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ABSTRACT Indium—tin—oxynitride (ITON) films have been fabricated by rf sputtering from an indium—tin—oxide target in nitrogen
plasma. The influence of postdeposition annealing up to 800 °C is analyzed by electrical, optical, and surface characterization of the
films in comparison to indium—tin—oxide (ITO) films fabricated in argon plasma. High-temperature annealing resulted in ITO(N)
films with similar carrier concentrations. However, the resistivity and optical transmittance of the ITON films were higher than those
of the ITO films. Photoelectron spectroscopy revealed that nitrogen is incorporated into the ITON structure in an unbound state as
well as through the formation of metal—nitrogen and oxynitride bonds that decorate oxygen vacancies. When the core level electron
spectra of ITO and ITON films are compared, a correlation between carrier concentration and the incorporated nitrogen is found.
Changes in ITON electrical properties are mainly induced by the release of nitrogen at temperatures above 550 °C. In this context,
ohmic contact behavior was achieved for ITON on p-type GaN after annealing at 600 °C, while no ohmic contact could be realized

using ITO.
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INTRODUCTION

ndium—tin—oxide (ITO) is, in addition to ZnO, SnO,, and

CdO, a very commonly used transparent conductive

oxide. When ITO is utilized for optoelectronic devices,
it serves as optical as well as contact material. Even though
ITO is a wide band gap material (the onset of optical
absorption varies between 3.5 and 4.0 eV, depending on the
deposition technique), it is an n-type degenerate semicon-
ductor with oxygen vacancies and tin atoms at indium sites
mainly determining the conductivity of the material. Due to
the lack of p-type oxides with similar properties (wide band
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gap and at the same time high conductivity) ITO has been
used in many IlI—V-based optoelectronic devices. In par-
ticular, for the case of devices based on the wide band gap
[lI—nitride compounds, ITO has been used as the ohmic
contact on p-GaN layers (1, 2).

It should be noted that the metallic ohmic contact forma-
tion on p-GaN is still a developing technology, mainly due
to the low doping density of p-GaN. Attempts to improve or
modify the properties of ITO for other technological applica-
tions have been reported, such as changing its composition
using H," and O implantation (3) or adding Zn (4), Ag (5),
or Zr (6) during deposition.

In a previous study we have shown that the introduction
of nitrogen in the plasma chamber during rf sputter deposi-
tion of ITO results in the incorporation of nitrogen into the
film structure and the formation of ITON films (7). Deposi-
tion performed in pure nitrogen plasma, followed by post-
deposition annealing at 400 °C, resulted in ITON films with
improved optical properties but inferior electrical properties
compared to conventional ITO films deposited in argon
plasma (8).

In this work, we investigate the chemical structure of the
incorporated nitrogen in ITON as well as the surface com-
position of ITO(N), by employing photoelectron spectrosco-
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py, just after deposition and after annealing at temperatures
above 400 °C. A comparison of the results derived from
surface characterization is made to the results from the
analysis of electrical and optical properties. Furthermore, the
potential of ohmic contact formation on p-type GaN layers
is evaluated.

EXPERIMENTAL SECTION

The ITON and ITO thin films were deposited by rf sputtering
from an indium—tin—oxide (80 % In,05—20% SnO,) target in
pure N, or Ar plasma, respectively. Details of the sputtering
procedure have been reported elsewhere (9). All films were
prepared at 5 mTorr pressure and different rf powers, varying
between 150 and 550 W. Depending on the requirements of
the experimental techniques used in this study, the deposition
was performed on different substrates: double side polished
sapphire for the electrical and optical characterization of the
films, p-type (100) Si wafers (1—10 Qcm) for electron spectros-
copy studies, and commercially available p-type GaN templates
(TDI Inc.), having a hole concentration of ~4 x 10'7 cm™, to
study the contact properties between substrate and deposited
film. Material properties were investigated just after rf sputter
deposition and after postdeposition annealing performed in a
rapid thermal annealing (RTA) system (Jipelec FAV4) for 1 min
under a nitrogen atmosphere (flow 450 sccm) at temperatures
up to 800 °C.

The thickness of the films was 150—200 nm, as measured
by a profilometer, and the surface morphology was examined
by atomic force microscopy (AFM). The optical properties of the
films were recorded in the UV—near-IR region (Varian, Cary 50),
and the electrical properties were determined by Hall measure-
ments using the four-probe Van der Pauw technique.

The surface chemical composition, including the presence
and the role of nitrogen in the ITON films, was examined in a
UHV system by X-ray photoelectron spectroscopy (XPS) using
monochromated Al Ko radiation (hv = 1486.7 eV) and a
hemispherical electron analyzer, resulting in an overall energy
resolution of <0.6 eV of the Ag3ds, level for the chosen
experimental conditions (10, 11). XPS measurements were
performed after gentle Ar™ ion bombardment of the sample
surface, in order to remove any adsorbed contaminants which
could originate from transferring the sample through ambient
conditions. Special care has been taken to avoid metal forma-
tion at the surface due to preferential sputtering. Additionally,
quadrupole mass spectroscopy (QMS) was used in order to
analyze species desorbing from ITON during annealing under
UHV conditions. Furthermore, Auger-electron spectroscopy
(AES) depth profiling measurements were performed using a
Thermo Microlab 350 instrument equipped with a high spatial
resolution field emission electron beam column and a high
energy resolution hemispherical analyzer.

For the characterization of contact properties on p-GaN, the
circular transmission line method (c-TLM) was employed and
the patterns were formed using standard photolithographic
techniques. For this purpose, the p-GaN surface was treated by
aqua regia prior to insertion into the sputtering chamber and
an in situ plasma etching process in N, prior to ITON or ITO
deposition.

RESULTS AND DISCUSSION

Electrical and Optical Properties. In order to
examine the effect of annealing on the film properties and
to correlate their properties with the incorporated nitrogen,
the ITON and ITO films were annealed at temperatures
above 400 °C. The resistivity and carrier concentration of
the ITO and ITON films change strongly as a function of
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FIGURE 1. Electrical properties (resistivity, open symbols; carrier
concentration, solid symbols) of ITO (squares) and ITON (circles) as
a function of annealing temperature.
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FIGURE 2. Transmittance of ITO and ITON thin films measured after
deposition and after RTA at 800 °C.

annealing temperature, in particular above 400 °C. There-
fore, special attention has been drawn to the XPS charac-
terization of as-prepared films and samples annealed at 400
and 600 °C, respectively. The results for the particular
samples investigated by XPS are plotted in Figure 1. Never-
theless, the same observation has been made for various sets
of samples. Upon annealing, both sample types became
more conductive, with the ITON remaining a higher resistiv-
ity and lower electron concentration compared to the ITO
films. However, the carrier concentrations of both types
became almost the same as the annealing temperature
increased to 600 °C. For annealing above 600 °C only very
small additional changes in resistivity and carrier concentra-
tion have been observed. The mobility determined by Hall
measurements of the ITON films was between 2 and 5 cm?/
(V s), regardless of the annealing temperature, whereas the
mobility of the ITO films increased up to 26 cm?/(V s) with
annealing temperature.

The optical properties of the films were monitored as a
function of annealing temperature. The measured transmit-
tance of ITO and ITON films directly after deposition and
after successive annealing up to 800 °C is shown in Figure
2. The high annealing temperature has led to improved
transmission curves, with a transmittance higher than 40 %
at a wavelength of 300 nm for ITON films and 320 nm for
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FIGURE 3. Auger electron spectroscopy depth profile of the In, Sn,
O, Si, and N distribution in an as-prepared 230 nm thick ITON film.
Note that the sputter depth has been estimated from the optically
determined film thickness of the ITON layer and might be incorrect
for the measured part through the Si substrate due to different
sputter yields for ITON and Si.

ITO films. These results are particularly important when
ITON instead of ITO is applied where high annealing tem-
peratures are required: e.g., for device processing with ITON
as the TCO layer in InAlGaN-based optoelectronic devices.

The optical properties of the films were furthermore
analyzed using a method based on analytical equations (12)
which is capable of detecting and quantifying inhomogeneity
effects. The extracted complex refractive index n — ik, where
n is the refractive index and & is the extinction coefficient,
revealed that, after annealing at high temperature, ITON is
more transparent than ITO in the ultraviolet region. While
the optical gap is practically the same for both types of films,
the absorption of ITO is stronger (Riron/Riro = 0.7 at L =300
nm). An analysis in the near-infrared region (13) shows that
the derived carrier relaxation time is increased with the
decrease of wavelength for both the ITO and the ITON films.
This is a typical behavior consistent with impurity-induced
electron scattering. Furthermore, after annealing at 600 °C,
the relaxation time of the ITO appears to be longer com-
pared to that of ITON. The lower structural quality of ITON
implied by the shorter relaxation time is likely to be associ-
ated with the release of nitrogen observed by XPS and QMS,
as will be discussed in detail below.

Surface Properties. Rf sputtered ITO(N) films exhibit
a polycrystalline structure with a typical grain size of around
50 nm (7). The examination of the film morphology by AFM
revealed that the roughness of the ITON films (rms 7—8 nm
at a scan size of 5 x 5 um? was almost twice as large
compared to that of the prepared ITO (rms 3—4 nm).
However, no apparent change in surface morphology and
roughness due to rapid thermal annealing was observed.

In order to characterize the elemental distribution through
the films as well as the chemical surface composition, Auger
electron depth profiles and X-ray photoelectron spectra have
been recorded. Figure 3 shows a typical AES profile of an
as-prepared 200 nm thick ITON film on Si. The depicted
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FIGURE 4. N1s core level spectra of ITON thin films after deposition
and after RTA at 400 and 600 °C. Note that the scale of ordinates is
varied for better visualization of the chemical states.

profile provides important qualitative information. Never-
theless, it is important to note that the plotted Auger intensi-
ties (which are not corrected for sensitivities toward the
particular transition) do not directly reflect the quantitative
elemental composition of the film. In addition, one has to
keep in mind that the detected chemical composition might
differ from the original atomic concentration due to prefer-
ential sputtering. In particular, an In enrichment due to this
effect is observed for several In-containing compounds.
Thus, the observed intensity increase of the In signal by
about 5% within the first 60 min is very likely to be caused
by preferential sputtering. Moreover, the different Auger
transitions lead to different kinetic energies of the emitted
electrons, which leads to a different probing depth. This
effect may explain the slight difference of the interface
position (half of the bulk intensity of the respective element)
visible in Figure 1, since the Si signal provides a higher
surface sensitivity compared to the ITON-related features.
However, it can be noticed that the incorporated nitrogen
is not homogeneously distributed throughout the ITON film
but, rather, is accumulated within the upper quarter of the
layer (~40—50 nm). In deeper regions, the N signal de-
creases below the detection limit. On the other hand, a quite
homogeneous distribution is found for indium, tin, and
oxygen.

The incorporation of nitrogen into the ITON structure was
examined in more detail by XPS measurements of the N1s
core level. The results for films annealed at different tem-
peratures are presented in Figure 4. Without any annealing
of the samples three different nitrogen states exist in the
material, having binding energies of 396.7, 398.3, and
~404.2 eV, respectively.

The feature at 396.7 eV is attributed to nitrogen bound
to metal atoms (N—In and N—Sn bonds). The binding
energies of nitrogen atoms bound to these two species are
almost the same (14, 15), and a separation between these
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two contributions is therefore beyond the energy resolution
of the measurement. The second feature at 398.3 eV is found
to originate from oxynitride bonds (16), where oxygen as
well as metal atoms are located in the surroundings of the
nitrogen atom (InN,.O,). Typical N—O bonds located at 400.0
eV were found only on as-loaded samples, prior to the ion
bombardment procedure (not shown). They are caused by
oxidation of the surface under ambient conditions and can
be easily removed by gentle sputtering—which has been
performed in order to remove surface adsorbates and to
avoid changes in composition due to preferential sputtering.
The peak at 404.2 eV may be caused by two possible
sources: (a) NO, bonds or (b) unbound nitrogen incorporated
into the crystal structure. Since the rf sputtering process is
performed in nitrogen plasma and no additional structure
is detected in the O1s signal, we assign the feature at 404.2
eV to incorporated unbound nitrogen that has been formed
due to the harsh deposition conditions. It is believed that the
unbound nitrogen is mostly located at interstitial sites,
similar to reports on the nitridation of IlI—V semiconductor
surfaces (17, 18).

For a quantification of the amount of inserted nitrogen
in the near surface region, the core level spectra were fitted
using Gauss—Lorentz functions, after removal of a Shirley-
type background. Under the assumption of a homogeneous
distribution of all detected elements through the depth
probed by the XPS measurement (more than 90% of the
XPS signal originates from the top 5—6 nm of the film), the
elemental proportion of nitrogen was calculated. As seen in
Figure 4, in addition to a small reduction of the total nitrogen
concentration from 10% to 9.3 %, no changes concerning
the nitrogen states were observed after annealing at 400 °C.
This aspect changes drastically after annealing at 600 °C.
The state at 404.2 eV disappeared completely as well as
almost the entire oxynitride component and parts of the
metal—N signal, reducing the total N content to 1.6%.
Finally, after RTA at 800 °C the amount of incorporated
nitrogen is below the detection limit of XPS.

QOMS measurements during heating under UHV condi-
tions were performed to analyze the temperature-dependent
desorption of molecules from the film in situ by measuring
the gas composition in the chamber. At temperatures above
550 °C a strong release of molecular nitrogen was observed,
while at the same time only minor desorption of N,O was
detected. Furthermore, no release of NO, NO,, or O, was
detected. This finding is in very good agreement with the
RTA-induced changes in the N1s signal observed by XPS.

Additionally, more information about the films after their
annealing can be extracted by evaluating the core level peak
shape. The as-deposited and the 400 °C annealed ITON
samples exhibit narrow symmetric core level peaks at
binding energies (BE) of 444.7, 486.5, and 530.2 eV for
In3ds),, Sn3ds,, and O1s, respectively (not shown). For ITON
films that have been annealed at T = 600 °C, as well as for
all ITO films, independent of sample treatment, all core level
peaks are broadened and exhibit an asymmetric peak shape,
as exemplified for the In3ds, core level in Figure 5. Sum-
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FIGURE 5. In3ds), core level spectra of ITON thin films after deposi-
tion and after RTA at 600 °C.

marizing extensive studies on ITO(N) films prepared be-
tween 150 and 550 W rf power, the asymmetry of the core
levels appears for samples that have a relatively high carrier
concentration.

According to previous reports (19, 20) this observation
is explained by the response of the conduction electrons to
the ionized atoms generated during the photoelectron emis-
sion process, which results in a splitting of the signal into a
screened and an unscreened final state (19, 20). The peak
shape of the unscreened contribution at higher binding
energy is much broader compared to the screened one,
since it involves excitation of plasmons. This intrinsic plas-
mon excitation is coupled with a certain relaxation rate, and
as a result lifetime broadening of this contribution is ex-
pected, resulting in a Lorentzian peak profile. Hence, ad-
vancing the data analysis compared to the results in ref 21,
where a fixed G/L ratio was assumed, resulting in a shift of
0.9 eV, and taking the different peak shapes for both
components into account for fitting, the separation of the
two components is only 0.45 eV, as shown in Figure 5. Note
that the two different peaks, indicated in Figure 5, are not
related to two different chemical In states but correspond
to screened and unscreened final states. Following the model
approach of ref 19, the energy separation corresponds to
an estimated carrier concentration of 2 x 102° cm™, which
is in good agreement with the results from Hall measure-
ments (see Figure 1). An analysis of the peak shape of ITON
films annealed at various annealing temperatures leads to
the conclusion that RTA at T = 600 °C results in an increase
in the carrier concentration by about 1 order of magnitude,
approaching the values for ITO that has been prepared in
the same system using Ar as process gas. This effect is
accompanied by segregation of Sn toward the surface, which
has already been discussed in detail elsewhere for the ITON
films (21).

The high electron concentration in indium—tin—oxide is
caused by two factors: (a) the existence of a high content of
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oxygen vacancies and (b) the incorporation of Sn atoms at
In crystal sites leading to the effect of n-type doping (22).
The amount of existing oxygen vacancies is mainly influ-
enced by the deposition conditions during sputtering. Under
reducing conditions, as in the case of the deposition of our
ITO films in Ar plasma, the sputtering already results in the
formation of a high concentration of oxygen vacancies and
hence in a very high electron concentration for the films just
after deposition. A totally different behavior is found when
the material is sputtered from an ITO target using N, as
discharge gas. In this case nitrogen is incorporated into the
material. As described above, a large fraction of nitrogen is
inserted unbound at interstitial sites while the other N atoms
are incorporated in the surroundings of In, Sn, and O. It
is anticipated that nitrogen decorates the sites where typi-
cally oxygen atoms are missing, resulting in trapping of
electrons. This absence of oxygen vacancies leads to a much
lower carrier concentration and hence a higher resistivity for
these as-deposited ITON films. Since the incorporated nitro-
gen is not very strongly bound, it can be released by thermal
treatments. Annealing above a critical temperature of ~550
°C causes desorption of nitrogen, which is completely
removed after RTA at 800 °C. The remaining, previously
N-decorated sites can now act as a source for electrons,
resulting in a strong increase of the carrier concentration in
the material. In this way, carrier concentration values com-
parable to those of Ar-sputtered ITO films are achieved.
However, the lower mobility of the ITON films due to the
removal of the incorporated nitrogen and In—N—O states
resulted in ITON films with higher resistivity than the ITO
films.

Contact Properties on p-Type GaN. For several
samples the electrical contact behavior of ITON and ITO
films was examined on p-type GaN layers by employing the
¢-TLM configuration and monitoring the current—voltage
characteristics of the ring patterns with the shortest spacing
(10 um) with annealing temperature. For ~80 % of the tested
samples, stable =V characteristics could be obtained. Typi-
cal results are presented in Figure 6 (a) for the ITO film and
(b) for the ITON film.

Obviously, as-prepared films did not show any ohmic
behavior and, for annealing up to 800 °C, the ITO film never
exhibited any linear ohmic characteristics. However, the
ITON film forms an ohmic contact after annealing at 600
°C, but further annealing at higher temperatures deterio-
rated this characteristic, creating a nonohmic behavior. It is
anticipated that the relatively high ohmic resistance of the
ITON contact can be further reduced by optimizing the
surface treatment of GaN. A procedure which is generally
employed to form metal-based ohmic contacts on p-GaN is
to use GaN layers with higher carrier concentration (in the
range of 10'® cm™) than the ones used in this investigation.
It has been reported that ITO can form an ohmic contact on
p-GaN, with a carrier concentration in the range of 10'7
cm™2, only (a) after special surface treatment of the GaN
surface (23), (b) by using a short period of superlattice
tunneling contact layer (24), or (c) by inserting various thin
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FIGURE 6. Current—voltage characteristics of (a) ITO and (b) ITON
films as contacts on p-type GaN at different annealing temperatures.

metal layers between the GaN/ITO interface (25). It is
important to note that the temperature of 600 °C, where
the ITON film exhibited the ohmic behavior, is apparently
related to the temperature of around 550 °C where the film
showed the fastest release of incorporated nitrogen. How-
ever, the mechanism responsible for the realization of ohmic
behavior of the ITON film on p-type GaN at the annealing
temperature of 600 °C is not yet completely understood and
further progress with respect to reproducibility is needed.

The mechanism might be associated with the diffusion
of atoms through the ITON—GaN interface, creating an
interfacial layer that changes the electronic properties at the
interface. In this context it should be noted that a 100 nm
thick rf sputtered ITON layer has been reported to form a
Schottky contact on n-GaN based UV photodetectors after
annealing at 600 °C for 15 min (6).

CONCLUSIONS
ITON and ITO films were fabricated by rf sputtering in

nitrogen and argon plasma, respectively, and their proper-
ties were analyzed after high temperature annealing. The
incorporated nitrogen in the ITON structure was found to
form metal—N and oxynitride bonds or to exist in an
unbound state. The distribution of the nitrogen within the
as-deposited ITON films is not homogeneous. Most of the N
is located in the upper 40—50 nm of the layer near the
surface. The differences in ITO and ITON electrical proper-
ties are directly linked to the incorporated nitrogen which
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decorates oxygen vacancies. However, it can be thermally
removed to create a high degree of oxygen deficiency, thus
resulting in a film with increased carrier concentration but
high resistivity due to low mobility. The enhanced optical
properties of the ITON films upon annealing were attributed
to the incorporation of nitrogen into the structure. Ohmic
contacts on p-type GaN could only be formed by ITON
annealed at 600 °C. An optimized surface treatment of the
GaN surface is believed to further improve the ohmic
behavior of the ITON films, thus making ITON more prefer-
able than ITO as a transparent and conductive material for
GaN-based optoelectronic devices.
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