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The ion beam analysis (IBA) techniques of Rutherford backscattering spec-
trometry (RBS), elastic recoil detection analysis (ERDA), nuclear reaction
analysis (NRA), and particle-induced x-ray emission (PIXE) have been used to
quantitatively determine composition, uniformity, impurity, and elemental
depth profiles of major, minor, and trace elements of group III-V nitride and
zinc oxide (ZnO) thin films prepared by various growth techniques. The IBA
revealed that an amorphous GaN film prepared by ion beam assisted deposi-
tion (IBAD) has large variations in film thickness and composition coupled
with typically 10—-20% oxygen that was found to be essential to stabilize their
amorphous structure. The IBA characterization of plasma-assisted molecular
beam epitaxy (PAMBE) grown GaN, InN, and InCrN films revealed compo-
sition, impurity, and uniformity information of the films. The IBA of ZnO films
prepared by radio frequency (RF) sputtering showed that the Zn/O ratio often
varied significantly over the film thickness. Hydrogen was found to be a major
impurity in the films with around one present in the as-deposited ZnO films. It
is clearly shown that the nondestructive, quantitative, and rapid IBA mea-
surements are very useful to develop and optimize growth protocols in respect
to film thickness, stoichiometry, and especially in regard to hydrogen and
oxygen impurities for group III-V nitride and ZnO thin films prepared by
various growth techniques.

Key words: Ion beam analysis (IBA), group III-V nitride thin film, zinc oxide
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INTRODUCTION

The preparation and characterization of advanced
optoelectronic material thin films has attracted
tremendous scientific attention in recent years. It is
well known that the structural, electrical, and
optical properties of thin films are strongly corre-
lated to their composition, microstructure, film
thickness, and impurities. For the various applica-
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tions, an in-depth understanding of the elemental
composition at the surface, and in the bulk of the
material, is the basis for understanding their prop-
erties.

Ion beam analysis (IBA) techniques such as Ruth-
erford backscattering spectrometry (RBS), elastic
recoil detection analysis (ERDA), nuclear reaction
analysis (NRA), and particle-induced x-ray emission
(PIXE) are frequently applied to quantitatively
determine composition, uniformity, impurities, and
elemental depth profiles of major, minor, and trace
elements of advanced material thin films. 1~

Over the last few years, our group has been
involved in several research projects related to the
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production and characterization of various ad-
vanced materials. We have used IBA techniques to
successfully characterize many advanced material
thin films prepared by different conventional tech-
niques: synthesis of thin silicon nitride and oxide
films prepared by nitridation and oxidation tech-
niques,® stoichiometric and depth profile analysis of
Heusler thin films prepared by pulsed laser depo-
sition,” multilayered superconducting thin films of
Ta,Ge;_, alloys,® elemental analysis of prefired and
fully reacted superconducting thin films
(Y{B2C30,_,) prepared by the inexpensive sol-gel
method,” and helium ion implantation to create
surface—near nanoporous cavity structures in tita-
nium and titanium alloys for biomedical applica-
tions and their uptake of light elements such as
oxygen.

In the last few years, significant progress has
been made in the growth of group III-nitride family
(GaN, InN, InGaN, and GaMnN) and zinc oxide
(ZnO) semiconductor thin films due to their great
importance for various photoelectronic devices such
as blue, violet, and near ultraviolet LEDs and laser
diodes.é’ll_14 Several groups have started to grow
polycrystalline and amorphous GaN and ZnO films
using various growth techniques.!®~*®

In this contribution, application of IBA tech-
niques with key results emphasizing the usefulness
of IBA for various group III-V nitride and ZnO thin
film research and development are presented: (1)
compositional and depth profile analysis of amor-
phous gallium nitride (a-GaN) and GaMnN films
prepared by ion beam assisted deposition (IBAD);
(2) IBA characterization of plasma-assisted molec-
ular beam epitaxy (PAMBE) grown GaN, InN, and
InCrN films; and (3) probing for hydrogen impuri-
ties and stoichiometry variations in as-deposited
ZnO films prepared by radio frequency (RF) sput-
tering and PAMBE techniques.

IBA TECHNIQUES

Ion beam analysis comprises a suite of analytical
techniques based on ion-matter interactions.!®22
The techniques use high-energy ion beams of light
elements provided by particle accelerators. Typi-
cally, MeV (million electron volt) particles hit the
surface of a solid-state material. Different ion-mat-
ter interactions occur. The incident particles can be
(1) scattered in a backward direction (RBS), (2)
scattered in the forward direction (ERD), (3) pene-
trate into the nuclei and cause nuclear reactions
(NRA) and particle-induced y-ray emission, and (4)
excite the electron shell (PIXE). In general, all ele-
ments of the periodic table can be studied; the
analysis techniques are atomically nondestructive,
highly sensitive, only a small amount of material is
required, and, in many cases, even depth profiles
can be measured. For the measurements, solid-state
samples are mounted inside a high-vacuum analysis
chamber. No specific sample preparation is required
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Fig. 1. Typical experimental arrangement for IBA analysis.

for the measurements. The schematic diagram of
the typical IBA setup is shown in Fig. 1.

Rutherford Backscattering Spectrometry

The RBS is known to be one of the techniques
ideal for analysis of thin films.»?! An RBS spectrum
can be interpreted based on the following key prin-
ciples: the energy of the elastically scattered beam is
proportional to the mass of the target nuclei, the
cross section (yield of backscattered particles) is
proportional to the elemental composition of the
target material, and the incident beam and the
backscattered particles loose energy as they pass
through the sample. Thus, scattering events that
occur at a certain depth occur at a lower energy in
the spectrum. Elemental concentrations of matrix
components and impurities can be investigated, and
the depth profiles of almost every element of the
periodic table can be measured.

Elastic Recoil Detection Analysis

The ERDA technique is similar in many aspects
to RBS, except that forward scattering is used. In
standard geometry, the sample is bombarded with
high energy ions (in our case, 2.5 MeV helium) and
the recoiled hydrogen atoms are detected with a
surface barrier detector (SBD).*'? The energy of the
detected particles is dependent on the energy
transfer occurring during the ion-target atom colli-
sion. A thin foil is used in front of the SBD to stop
the scattered primary beam from reaching the
detector. The ERDA is widely used for advanced
material thin films and surfaces to determine
mainly hydrogen concentration in the order of a few
parts per million.

Nuclear Reaction Analysis

Nuclear reactions induced by bombardment with
energetic protons, deuterons, or alpha particles
cause the emission of other energetic particles that
can be used for elemental analysis.” The NRA is best
applied to light elements, because nuclear reactions
on light nuclei often have large @ values resulting in
large yields. Particle selection techniques are
straightforward. The SBDs attached with thin film
absorbers are commonly used. By consideration of
cross sections, @ values, and kinematical properties,
it is possible to optimize the working conditions for
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different materials. The sensitivitgr of the technique
is very high for light elements.”® For heavy ele-
ments, the Coulomb barrier reduces the cross sec-
tions, thereby limiting the applications. Typically,
carbon, nitrogen, and oxygen concentrations are
measured.

Particle-Induced X-Ray Emission

In PIXE, inner-shell electrons are inelastically
scattered by fast moving light particles, such as
protons, thus exciting the atom, which then emits
characteristic x-rays of the element. The Si(Li)
detectors with energy resolution of typically 150 eV
are used to detect the characteristic x-rays. These
characteristic x-rays help to uniquely identify the
presence of the element in the sample.?*

GROUP III-NITRIDE THIN FILM ANALYSIS
Amorphous GaN Characterization

We have used the IAD technique to deposit
amorphous GaN films on silicon, glassy carbon, and
quartz substrates.'®?® It is a vacuum deposition
process that combines physical vapor deposition
with energetic ion bombardment. Energetic ions
impart substantial energy to the film-substrate
interface and growing film, ensuring denser, uni-
form, low-stress, and adherent films. Films were
coated in a vacuum system with a base pressure of
less than 2 x 10 mbar. The details of the film
preparation and their structural and optical char-
acterization results are presented in Refs. 18 and
25-28.

The composition of the a-GaN films has been
varied by changing the bombardment parameters
such as ion-energy and ion-flux in order to optimize
the conditions to obtain stochiometric films. The
RBS was used to measure our initial film composi-
tion. We used a 2.5 MeV “He* ion beam impinging
on the samples under normal incidence using the
3 MV Van de Graaff accelerator at the Institute of
Geological and Nuclear Sciences (Lower Hutt, New
Zealand). The SBD detector for measuring the en-
ergy of the backscattered particles was mounted at
165°. A low ion current density of 10 nA mm™2 was
used to measure the samples nondestructively in
short time (less than 15 min).* Typical RBS spectra
obtained on a-GaN films deposited on glassy carbon
and silicon substrates are shown in Fig. 2.

The RBS technique detects the number of atoms
per unit area in a layer. Using the material density,
the film thickness can be calculated in conventional
units such as nanometers or micrometers. The en-
ergy loss of the ion contains depth information.
Therefore, by analyzing the shape of the energy
spectrum of the emitted ion yields (counts),
information on the concentration profiles can be
obtained. Thickness and composition information
were extracted from the spectra using the data
deconvolution software, Rutherford universal
manipulation program (RUMP).%?
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It can be seen from Fig. 2 that nitrogen, carbon,
and gallium can be detected and the peaks are
interference free, because the substrate material is
carbon, which has lower mass than the film ele-
mental masses. Glassy carbon is the ideal substrate
for measuring the film thickness, composition,
impurity, and depth related information with high
accuracy by RBS. The thickness of this particular
film was 1.6 x 10'® at. cm™2, which corresponds to
180 + 5 nm by taking the material density of
6.1 gm 2 into account.

It was found that around 20 at.% oxygen is pres-
ent in these particular films. In addition, an around
50 nm thin surface oxide layer was found in both
films, which is linked to oxidation occurring during
sample storage in air. Figure 2 also shows that the
film is not very smooth and has a roughness of
around 20-30 nm. This film is from one of our very
first series of GaN films. After this analysis, we
changed our deposition parameters such as base
pressure and ion energy in order to reduce the level
of impurities and to improve the smoothness of the
films.

For films deposited onto silicon, it is obvious that
the N and O signals are interfered by signals from
the silicon substrate. In order to accurately measure
the composition and to probe for the depth infor-
mation of N and O in the films deposited on Si, we
have used the NRA technique. Deuteron beams of
920 keV (20-30 nA, 1-mm diameter) were used for
the NRA experiments. The particles were detected
with a SBD detector (active area of 300 mm?, Mylar
absorber thickness 10.6 yum) mounted at 150°. The
nuclear reactions °0(d,p1)'"0 (do/dQ = 4.6 mb/sr),
14N(d,00)*2C (do/dQ = 0.1 mb/sr), and 2C(d,py)**C
(do/dQ = 55 mb/sr) were used to determine the
concentrations of C, N, and O in the films. #%3° The
standard materials of anodically oxidized Ta;O5 and
TiN were used for calibration purposes. A typical
NRA spectrum obtained from an «-GaN film
deposited on silicon is plotted in Fig. 3.
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Fig. 2. RBS spectra along with RUMP simulation of a-GaN film
deposited on glassy carbon and Si (100).
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Fig. 3. NRA spectrum from a GaN film deposited on a silicon sub-
strate.

Figure 3 shows independent peaks for the light
elements N and O. Carbon impurities can also be
seen. The peak width corresponds to the thickness
of the film, and the peak height can be converted to
concentration, taking the cross section and stopping
power values into account.

The influence of the film thickness on the stoi-
chiometry of a-GaN films was investigated by RBS
for films deposited on glassy carbon at ion energy of
500 eV. It was found that the thickness ranges
from 100 nm to 270 nm, the variation of Ga/N
is within 5-10%, and the Ga/O ratio varies by
10-15%. The concentration of C impurities was
1.0 £ 0.1% in all samples. In order to understand
how the concentrations of N and O depend on
deposition parameters such as ion energy, mea-
surements were performed on samples deposited at
varying ion energy from 40 eV to 900 eV. The Ga/N
ratios close to unity were measured for specimens
produced in the ion energy region from 400 eV to
700 eV. However, for samples produced at 800 eV
and 900 eV ion energy, the Ga/N ratio was mea-
sured as 1.3. Additionally, the O concentration is
reduced by 5-10% compared to the films deposited
at 100-700 eV. The Ga/N atomic ratio is approxi-
mately one for films grown with ion energy near
500 eV; these films have the highest transparency.
Films grown with ion energies below 300 eV are Ga
rich and show reduced transparency across the
visible.

Studies of these films with Raman and XRD and
optical conductivity measurements estabhshed the
amorphous nature of the materials.?%?” The films
grown at 500 eV were transparent across the visible
region and showed an edge whose energy and
structures were in close agreement with crystalline
material, suggesting a low density of gap states and
homopolar bonds. In addition, structural investiga-
tions were carried out on a-GaN with around 10—
20% O using x-ray absorption near edge spectros-
copy.?® It was found that around 5-20% of the
nitrogen in the films is in the form of molecular Ny
that interacts only weakly with the surrounding
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Fig. 4. RBS spectra of an a-GaN film deposited on glassy carbon
under UHV conditions.

matrix. The atomic scale structure of the GaN and
the amount of N, depend on the growth conditions
and the level of oxygen impurities.

In order to reduce the oxygen content in the films,
we have deposited a series of films under ultrahigh
vacuum (UHV) conditions using 500 eV nitrogen
ions. This process was performed in a UHV chamber
with a base pressure of ~5 x 10~ mbar using ther-
mal evaporation of a Ga source and a Kaufmann-
type source for the N ions, directed at the sub-
strates, which were Si and glassy carbon. The RBS
and NRA measurements were carried out on these
films under the experimental conditions described
earlier.

Figure 4 shows the RBS spectra along with
RUMP simulation for a GaN film deposited on
glassy carbon with base pressure of around
5 x 107 mbar. It was found that only around 0.5—
2% of O is present in the films. X-ray diffraction and
x-ray absorption fine structure measurements show
that stoichiometric low-oxygen films are composed
of nanocrystallites of ~3—4 nm in size and in con-
trast to GaN films containing up to 20 at.% oxygen,
which are amorphous.

In order to incorporate O into UHYV films, we have
also grown films in an additional partial pressure of
~5 % 107% mbar of O, H, or HyO or grown using a
mix of No* and Hy* ions. The RBS, NRA, and ERD
measurements were performed on the samples in
order to probe for Ga, N, O, and H. The RBS was
performed using a 2. 5 MeV 4He beam. The back-
scattered particles were detected using SBD places
at 165° target-detector angle (active area of
50 mm?). The samples were analyzed for composi-
tion and thickness using the RUMP simulation
code.?®
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Fig. 5. Hydrogen depth profiles extracted from ERD spectra using
SIMNRA.

The ERD analysis technique is widely used to
measure hydrogen with a limit of detection of better
than 0.1 at.% in many semiconducting films such as
SiC and GaN. The ERD measurements were carried
out using 2.5 MeV *He* ions (beam current of 10 nA
and beam diameter of 0.5 mm). The angle of inci-
dence with respect to the target was 20°, and the
ERDA detector was placed at 30°. A Mylar film of
10-um thickness was attached in front of the
detectors to stop all the scattered and recoil atoms
except hydrogen. The depth resolution was esti-
mated to be better than 50 nm at the surface using
the FWHM of the H surface peak from a standard Si
wafer. Hydrogen-implanted Si samples were used as
calibration standards.

Figure 5 shows H concentration depth profiles
extracted from the ERD spectra obtained from a
GaN film deposited on Si using SIMNRA.?! The
shape of the ERD spectra indicates homogenous
hydrogen distribution throughout the films after
taking elastic recoil cross-sectional values, stopping
power values, and straggling effects into account.
The composition of films grown with a Ny partial
pressure in the chamber varies from a stoichiome-
tric Ga:N ratio to a 10% N excess.

It is observed that molecular Ny is incorporated
into the films, explaining the N excess. The O con-
centration of these films is less than 1 at.%. The
films labeled GaNH5O3 are grown in differing par-
tial pressures of Hy0. It is found that oxygen can be
incorporated to ~13 or ~25 at.% in the films, par-
tially substituting nitrogen. Hydrogen is incorpo-
rated into these films as well, in the range of
~5 at.%. Films grown with an O partial pressure or
with a mix of Ny* and Hy* ions are found to incor-
porate O or H, respectively, but at a much lower
concentration (3 at.%) than films grown with an
H,0 partial pressure. It is clear that an Hy partial
pressure is not sufficient to incorporate significant
amounts of H into the films.

Kennedy, Markwitz, Trodahl, Ruck, Durbin, and Gao

In summary, IBA techniques have been applied
successfully to determine the oxygen concentrations
and Ga/N ratios, which are used to understand the
changes in the structural properties. It is shown
that it is not possible to stabilize an amorphous GaN
film without incorporating at least 10-15% oxygen.
The formation of amorphous GaN films with the
introduction of oxygen into the bonding network
may be associated with a relaxation of constraints
on the bonding network by the presence of nontet-
rahedral bond configurations centered on oxygen.
The GaN films prepared under UHV conditions (low
oxygen) possess a nanocrystalline structure with
neatly random stacked nanocrystals.?”

GaMnN and MnN Films Prepared by IAD

Ion beam analysis measurements were carried
out to measure the composition and dopant or
impurity concentrations in the GaMnN films used
for the studies related to realization of a room-
temperature ferromagnetic semiconductor.??3? We
have deposited a series of MnN and Mn doped GaN
films using IAD.

Figure 6 shows typical RBS spectra of the MnN
and Mn doped GaN films deposited by IAD. From
RBS results, it was found that MnN films vary in
thickness from 150 nm to 250 nm. Almost stoichi-
ometric Mn/N films were grown for most of the
samples. Very little oxygen (less than 1%) was
measured in the films. Because Ga and Mn are close
in mass, one can see in the GaMnN RBS spectra
that it is not possible to separate Ga from Mn peaks,
using a 2-3 MeV helium beam.

In order to accurately determine the Mn concen-
trations, we have performed PIXE measurements at
the same time as we have measured the RBS spec-
tra. Figure 7 shows the PIXE spectrum from a
typical GaMnN sample. In the PIXE spectra, ele-
ments were identified based on their characteristic
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Fig. 6. RBS spectra along with RUMP simulation of MnN and
GaMnN films deposited on glassy carbon substrates.
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Fig. 7. Typical PIXE spectra from a GaMnN sample deposited on
silicon.

x-ray energy and peak height corresgonding to
concentration. We have used GUPIXE®* data de-
convolution software to extract the concentration
values. It was found that Mn varies between 4% and
12% in our films.

PAMBE Grown Group III-Nitride
Film Characterization

A PAMBE technique was employed for growth of
heteroepitaxial nitride thin films. The film proper-
ties very much depend on their composition and the
distribution of matrix elements. In this section, we
present the IBA results used to probe for film com-
position and impurities in GaN, InN, and InCrN
films grown on various substrates using the PAMBE
system.

We have grown a range of GaN and InN thin films
on various substrates (silicon, fused silica glass,
sapphire, and glassy carbon) using molecular beam
deposition in conjunction with an inductively coupled
RF nitrogen plasma source. Indium and Ga elemen-
tal fluxes were provided by standard Knudsen 60 cc
effusion cells located 30 cm from the substrate and
loaded with 7 nines purity metals. Each cell was fitted
with a pneumatic shutter that can block the flux if
required. Before growth was initiated, the thermal
effusion cells were heated to the target temperature
and allowed to stabilize for 90 min. Fluxes were
measured by a quartz crystal microbalance placed in
the substrate position.®3

In the case of silicon, the surface oxide was
removed before deposition. The substrates were
then outgassed at 100°C above the substrate tem-
perature during deposition (with a minimum tem-
perature of 650°C). The films were grown at
temperatures up to 800°C with a total metal flux in
the order of 10 atoms cm ™2 s at a nitrogen
pressure of 10™° mbar. These conditions resulted in
growth rates between 25 nm h™! and 500 nm h™!
and resulted in films grown in either metal-rich or
nitrogen-rich growth regimes.
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Fig. 8. Typical RBS spectra obtained in GaN films deposited on
quartz.

In our first series of GaN films, IBA measure-
ments show gallium rich in stoichiometry. It was
also found that at least 10% oxygen was incorpo-
rated in all films prepared in this series due to a
faulty nitrogen leak valve placed after the nickel
filter.?6 After reducing the oxygen contamination,
we prepared various GaN films on silica glass and
sapphire substrates using different growth condi-
tions in order to optimize stoichiometry and to im-
prove the electrical and optical properties. In all
cases, the initial stage of growth appears to
proceed as an amorphous film, as indicated by
in-situ reflection high-energy electron diffraction
(RHEED). A polycrystalline ring pattern emerges
within a minute, corresponding to a thickness of
several nanometers. This behavior is observed
regardless of whether the substrate is heated, al-
though radiative heating leads to a minimum sub-
strate temperature of approximately 60°C.6

Figure 8 shows a typical RBS spectrum of a
570 nm + 10 nm GaN film deposited on a fused sil-
ica glass substrate. As can be seen in the figure, the
Ga signal is in the background-free region of the
RBS spectrum, whereas the nitrogen signal is
superimposed with the Si signal from the quartz
substrate. The NRA measurements were used to
determine the N concentrations. It was found that
the Ga/N ratio was determined to 1.12 + 0.04. No
oxygen was detected in the bulk of the films within
the sensitivity of the techniques, but all films grown
at substrate temperatures above 200°C were found
to be gallium rich. This is somewhat surprising,
because increasing the gallium cell temperature
from 895°C to 940°C resulted in films with
enhanced growth rate, implying growth occurs
under gallium-limited conditions in the present
setup. Adjusting the RF power supplied to the
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plasma source and varying the nitrogen flow rate
had no discernable effect on film stoichiometry.
Surprisingly, three films grown below 200°C were
found to be slightly nitrogen rich in content. Be-
cause the cracking efficiency of the plasma source is
rather low (approximately 2%), there is considerable
molecular nitrogen present during growth.?” Whe-
ther the enhanced nitrogen content is due to a
reduction of antisite defects or molecular nitrogen
(e.g., split interstitials) is still under investigation.

The RBS and NRA measurements were carried
out on films prepared with different growth tem-
perature on quartz substrate. It was found that
films grown at low temperature (150°C) are slightly
N rich compared to films grown at higher temper-
atures (500-650°C). In all cases, films grown on
silica glass substrates were found to be polycrys-
talline and largely c-axis oriented.

In order to probe the uniformity and thickness of
the film on 75-mm glass wafer, which was used to
deposit the GaN film, we have performed RBS and
NRA measurements at various places. Figure 9
shows the depth profile extracted using RUMP. It
was found that the Ga concentration did not change
significantly. However, the thickness changed from
700 nm to 950 nm. Note we have used the density of
crystalline GaN of 6.1 gm™ to obtain a depth scale.
It was also found that a native oxide layer of around
80 nm exists for these films, which might be caused
by the films being exposed to air for many days.

As discussed in the “Amorphous GaN Character-
ization” section, various nuclear reactions from N,
0, and Si can be measured simultaneously via NRA.
Note that the interference-free peak for nitrogen
is measured via the (d,o) reaction *N(d,0)*C.
Figure 10 shows NRA spectra measured at various
different spots of the same GaN film. One can see
that there is no difference in the peak height in the
spectra, which is an indication for a uniform GaN
film regarding the nitrogen concentration. However,
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Fig. 9. Gallium depth profiles of GaN films deposited on glass ex-
tracted from RBS.
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Fig. 10. NRA spectra of a GaN film deposited on silicon substrate

measured at various different positions on the target via the
"N(d,00) '2C reaction.

the peak width varies, which is a measure for
thickness variations. This is in agreement with the
RBS results.

Single crystalline and polycrystalline indium ni-
tride films have been grown on (0001) sapphire and
fused silica glass using PAMBE.?® The IBA mea-
surements revealed the existence of a thin layer
(~50 nm) of indium oxynitride at the surface of all
InN films investigated, which have a stoichiometric
In/N ratio and are oxygen free (oxygen concentra-
tion < 0.1 at.%).%°

InCrN Film Characterization

In recent years, wide bandgap semiconductors
have been identified as being the most promising
materials for achieving high Curie temperatures.
Among several candidates based on group III nit-
rides for spintronics applications, InCrN is a very
interesting material because of the two binary end
points of the InCrN alloy, diamagnetic InN and
antiferromagnetic CrN.*°

We have deposited several series of InCrN film on
(0001) sapphire. Active nitrogen was supplied by an
Oxford Applied Research HD25 RF plasma source
operating at 1.25 SCCM and 250 W. Indium, Ga,
and Cr were supplied by effusion cells with fluxes of
approximately 104 cm~2s™!. For the InCrN growth,
around 150 nm of GaN buffer layer was deposited at
650°C followed by InCrN at 450 °C. The details of
the growth parameters are described in Ref. 41.

Figure 11 shows a typical RBS spectrum obtained
for an InCrN film deposited on sapphire using a
2.5 MeV helium beam. It can be seen that the Cr
surface peak at channel number 150 (en-
ergy = 1.75 MeV) is superimposed by the In signal.
In addition, the Ga signal from the GaN buffer layer
also appears in the spectra around channel 115.
From the RBS results, we have determined the In
and Ga concentrations. The NRA was used at the
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Fig. 11. RBS spectrum along with RUMP simulation of an InCrN film
deposited on sapphire.

same time to determine the N concentration in the
films.

The PIXE was applied to determine the Mn con-
tent in GaMnAs films prepared by MBE.!3 In order
to measure Cr concentrations below 10 at.%, PIXE
measurements were conducted along with RBS
using the same incident ion beam. Figure 11 shows
the PIXE spectra obtained for three different InCrN
films deposited under different deposition condi-
tions. It can be seen from the PIXE spectrum that
the Cr peaks (K, and Kjp) vary in height in the three
samples. The Cr concentration was calculated using
GUPIX. It was found that our InCrN films contain
between 0.5% and 4% Cr.

In addition, one can also see the In and Ga peaks
from the films and the Al peak from the sapphire

substrate. Note that a reference InN film is also
plotted in Fig. 12 to confirm the presence of Cr in
the InCrN films. The inset in Fig. 12 shows PIXE
spectra of a representative InCrN film and InN
reference, around the Cr K, peak region for com-
parison purposes. Unlike XRD, which can only
estimate the Cr content through the assumption
that Vegard’s law holds, the PIXE result indicates
the total Cr in the film. Coupled with XRD, we were
able to determine that further increasing the Cr
content in an effort to improve magnetic properties
led to increased Cr interstitials as opposed to sub-
stitutional incorporation.

ZNO FILM CHARACTERIZATION

Zinc oxide is promising for various technological
applications especially optoelectronic, short wave-
length light emitting devices due to its wide, direct
band gap. One of the advantages of ZnO over other
currently used wide band gap semiconductors such
as GaN is its nearly 3 times higher exciton binding
energy (60 meV), in comparison to others such as
ZnSe (22 meV) or GaN (25 meV). It also provides
optically efficient excitonic behavior up to or even
above room temperature.*>*3 ZnO is stable at ele-
vated temperature and therefore it can withstand
high-temperature annealing and treatment pro-
cesses associated with doping and forming of ohmic
contacts. It is expected that degradation due to the
generation of defects during operation will not pose
a serious problem for ZnO based materials.

It is well known that the electrical and optical
properties of ZnO are strongly correlated to the
composition and stoichiometry of the sample,**6 so
that accurate determination of these remains an
important issue. Numerous fabrication techniques
have been implemented in the growth of ZnO thin
films on various substrates, including metal-organic

1
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Fig. 12. PIXE spectra of three different InCrN films deposited on sapphire. An InN on sapphire films is measured for reference. The inset shows

the presence of Cr in the InCrN film.
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Fig. 13. RBS spectra along with RUMP simulations of three ZnO
films deposited on glassy carbon, silicon, and glass substrates.

chemical vapor deposition, sol-gel deposition, DC or
RF magnetron sputtering, reactive evaporation,
spray pyrolysis, and pulsed laser deposition, each of
which might be expected to exhibit different stoi-
chiometry tendencies as well as background impu-
rities and defects.*"?°

Recently, we have started to deposit series of ZnO
films on various substrates using the RF/DC mag-
netron sputtering technique and RF-PAMBE. The
IBA techniques have been used to determine the
composition and impurity in the films in order to
optimize the deposition parameters to obtain im-
proved electrical and optical properties of ZnO film.

RF Sputtered ZnO Film Characterization

We have deposited a range of ZnO thin films on
silicon (100), quartz, glass, and glassy carbon sub-
strates using RF magnetron sputtering under the
best optimized deposition parameters described in
Ref. 50. Before loading the substrates into the vac-
uum chamber, the substrates were ultrasonically
cleaned in acetone, rinsed with alcohol, and then
dried in hot air. The sputtering was performed with
an rf power 250 W. The details of the sample prep-
aration are described in Ref. 50. The glassy carbon
substrates were used only for ion beam analysis
purposes.

The RBS data were obtained using a 2.5 MeV “He*
beam with a current of 20-30 nA. The samples were
mounted on the computer-controlled stepping motor
stage and a collimated (1.5-mm slit type) surface
barrier detector was positioned at a scattering angle
of 165°. The solid angle of the RBS experimental
arrangement was 0.075 msr. Figure 13 shows the
RBS spectra obtained from three ZnO films depos-
ited on three different substrates loaded at the same
time in the RF sputter system. Different mounting
positions of the substrates in the deposition chamber
amount for different film thicknesses (refer to the Zn

Kennedy, Markwitz, Trodahl, Ruck, Durbin, and Gao

signal for example). RUMP?® simulations were used
to extract the thickness and concentration of films.
The film thickness in the glassy carbon substrate
is 2.1 x 10'® at. em™2, which is around 250 nm by
taking into account a ZnO density of 5.6 g cm™, in
the silicon substrate 3.2 x 10'® at. cm™? (thickness =
380 nm), and in the glass substrate 1.5 x 10'® at.
cm™? (thickness = 180 nm).

We have also investigated the variations of film
composition for the films deposited on different
substrates. The composition of the film remains the
same. It was found that all of the films are slightly
Zn rich (Zn/O ratio of 1.01), which is common for
ZnO films. ZnO always deviated from stoichiometry
and present intrinsic defects such as Zn interstitials
and O vacancies. Note, some films from other series
were measured to be significantly overstoichiomet-
ric (Zn/O > 1.0) for all substrates.

Structural and optical measurements were car-
ried out by XRD, SEM, and PL. A strong (002)
preferential orientation was measured for the ZnO
films deposited on the three different substrates
irrespective of thickness. This indicates polycrys-
tallinity with hexagonal structure and preferential
orientation along the c-axis. This is due to the low-
est surface free energy of the (002) plane in ZnO.?!
These results suggest that the grains grow along the
(002) direction. The SEM results of all the films
show homogenous distribution of grains that are
smaller for the Si substrate compared to the glass
and quartz substrates, which are possibly due to the
smoothness of the silicon wafer.

Photoluminescence properties were studied on
the films deposited on all three substrates with
various thicknesses. On the film of thickness over
250 nm deposited on silicon, a sharp emission peak
was observed around 380 nm corresponding to UV
near band edge emission and a broad peak from
450-650 nm in green light emission.?® The Hall ef-
fect measurements were carried out in all samples
in order to measure the charge carrier. All of our
films show an n-type carrier concentration ranginégr
from 3 x 105 to 3 x 10'® /em?, mobility of 6-50 cm?/
Vs, and resistivity of 0.02-100 ohm-cm.

In general, ZnO exhibits strong n-type conduc-
tivity because of intrinsic donor defects such as
oxygen vacancies (Vg) or Zn interstitials (Znj),
which are formed during the deposition procedure.
However, recent first-principle calculations re-
vealed that none of the native defects can provide a
high concentration of shallow donors and that
hydrogen imgurities might be responsible for n-type
conductivity.” Therefore, it will be useful to deter-
mine the concentration of hydrogen in the ZnO
films. Figure 14 shows a typical ERD spectrum of a
ZnO film deposited on Si measured with a 2.5 MeV
helium beam.

Figure 14 shows the typical surface H contami-
nation from channel 390-340, which is a typical
feature of solid-state surfaces. The hydrogen
concentration of the ZnO film was extracted by
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Fig. 14. ERD spectrum and SIMNRA simulation of a ZnO film
deposited on Si; specimen surface at channel 390, surface peak
channels 390-340, and film/substrate interface around channel 230.

SIMNRA.?! It was found that around 1% = 0.1
hydrogen was present in the film deposited on Si,
whereas around 3-4 + 0.1% was present on the
films deposited on glass and quartz substrates,’
which might be due to the enhanced surface
roughness of the glass and quartz substrates that
increases the surface area increasing the probability
of absorption of hydrogen during deposition.

PAMBE Grown ZnO Film Characterization

ZnO thin films were deposited onto c-plane sap-
phire substrates using a modified Perkin-Elmer 430
MBE system with a base pressure of
~1 x 107*° Torr. The Zn fluxes ranging from 2 x
103 to 1 x 10'® were provided by evaporating 6 N
purity Zn metal in a 60 cc effusion cell. Active oxy-
gen was provided with oxygen gas excited by an
Oxford Applied Research MDP21 plasma source,
with applied RF power of 300 W. Epiready sub-
strates were mounted onto molybdenum growth
blocks using indium bonding.

In the first series of films, the oxygen flux was
kept constant while the Zn flux was varied to try to
observe the dependence of stoichiometry of the
samples on the Zn:O flux ratio. The RBS measure-
ments were carried out using the similar condition
described in our earlier section. A typical RBS
spectrum and RUMP?® simulation are plotted in
Fig. 15. It was found that the stoichiometry can
range widely from excessively oxygen rich
(Zn:0O < 1) to excessively Zn rich (Zn:O > 1). There
appears to be no significant correlation between the
applied Zn flux and the measured stoichiometry.?*

A second series of samples were grown directly
on sapphire with a growth temperature of 550°C.
Again, the Zn flux was varied while all other

Energy (MeV)
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600

400 -

Al
Substrate

Counts /20 uC

200

T T T L B B -y
40 60 80 100 120 140 160 180 200 220 240

Channel number

Fig. 15. RBS spectrum and RUMP simulation of a ZnO film depos-
ited on sapphire by PAMBE.

parameters were kept constant to investigate the
effect of the changing Zn:O flux ratio. It was found
that there is no observable correlation between
the stoichiometry and the growth temperature.
Further, the crystalline quality was studied by
RBS and channeling. The minimum yield of the
ZnO peak under the channeling condition is
around 10%, which indicates good crystalline
quality of the single crystals, consistent with the
photoluminescence characterization performed
separately.®*

SUMMARY

As we have illustrated by several examples, ion
beam analysis techniques can be very useful in the
successful development of deposition protocols of
various growth techniques for thin films such as
GaN, GaMnN, InCrN, and ZnO. Compositional and
depth profile analyses were performed on a-GaN
and GaMnN films prepared by IBAD. The IBAD has
enabled us to probe for impurities of O and H in the
films and to optimize the thickness and deposition
parameters. The IBA characterization of PAMBE
grown GaN, InN, and InCrN films revealed compo-
sition and uniformity of the films and, in particular,
allowed for low concentration determination of Cr in
this potential spintronics material. Regarding ZnO
films deposited under the same conditions, it was
observed that the Zn/O stoichiometry is indepen-
dent of the substrate material used. The ERD
revealed that hydrogen impurities were incorpo-
rated to different concentrations into the films
during the preparation process. In summary, the
above investigations highlight the usefulness of IBA
as a key analytical tool for research and develop-
ment of advanced materials.
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