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Abstract: Aluminum Gallium Nitride is an exciting new semiconductor
that is not yet fully understood. Detailed electrical analysis can be
undertaken using cathodoluminescence spectroscopy, and the results
correlated to the relative abundance of the aluminum, gallium, and nitrogen,
as well as oxygen impurities.

[. Introduction

Semiconductors are used
everywhere in electrical
engineering. Most are silicon,
with some other very specialized
components used for special
purposes. Aluminum Gallium
Nitride (AlGaN) aims to fill one of
those niches, those requiring high
power output while also
maintaining high efficiency. For
this reason, much work has been
done on the compound.

However, it has proved very
difficult to manufacture acceptable
devices using this material. While
metal contacts have been
successfully constructed,
consistency has not been achieved.

A variety of aluminum to
galium ratios and gallium to

nitrogen ratios have been tried.
The sample that | have analyzed
contains such variations across its
surface. My purpose is to discover
the correlation of these ratios to
the observed cathodoluminescence
(CL) spectra, and to integrate the
resulting data into the previoudy
acquired data set. For this purpose
X-ray photoel ectron spectroscopy
(XPS or ESCA) was used to
identify the relative concentrations
of all elements present.

1. Background

Materials may be described
as belonging to one of three
classes: insulators, such as
ceramics, conductors, such as most
metal's, and semiconductors, which
can have both conducting and



insulating properties depending on
applied voltages and other
circumstances. Semiconductors
are valued because of their ability
to be ether a conductor or an
insulator.

The origin of the differences
between conductors and insulators
has to do with the state of the
outermost occupied e ectron shell
in the materia. Thisshdl is
known as the valence band, and
the shell in which dectrons are
freeto moveis cdled the
conduction band. The distance
between the valence and
conduction bands is known as the
“band gap.”

Another important concept
isthe Fermi level of the materia.
Thisis defined as the highest
occupied leve in the valence band
at OK. The position of the Fermi
level determines the properties of
the materid.

In metas, the Fermi level
lies inside the valence band,
leaving room for electrons to move
about freely and still obey the
Pauli exclusion principle. Thus,
the valence band and the
conduction band are the same in
metals. Thisisillustrated in the
top part of Figure 1.

In insulators, the Fermi level
Is above the valence band and the
conduction band is separated from
it by alarge gap. It takesa
comparatively large amount of
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energy to transport an electron to
the conduction band, and so very
few electrons are free to carry
current. Thisisillustrated in the
middle part of Figure 1.

In semiconductors, the
Fermi level lies above the valence
band, but close to the conduction
band. This meansthat according
to Fermi-Dirac statistics, thereisa
small but meaningful chance of an
electron escaping into the
conduction band and being free to
carry current. However, any small
negative bias can decrease this
probability to aslow alevel as
desired. Thisishow a
semiconductor may have the
properties of a conductor or
insulator. See the bottom part of
Figure 1.

Semiconductors themselves
come in two types. n-type, which
has an excess of electrons, and p-
type, which has an excess of
“holes’ or absence of electrons.
N-type semiconductors conduct
current well, almost as well as
metals. P-type semiconductors do



not conduct. Whether a
semiconductor is n-type or p-type
depends on the process used to
manufacture it. Impurities, or
dopants, are used to contral this.
In fact, the same semiconductor
crystal may have both n-type and
p-typeregionsinit. GaN isp-
type, and AlGaN isn-type. This
fact is used to our advantage when
manufacturing transistors.
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When a semiconductor is
arranged as shown in Figure 2, it
becomes ametal oxide
semiconductor field effect
transstor (MOSFET). Current
flows through a limited area of n-
type semiconductor, and avoids the
PN junction. The zone of n-type
where current does not flow is
known as the area of avoidance.
When a negative voltage is applied
to the base, the electrons are driven
away, into the p-type transistor,
and the current decreases. With a
large enough negative voltage, no
current will flow at al. With a
positive voltage applied the area of

avoidance decreases, and current
Increases, up to a point.
[11. Experimental Aspects
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X-ray photoelectron
spectroscopy works by
accelerating el ectrons through a
certain voltage, typically 10 kV,
into ametal anode. In this
experiment, the anode is
magnesium. The electrons, in
turn, decelerate and emit x-raysin
the characteristic Brenmstrahlung
gpectrum. A thin sheet of
aluminum foil screens out all but
the x-rays. The X-rays are then
incident on the sample, mounted in
ultra-high vacuum.

Viathe photoelectric effect,
electrons are gected from the
sample with a definite energy. See
Figure 4. These electrons are
incident on the detector, in this
case aCMA, or cylindrical mass
anayzer. The CMA can be tuned
to only alow electrons of a certain
energy to pass through, where they
are counted. In this case, adouble
pass CMA wasused. Thisis
basically two CMAS in series,



separated by an aperture which can
be adjusted to control the
selectivity of the detector. See
Figure 5.

From these results, a
histogram can be constructed.
Each core level of every element
present leaves adistinct peak in
the resulting curve. From quantum
mechanics, a cross section for each
core level can be calculated, and
the raw data adjusted by the
sengitivity of each orbital. From
this adjusted data, the relative
proportions of each element may
be determined.
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Also present in the resulting
histogram are extraneous peaks
resulting from the gjection of
Auger electrons from the excited
atoms. After the photoelectric
effect gects a core level electron,
the resulting ion isin an excited
state. An outer level eectron will
then jump inward to fill the
vacancy, leaving it with an excess
of energy. Sometimes this excess
energy is carried off by a photon
and other times by an additional
electron. Thisprocessis
illustrated in Figure 6.

Other data taken for this
project was done with

cathodoluminescence. For this
method, electrons at a specific
energy, typicaly 2 keV, are
incident on the sample in vacuum,
which then emits visible light
photons. These photons are then
passed through a monochrometer,
and counted with a photomultiplier
tube. When a histogram is
constructed, obvious peaks are
observed. These peaks correlate
with the structure of the valence
and conduction bands in the
sample.

Of particular interest are so
called “isolated states’, or electron
states inside the band gap between
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the conduction and valence bands.
The presence or absence of these
states and their relative intengity is
indicative of the presence of
dopantsin the sample. In the case
of AlGaN, auminum is the dopant
and adds peaks in the vicinity of
2.18and 2.35¢eV.

All of thistakes placein
ultra-high vacuum, or UHV. UHV
Is characterized by pressures
below 1 x 10° torr (mm Hg). This
allows ultra-clean surfacesto be
studied for severa daysin vacuo
before significant contamination
results. At pressures such asthis,
only one particle per second strikes
each sguare millimeter of the

surface, on average. In addition,
the mean free path of afree
particle in such a vacuum is >10°
meters, if collisons with the
chamber walls areignored. The
usual operating pressure for the
chamber on which these
experiments were carried out is 1-2
x 10" torr.

All data was taken using
equipment from Physical
Electronics Co (PHI). Data
acquisition software used was
AugerScan V2.0, in XPS mode.
All data analysis was performed in
Oriel Origin graphing software.

The chamber is depicted
below.
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The sample observed is
Aly;Ga ;N grown by molecular
beam expitaxy and sputter cleaned
using an argon active-ion sputter
gun.

V. Results

The data taken from the
XPS system seems to fit well with
the cathodoluminescence data. A
sample scan from the datais
included above, see Figure 7.

Scans were taken at various
points across the wafer, to observe
variations in auminum content.
This data was then correlated to
the cathodol uminescence data and

the 2.18 and 2.34 eV peaks. A
large variation in these peaksis
observed between 16-18 mm from
the center of the wafer.

The addition of XPS datato
the previoudy acquired CL data
provides the missing composition
information. In thiscase, alarge
change in the gallium / nitrogen
ratio is observed near the large
changein the 2.18 and 2.34 eV
peaks. Thisisshown in Figure 8.

It is obvious that the
rel ationshi ps between the observed
peaks in the CL spectrum and the
composition of the wafer,
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specifically the auminum dopant, XPSand CL alow usto
Iscomplex. My part inthis ascertain these important facts and
experiment is primarily to acquire correlate them together.
the data and integrate it into the
existing data set. Therefore, | fedl Special Thanksto:
unqualified to draw concrete Jinjik Bae
conclusions from these results. | Shawn Bradley
leave the detailed analysis of this Len Brillson
to my excellent colleaguesin Steve Goss
Brillson Labs. Gregg Jessen
V. Conclusions Dennis Walker
AlGaN and GaN are very Brad White

Interesting semiconductors with
high potentia to be very useful.
Because of this, it isimportant to
understand how the composition
and processing of the material
affects the electrical properties of
the wafer.



