieved by Al,,GayoN. As
have been observed previously by others [70], the free carrier concentration in Si-doped AlGaN
alloys decreases as the Al content is increased, because of the difficulties in AlGaN. In our work,

an electron concentration as high as 1.28 x 108cm™3

and resistivity as low as 0.143 Q-cm
have been determined by room temperature Hall measurement for sample 1438. The resistivity
is a significant higher than the MOCVD grown Aly,Gay 9N films reported earlier having a
resistivity of ~1073Q-cm. Also the carrier concentration is lower compared to 8.8 X
108 cm ™3 found in the literature [71]. Sample 1440 is comparable to the literature [72]. Here
they grew a 1.8 um Si doped Al,;Gay,N layer which showed a carrier concentration of
3 x 10 cm™3 and an excellent mobility of 80 cm?/V-s. It was expected that sample 1439 have
a carrier concentration value between samples 1438 and 1440. Instead it had the lowest carrier
concentration. The reason could be the Si source which has a performance that fluctuates over

time.
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Sample MBE-1I-175 is an n-type GaAs layer, used as a reference sample in this diploma work for
checking the stability of the Hall setup. It gives a resistivity of 0.878 Q-cm, a mobility of 7707.8
cm?/Vs and a carrier concentration of 9.22 X 1014 cm™3 at room temperature. We performed
temperature dependent Hall Effect measurements on this sample. The results are displayed in
Fig. 21.

09r i

Resistivty (ohrmecrm)
L
Mohility (cm2/Vs)

1t J
o . L L L 10° L L L L
&0 100 150 200 260 300 L 100 150 200 250 300
Temperature (K] Temperature (K)
(a) (b)
w1 34.45
10
34 J
9 1
al 34351 |
7L M3t J
[0
£
& gl S omost i\t i
k3 2 Y
s sl § mazp Y i
i £ \
2 3
g 4l IR N |
8 g AN
=
3t ] S \\ i
h
2t 1 34051 \ |
Y
)
1+ 1 34r . J
0 ) 3 ; : : 3395 \ . . . . .
0 50 100 140 200 250 00 0 0.005 0ot 0as 0oz 0oz 003 003
Temperature (K) T (K1)
(c) (d)

Fig. 21 Temperature dependent Hall measurements on a GaAs layer (a) resistivity vs. temperature; (b)
mobility vs. temperature; (c) carrier concentration vs. temperature and; (d) Arrhenius plot for
calculation of the donor activation energy.
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From Fig. 21, we can conclude that only mobility declines with increased temperature. The
resistivity and carrier concentration increase with temperature. In Fig. 21 (c), a dramatic
decrease is found when the temperature around 60 K. In room temperature (300 K), the
thermodynamic energy kT is about 25.8 meV. For the GaAs doped with Si, the activation energy
is 5.8 meV (Table 2) corresponding to the temperature of 67 K. Thus when the temperature
goes down to 67 K, the thermodynamic energy is not large enough to excite the Si donors to
the conduction band of GaAs and the carrier concentration falls down to close to zero. And 67 K
is the so called freeze out temperature. In practice, the carrier concentration cannot fall to zero
immediately. But we still observe a significant decrease from 60 K and finally to zero at 30 K.
Other large fluctuations occur in the curve and are probably due to the instability of the Hall
setup.

An Arrhenius plot is used as a common way to present data. According to Arrhenius equation:

k = Ae Ea/ksT

Where k is the rate constant, kg is the Boltzmann constant, T is the absolute temperature and
E, is the activation energy. We plot the logarithmic of the carrier concentration as a function
of the inverse of the absolute temperature. The Arrhenius plot based on our sample is
displayed in Fig. 21(d). By taking the logarithm of the Arrhenius equation, the slope of the

. E
Arrhenius plot can be expressed as — k—a
B

In Fig. 21 (d), the slope of Arrhenius plot is about -37.3. The activation energy of GaAs is
calculated as below

E, =373 X kg =3.23meV.

When comparing this value to 5.8 meV, it turns out a difference but still within our expected.
The reason could be various mainly due to the uncertain issues of the Hall setup.

We are planning to do the similar temperature dependent Hall measurement on the previous
GaN:Si/GaN samples and also calculate the activation energy of GaN material. Unfortunately,
the Hall setup did not work well after finishing this GaAs:Si experiments.
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8. Summary and Future Work

This thesis work has been done in the Photonics and Microwave Electronics Laboratories in the
Department of Microtechnology and Nanoscience (MC2) at Chalmers University of Technology
during the first half of year 2011. In this study, electrical characterizations of GaN and AlGaN
thin films doped with Si source were investigated by Hall effect measurements.

GaN:Si grown by MBE system shows an increasing carrier concentration when the Si source cell
temperature is increased. The highest carrier concentration of GaN:Si was obtained at Tsi= 1398
°C, yielding a value of 1.21 X 10'° cm™3. The highest measured mobility is 89.9 cm?/V-s, which
is within the demands of device applications. GaN:Si grown on different templates showed
various conductive properties mainly due to the defects caused by the lattice-mismatch. A
2DEG behavior was observed during the measurement of the GaN/sapphire sample. It was
suggested that the AIN nucleation layer deposited on the sapphire substrate generates an
AIN/GaN heterostructure.

AlGaN:Si alloys with different Al content were also studied. The carrier concentration decreases
as the Al content is increased. The difficulties in doping AlGaN alloys with higher Al content is
well known and was confirmed by this experiments. The measurement values obtained from
our work group were much reasonable compared to the literature.

Due to time constraints and a catastrophic failure of the Hall (and the capacitance-voltage (CV)
setup), temperature dependent Hall effect measurements were only performed on the
reference GaAs sample.

GaN grown on SiC templates is another suggestion for future work. Insulating SiC templates
should be used to remove the effects from the substrate.

With decreasing Si source temperature, the carrier concentration of GaN/GaN decreases
slightly faster than what has been reported in the literature. The cause for this effect is as the
present unknown and needs more investigation. CV measurement is a valuable tool that can be
used to learn more details about the electrical properties of GaN:Si and AlGaN:Si.
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