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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(0002 x-ray diffraction peak correlates with the excess nitrogen, but not with the
oxygen observed in some samples. 2004 American Institute of Physics.
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I. INTRODUCTION vent decomposition and nitrogen loss at relatively moderate
temperatures compared to gallium nitride. Despite there be-
At present, many of the fundamental properties of InNjng significant variability in the decomposition values re-
are not well known: there is considerable debate over thgorted for indium nitride this material should be nitrogen
band gap of InN;™*and there has been very little experimen- geficient when grown under conditions of thermodynamic
tal study of the materials defect structure. The highest MOgquilibrium. We carried out elastic recoil detectiOBRD)
bility indium nitride ever produced had a high room tempera-gnalysis of the InN films using 200 MeV Au ions to test the

ture value of 2700 cfiV's for an electron concentration of hynothesis of nitrogen deficiency, and were surprised by the

compensated. A predicted maximum theoretical room tem-
perature moblllty_ of 4400 C?N % indicates gpproxmately Il EXPERIMENT
60% compensation of the primary donor in that material.
This suggests that the microstructure of InN is defect domi- The samples examined here were polycrystalline films
nated. The source of the high density of backgronrtgpe  grown by rf sputtering, the same method used to produce the
carriers commonly observed for this material is also un-highest mobility nitride material ever grownthough only
known. Various theoretical assessments, not experimentalljigh electron carrier concentration materiat 10"cm™3)
confirmed, suggest that the high electron carrier concentrawas used in this study. ERD analysis results for MBE grown
tion has four possible source oxygen atoms on nitrogen Mmaterial are presented elsewHetieough an example of an
sites? (ii) silicon atoms on indium atom sitégjii) hydrogen UV Raman spectrum for a MBE sample grown by Cornell
incorporatior® or (iv) nitrogen vacancie$We note that de- University is provided here. No sample heating was used
fect complexes may also be significant. during film growth for the rf sputtered samples, though mea-
The long-standing presumption that indium nitride is in- surements indicate that samples typically reach a temperature
evitably grown with a high level of nitrogen vacancies is of <30 °C during sputtering. The growth periods used were
encompassed in all past reviews of the material, and derivekto 2 days and all the films were grown on borosilicate glass
from the requirement of high nitrogen overpressure to predegreased prior to loading in the growth system.
The ERD techniqué has proven useful in determining
o] o . the elemental composition of GaN fills*and was readily
ectronic mail: sbutcher@ics.mqg.edu.au ) . . . ’

bAlso at: Department of Nuclear Physics, Australian National University, @PPlied here to determine the N/In ratio of InN films. During

Canberra, ACT 0200, Australia. the ERD analysis the energy deposited in the films by the
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TABLE |. Band gaps; N/In ratios measured using ERD analysiaxis lattice constants; oxygen and carbon
compositions for InN films.

Sample ID InN sample 1 InN sample 2 InN sample 3
Band gap 23eV 2.27 eV 2.14 eV
N/In 1.31+0.03 1.32:0.04 1.36:0.03 1.14:0.03
c axis lattice parameter calculated 5.792 5.794 5.772
from (0002 reflection(A)
Oxygen contentat. % 10.7 9.3 9.3
Carbon contentat. %) 0.8 0.8 0.8

incident Au ions caused significant nitrogen depletion of thisgrown at 570 °¢% and result from postgrowth exposure to
material. The large detection solid angle of the recoil ionthe ambient.
detectort* however, enables the depletion to be monitdred Also provided in Table | are band gaps measured by
situ as a function of the Au ion fluence. A suitable depletionUV—-Vis transmission spectroscopy awoebxis lattice spac-
model has been demonstratetf to allow reliable extrapo- ings determined front0002 x-ray diffraction (XRD) reflec-
lations of the experimental data back to zero fluence so thatons, measured with a Phillips PW-1830 system usindgc&u
N/In ratios can be determined accurately. Table | shows th& rays. An XRD spectrum typical of the samples of Table | is
N/In ratios measured by ERD for a representative set oshown in the lower trace of Fig. 1 wittD002 and (0004
films; the smooth energy spectra of the detected indium rereflections prominent, though as shown in Table | the reflec-
coil ions indicate that the N/In ratio does not vary with the tion positions are shifted compared to the standatattice
film thickness. All samples had values much greater tharonstant value of 5.700 A, given by the International Center
1.00 to as high as 1.32. We have shown elsevfidat thin  for Diffraction Data(formly the Joint Committee on Powder
films of InN grown by MBE can also be very nitrogen rich. Diffraction Standards Figure 2 shows the absorption spec-
It is important to remember that the ERD analysis is for thintra, plotted as absorption coefficient squared versus energy,
samples since it appears that there are substantial improvéer the samples of Table I. The cross-sectional transmission
ments in material quality for thicker sampfsBoth tech-  electron microscopyXTEM) samples of the InN on Si lay-
nigues use plasma nitrogen sources and are therefore abledos were prepared using an FEIXP200 focused ion beam sys-
produce films under nonequilibrium conditions. Given thattem. The samples were then imaged using a Philips CM 300
these films appear to be nitrogen rich, nitrogen vacancies ateansmission electron microscope at an operating accelerat-
an unlikely source of their donors. ing voltage of 300 kV. A cross-sectional image is shown in
Table | also provides the carbon and oxygen leveldrig. 3 with the associated columnar polycrystalline structure
present for the films as quantified with ERD analysis. Oxy-of the hexagonal film clearly visible. The shift in lattice con-
gen incorporation in the present films was relatively high,stant, seen in Table |, is not dependent on oxygen content,
with an atomic oxygen concentration of approximately 10%which is constant for these samples, but varies with the N/In
being present in the films, but as suggested by Kuenal®  ratio. This is to be expected when oxygen is resident at grain
the oxygen may reside predominantly at grain bounddess boundaries and excess nitrogen is embedded in the lattice as
was recently shown to be the case for polycrystalline GaNa point defect. Interestingly, for GaN, Lagerstedt and
Monemat® observed a strong increase in lattice parameters
that they attributed to self-interstitials in nitrogen-rich mate-
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FIG. 1. XRD spectra of 2.3 eV InN sampllewer trace and of 1.92 eV InN
sample(upper trace—offset by 5000 counts/§he same data are shown FIG. 2. Absorption coefficient squared vs energy plots xthetercept of the
focused on th€0002 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
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band gaps included in Table | show the expected dependence phonons

on lattice spacing. Samples grown more recently, with 1.92
eV band gap, under less nitrogen-rich growth conditions
(evidenced by the band edge and by the secondary ion mass
spectroscopySIMS) results discussed in the followipgre
closer to the value of 1.89 eV reported for low electron con-
centration sample€. XRD indicates ac lattice constant of
5.699 A 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 in-
dium nitride sample&! A sample XRD spectrum is shown in FIG. 4. (8 UV reflection mode Raman spectrum of a rf sputtered InN
the upper trace of Fig. 1. SIMS indicates these samples hawample with In-N and N-N bonding states evidéh}.UV reflection mode
approximately the same oxygen content as the samples &aman spectrum of an MBE grown InN:o_rneIl sample GS-13}1this

. pectrum also shows In—N and N—N bonding states.
Table I. We conclude that excess nitrogen correlates well
with increases in both the lattice parameter and the optical

band gap and that these changes are uncorrelated to the .
sample oxygen concentration. N—N bonding would be present for both such defects. A

di-nitrogen interstitial complex may also be a possibfiity,
though there have been no theoretical calculations for such a
complex in InN. Based on existing thermodynamic consider-
The nature of the excess nitrogen has been examineations, one of the most favorable sites for excess nitrogen in
using a Renishaw UV-Raman system. A 325 nm HeCd laseinN is as the N, anti-site defect, while the defect formation
excitation was used in reflection mode to observe phononenergy of nitrogen interstitials is not thermodynamically
related to chemical bonding. Figuréasshows a typical Ra- preferred’ The anti-site defect is a double donor with a shal-
man spectrum obtained for one of the rf sputtered InN filmdow first-ionization energy levéland is therefore a candidate
of Table I. The broad quartz peak is believed to be due to théor the supply of the high background donor concentration.
silica optical components of the measurement system. Thimterestingly, Raman measurements with lower wavelength
spectrum shows InN related phonons at 400—700%onhile  excitation sources show no evidence of N—N bonding. This
N—N bonding is evident at 2200—2350 ¢ The low car- indicates that there is either a strong resonance for the N—N
bon content for these film&able ) eliminates the possibil- structure at the UV excitation wavelength, or alternately it
ity of C—N triple bonds in the same wave-number range asndicates that the N—N bonding is a surface spe#sce
N—N bonds. The 2200—2350 crhpeak is also too broad to the penetration depth of the UV excitation into the InN is of
be due to nitrogen ga@ccasionally seen with an UV laser the order of nanometerslt is therefore possible that the
source, rather it shares with the In—N phonon peaks a simi-excess nitrogen exists in another state in the bulk of the InN
lar broadening—in this case determined either by the polyand only forms the N—N bound species at the sample sur-
crystallinity of the film, or by local site related variations in face. This would be consistent with the model developed to
the bonding structure of the N—N species. The peak is thereexplain  dose related nitrogen loss during ERD
fore due to N—N bonding in the sample and is indicative ofmeasurement$,
the type of native defect present. The 2200—2350 cpeak Figure 4b) shows an UV Raman spectrum for a MBE
supports the assignment of the excess nitrogen to a nitrogdnN sample grown by Cornell Universitisample GS-1311,
on indium (N,) anti-site defect, or alternately to the pres- 800 nm of InN on 200 nm of AIN This sample also shows
ence of molecular nitrogen distributed in the lattice sinceevidence of N—N bonding, though typically MBE grown

500 1
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that sample had dropped significantly. We interpret this as

0.6 — — Sample 2 at 7 months S . ' )
o Sample 2 at 18 months mdmatm_g that the excess nitrogen species, present as point
% 05] |—  1.92eV band-gap sample defects in the as-grown film, were able to migrate through
é the lattice, assisted by the grain boundary defects of this
2 044 A A polycrystalline material, and either escape the material from
> 03] the top surface or form bubbles at the substrate—film inter-
38 B face (this interpretation is to be discussed in more detail
5 02 y elsewher®). In either case this would cause a drop in the
z . . ey N—N signal observed by SIMS.
© IV N T W A s e The SIMS signal for the N—N species in the sample

0.0 ‘ , ‘ grown with a 1.92 eV band gap was a factor of 6 lower than

0 400 800 1200 1600

for the as-grown sample &ee Fig. % This is consistent
Depth from surface of sample (nm) 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 With regard to the current controversy over the. low
sputtered samples, indicating that better stoichiometry i9and-gap InN observed for some MBE matetid at this
more easily achieved for the MBE samples, as supported b§tage_ the Iarge N/In ratios observed here do not appear to
ERD measurements provided elsewttre. explain the difference between the 1.89-2.3 eV material and
SIMS measurements were carried out using the camedh® apparent 0.7—1._5 eV va!ues observed elsewhere, smce_all
5F dynamic SIMS system of the Australian Nuclear Scienc&f the data is consistent with the 1.89 eV band gap previ-
and Technology Organization with a Cson beam. The ously obser\_/e%ﬂ’ for near stoichiometri¢1:1) InN produced
methodology of Ga® was applied, whereby CsM(where ~ PY f sputtering. _
M is the element mass being analyzedolecules are col- In conclusion, the experimental results presented here
lected instead of M. The influence of C5 ion beam fluc- Show that the high-type carrier concentration for rf sput-
tuation was eliminated by normalizing the collected signald€€d indium nitride is not due to nitrogen vacancies, and it
to the average of the Cson beam signal. The normalization further appears that excess nitrogen is possibly the source of
to Cs" was also done as a first-order work function correc-the backgroundrtype doping. Similar results may be ex-
tion, which reduces any yield related matrix effects from theP€ctéd for MBE grown material where excess nitrogen has
spectrum and thereby allows ease of interpretation of spectr&!SC Peen observed. It has further been shown that oxygen
Using this methodology we were able to detect the excessontent does not correlate to changes in the lattice constant

nitrogen present in the rf sputtered samples, evident as & If sputtered material, the incorporated oxygen is inter-
strong N—N signalrelative to the atomic nitrogen signat granular and does not contribute to the InN XRD. Instead, it

atomic mass number 2@ubtracting the Cs ion mass num- has been demonstrated that previously undetected, and unex-
ben, not due to silicon since that element would have had tPected, variations in excess nitrogen content are responsible.
have been present at5 at. % for this signal strength, and yet
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