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Elastic recoil detection analysis, using an incident beam of 200 MeV Au ions, has been used to
measure indium nitride films grown by radio-frequency sputtering. It is shown that the films have
nitrogen-rich stoichiometry. Nitrogen vacancies are therefore unlikely to be responsible for the
commonly observed high background carrier concentration. Ultraviolet Raman and secondary ion
mass spectroscopy measurements are used to probe the state of the excess nitrogen. The nitrogen on
indium anti-site defect is implicated, though other possibilities for the site of the excess nitrogen,
such as molecular nitrogen, or di-nitrogen interstitials cannot be excluded. It is further shown that
a shift in the 共0002兲 x-ray diffraction peak correlates with the excess nitrogen, but not with the
oxygen observed in some samples. © 2004 American Institute of Physics.
关DOI: 10.1063/1.1711173兴

I. INTRODUCTION

At present, many of the fundamental properties of InN
are not well known: there is considerable debate over the
band gap of InN,1– 4 and there has been very little experimental study of the materials defect structure. The highest mobility indium nitride ever produced had a high room temperature value of 2700 cm2/V s for an electron concentration of
5⫻1016 cm⫺3 . 5 However even this material was heavily
compensated. A predicted maximum theoretical room temperature mobility of 4400 cm2/V s6 indicates approximately
60% compensation of the primary donor in that material.
This suggests that the microstructure of InN is defect dominated. The source of the high density of background n-type
carriers commonly observed for this material is also unknown. Various theoretical assessments, not experimentally
confirmed, suggest that the high electron carrier concentration has four possible sources: 共i兲 oxygen atoms on nitrogen
sites;7 共ii兲 silicon atoms on indium atom sites;7 共iii兲 hydrogen
incorporation;8 or 共iv兲 nitrogen vacancies.9 We note that defect complexes may also be significant.
The long-standing presumption that indium nitride is inevitably grown with a high level of nitrogen vacancies is
encompassed in all past reviews of the material, and derives
from the requirement of high nitrogen overpressure to prea兲
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vent decomposition and nitrogen loss at relatively moderate
temperatures compared to gallium nitride. Despite there being significant variability in the decomposition values reported for indium nitride,10 this material should be nitrogen
deficient when grown under conditions of thermodynamic
equilibrium. We carried out elastic recoil detection 共ERD兲
analysis of the InN films using 200 MeV Au ions to test the
hypothesis of nitrogen deficiency, and were surprised by the
high levels of excess nitrogen that were found.
II. EXPERIMENT

The samples examined here were polycrystalline films
grown by rf sputtering, the same method used to produce the
highest mobility nitride material ever grown,5 though only
high electron carrier concentration material (⬎1019 cm⫺3 )
was used in this study. ERD analysis results for MBE grown
material are presented elsewhere4 though an example of an
UV Raman spectrum for a MBE sample grown by Cornell
University is provided here. No sample heating was used
during film growth for the rf sputtered samples, though measurements indicate that samples typically reach a temperature
of ⬍30 °C during sputtering. The growth periods used were
1 to 2 days and all the films were grown on borosilicate glass
degreased prior to loading in the growth system.
The ERD technique11 has proven useful in determining
the elemental composition of GaN films,12,13 and was readily
applied here to determine the N/In ratio of InN films. During
the ERD analysis the energy deposited in the films by the
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TABLE I. Band gaps; N/In ratios measured using ERD analysis; c axis lattice constants; oxygen and carbon
compositions for InN films.
Sample ID
Band gap
N/In
c axis lattice parameter calculated
from 共0002兲 reflection 共Å兲
Oxygen content 共at. %兲
Carbon content 共at. %兲

InN sample 1

InN sample 2

InN sample 3

2.3 eV
1.31⫾0.03
5.792

2.27 eV
1.32⫾0.04
1.30⫾0.03
5.794

2.14 eV
1.14⫾0.03
5.772

10.7
0.8

9.3
0.8

9.3
0.8

incident Au ions caused significant nitrogen depletion of this
material. The large detection solid angle of the recoil ion
detector,14 however, enables the depletion to be monitored in
situ as a function of the Au ion fluence. A suitable depletion
model has been demonstrated15,16 to allow reliable extrapolations of the experimental data back to zero fluence so that
N/In ratios can be determined accurately. Table I shows the
N/In ratios measured by ERD for a representative set of
films; the smooth energy spectra of the detected indium recoil ions indicate that the N/In ratio does not vary with the
film thickness. All samples had values much greater than
1.00 to as high as 1.32. We have shown elsewhere4 that thin
films of InN grown by MBE can also be very nitrogen rich.
It is important to remember that the ERD analysis is for thin
samples since it appears that there are substantial improvements in material quality for thicker samples.17 Both techniques use plasma nitrogen sources and are therefore able to
produce films under nonequilibrium conditions. Given that
these films appear to be nitrogen rich, nitrogen vacancies are
an unlikely source of their donors.
Table I also provides the carbon and oxygen levels
present for the films as quantified with ERD analysis. Oxygen incorporation in the present films was relatively high,
with an atomic oxygen concentration of approximately 10%
being present in the films, but as suggested by Kumar et al.18
the oxygen may reside predominantly at grain boundaries 共as
was recently shown to be the case for polycrystalline GaN

grown at 570 °C12兲 and result from postgrowth exposure to
the ambient.
Also provided in Table I are band gaps measured by
UV–Vis transmission spectroscopy and c-axis lattice spacings determined from 共0002兲 x-ray diffraction 共XRD兲 reflections, measured with a Phillips PW-1830 system using Cu k ␣
x rays. An XRD spectrum typical of the samples of Table I is
shown in the lower trace of Fig. 1 with 共0002兲 and 共0004兲
reflections prominent, though as shown in Table I the reflection positions are shifted compared to the standard c lattice
constant value of 5.700 Å, given by the International Center
for Diffraction Data 共formly the Joint Committee on Powder
Diffraction Standards兲. Figure 2 shows the absorption spectra, plotted as absorption coefficient squared versus energy,
for the samples of Table I. The cross-sectional transmission
electron microscopy 共XTEM兲 samples of the InN on Si layers were prepared using an FEIxP200 focused ion beam system. The samples were then imaged using a Philips CM 300
transmission electron microscope at an operating accelerating voltage of 300 kV. A cross-sectional image is shown in
Fig. 3 with the associated columnar polycrystalline structure
of the hexagonal film clearly visible. The shift in lattice constant, seen in Table I, is not dependent on oxygen content,
which is constant for these samples, but varies with the N/In
ratio. This is to be expected when oxygen is resident at grain
boundaries and excess nitrogen is embedded in the lattice as
a point defect. Interestingly, for GaN, Lagerstedt and
Monemar19 observed a strong increase in lattice parameters
that they attributed to self-interstitials in nitrogen-rich material, a case that may be similar to that observed here. Optical

FIG. 1. XRD spectra of 2.3 eV InN sample 共lower trace兲 and of 1.92 eV InN
sample 共upper trace—offset by 5000 counts/s兲. The same data are shown
FIG. 2. Absorption coefficient squared vs energy plots, the x intercept of the
focused on the 共0002兲 reflection in the inset.
linear portion of the plots provides the band gap of the material.
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FIG. 3. Bright-field XTEM image of InN cross section with silicon substrate
visible at the bottom of the image. The columinar habit of the film is clearly
evident.

band gaps included in Table I show the expected dependence
on lattice spacing. Samples grown more recently, with 1.92
eV band gap, under less nitrogen-rich growth conditions
共evidenced by the band edge and by the secondary ion mass
spectroscopy 共SIMS兲 results discussed in the following兲 are
closer to the value of 1.89 eV reported for low electron concentration samples.20 XRD indicates a c lattice constant of
5.699 Å for these samples, a value in agreement with that
given by the International Center for Diffraction Data and
with recent high resolution measurements made on bulk indium nitride samples.21 A sample XRD spectrum is shown in
the upper trace of Fig. 1. SIMS indicates these samples have
approximately the same oxygen content as the samples of
Table I. We conclude that excess nitrogen correlates well
with increases in both the c lattice parameter and the optical
band gap and that these changes are uncorrelated to the
sample oxygen concentration.
III. DEFECT DETERMINATION

The nature of the excess nitrogen has been examined
using a Renishaw UV-Raman system. A 325 nm HeCd laser
excitation was used in reflection mode to observe phonons
related to chemical bonding. Figure 4共a兲 shows a typical Raman spectrum obtained for one of the rf sputtered InN films
of Table I. The broad quartz peak is believed to be due to the
silica optical components of the measurement system. The
spectrum shows InN related phonons at 400–700 cm⫺1 while
N–N bonding is evident at 2200–2350 cm⫺1. The low carbon content for these films 共Table I兲 eliminates the possibility of C–N triple bonds in the same wave-number range as
N–N bonds. The 2200–2350 cm⫺1 peak is also too broad to
be due to nitrogen gas 共occasionally seen with an UV laser
source兲, rather it shares with the In–N phonon peaks a similar broadening—in this case determined either by the polycrystallinity of the film, or by local site related variations in
the bonding structure of the N–N species. The peak is therefore due to N–N bonding in the sample and is indicative of
the type of native defect present. The 2200–2350 cm⫺1 peak
supports the assignment of the excess nitrogen to a nitrogen
on indium (NIn) anti-site defect, or alternately to the presence of molecular nitrogen distributed in the lattice since

FIG. 4. 共a兲 UV reflection mode Raman spectrum of a rf sputtered InN
sample with In–N and N–N bonding states evident. 共b兲 UV reflection mode
Raman spectrum of an MBE grown InN 共Cornell sample GS-1311兲, this
spectrum also shows In–N and N–N bonding states.

N–N bonding would be present for both such defects. A
di-nitrogen interstitial complex may also be a possibility,22
though there have been no theoretical calculations for such a
complex in InN. Based on existing thermodynamic considerations, one of the most favorable sites for excess nitrogen in
InN is as the NIn anti-site defect, while the defect formation
energy of nitrogen interstitials is not thermodynamically
preferred.7 The anti-site defect is a double donor with a shallow first-ionization energy level7 and is therefore a candidate
for the supply of the high background donor concentration.
Interestingly, Raman measurements with lower wavelength
excitation sources show no evidence of N–N bonding. This
indicates that there is either a strong resonance for the N–N
structure at the UV excitation wavelength, or alternately it
indicates that the N–N bonding is a surface species 共since
the penetration depth of the UV excitation into the InN is of
the order of nanometers兲. It is therefore possible that the
excess nitrogen exists in another state in the bulk of the InN
and only forms the N–N bound species at the sample surface. This would be consistent with the model developed to
explain dose related nitrogen loss during ERD
measurements.16
Figure 4共b兲 shows an UV Raman spectrum for a MBE
InN sample grown by Cornell University 共sample GS-1311,
800 nm of InN on 200 nm of AlN兲. This sample also shows
evidence of N–N bonding, though typically MBE grown
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that sample had dropped significantly. We interpret this as
indicating that the excess nitrogen species, present as point
defects in the as-grown film, were able to migrate through
the lattice, assisted by the grain boundary defects of this
polycrystalline material, and either escape the material from
the top surface or form bubbles at the substrate–film interface 共this interpretation is to be discussed in more detail
elsewhere16兲. In either case this would cause a drop in the
N–N signal observed by SIMS.
The SIMS signal for the N–N species in the sample
grown with a 1.92 eV band gap was a factor of 6 lower than
for the as-grown sample 2 共see Fig. 5兲. This is consistent
with the 1.92 eV sample having improved stoichiometry.
FIG. 5. N–N to atomic N SIMS signal ratios for InN samples.

IV. CONCLUSIONS

samples do not show as strong a N–N signal as typical rf
sputtered samples, indicating that better stoichiometry is
more easily achieved for the MBE samples, as supported by
ERD measurements provided elsewhere.4
SIMS measurements were carried out using the Cameca
5F dynamic SIMS system of the Australian Nuclear Science
and Technology Organization with a Cs⫹ ion beam. The
methodology of Gao23 was applied, whereby CsM⫹ 共where
M is the element mass being analyzed兲 molecules are collected instead of M⫹ . The influence of Cs⫹ ion beam fluctuation was eliminated by normalizing the collected signals
to the average of the Cs⫹ ion beam signal. The normalization
to Cs⫹ was also done as a first-order work function correction, which reduces any yield related matrix effects from the
spectrum and thereby allows ease of interpretation of spectra.
Using this methodology we were able to detect the excess
nitrogen present in the rf sputtered samples, evident as a
strong N–N signal 共relative to the atomic nitrogen signal兲 at
atomic mass number 28 共subtracting the Cs ion mass number兲, not due to silicon since that element would have had to
have been present at ⬃5 at. % for this signal strength, and yet
ERD, an absolute measurement technique, detected no Si in
the bulk InN to a detection limit of less than 0.1%. Figure 5
shows the SIMS data for sample 2. Interestingly, after a storage period of 18 months, film blistering was observed for the
film 共Fig. 6兲 and the SIMS signal for the N–N bonding in

With regard to the current controversy over the low
band-gap InN observed for some MBE material,1–3 at this
stage the large N/In ratios observed here do not appear to
explain the difference between the 1.89–2.3 eV material and
the apparent 0.7–1.5 eV values observed elsewhere, since all
of the data is consistent with the 1.89 eV band gap previously observed20 for near stoichiometric 共1:1兲 InN produced
by rf sputtering.
In conclusion, the experimental results presented here
show that the high n-type carrier concentration for rf sputtered indium nitride is not due to nitrogen vacancies, and it
further appears that excess nitrogen is possibly the source of
the background n-type doping. Similar results may be expected for MBE grown material where excess nitrogen has
also been observed. It has further been shown that oxygen
content does not correlate to changes in the lattice constant
of rf sputtered material, the incorporated oxygen is intergranular and does not contribute to the InN XRD. Instead, it
has been demonstrated that previously undetected, and unexpected, variations in excess nitrogen content are responsible.
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