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We have used a low-energy positron beam to identify In vacancies in InN layers grown on Al2 O3
by molecular beam epitaxy. Their concentration decreases from ⬃5⫻1018 to below 1016 cm⫺3
with increasing layer thickness 共120– 800 nm兲. The decrease in the vacancy concentration coincides
with the increase in the electron Hall mobility, suggesting that In vacancies act as electron scattering
centers. © 2004 American Institute of Physics. 关DOI: 10.1063/1.1651327兴

using a variable energy positron beam. The momentum distribution of the annihilating e ⫹ e ⫺ pairs was determined by
measuring the Doppler broadening of the 511 keV annihilation line with a Ge-detector 共resolution 1.3 at 511 keV兲. The
low momentum parameter S and the high momentum parameter W, 8 describe the shape of the 511-keV line. Positron
annihilations with valence electrons increase at a vacancy,
increasing the S parameter and a decreasing in the W parameter. The samples were also characterized using the pulsed
positron beam at Universität der Bundeswehr in Munich.9
The pulsed beam enables the measurement of the positron
lifetime spectrum, n(t)⫽ 兺 I i exp(⫺t/i). Lifetimes  i correspond to annihilation of a free positron in the InN lattice and
annihilations of positrons trapped at vacancies. Experimentally the positron trapping at vacancies is observed as an
increase in the average positron lifetime  ave⫽ 兺 I i  i .
Figure 1 shows the S parameter measured as a function
of the positron beam energy 共depth scan兲. The high S parameter observed at low energies (E⬍3 keV兲 results from the
annihilations at the sample surface and in the thin AlN cap.
When the positron energy is increased, fewer positrons can
reach the surface and the S parameter characteristic to the
InN layer can be seen as a constant plateau in the curves. At
higher energies the S parameter starts to decrease as positrons are able to reach the Al2 O3 substrate. This turning point
in the curves corresponds roughly to the layer thickness, except in sample No. 3 which seems to be thinner than

The III-nitride semiconductors, GaN, AlN, and InN,
have recently been of a great interest primarily due to their
applications in short-wavelength optoelectronic devices. Indium nitride with its band gap of 0.8 eV 共Refs. 1 and 2兲
could extend the wavelength range of III–N materials into
the infrared region. The high electron mobility and peak-drift
velocity make InN also a promising material for high speed
electronics.3,4 The fabrication of device-quality InN has,
however, failed. The large lattice mismatch with the Al2 O3
substrate leads to a high density of extended defects. The
doping of InN is also a problem. The InN layers are always
highly n type, possibly due to ON and SiIn impurities, N
vacancies, or interstitial hydrogen.6,7 Among native defects,
N and In vacancies are calculated to have the lowest formation energies, which are, however, predicted to be rather
high.5
Positron annihilation spectroscopy is based on positron
trapping at vacancies due to the missing positive ion core.
The trapping can experimentally be observed as increasing
positron lifetime and as narrowing of the momentum distribution of annihilating e ⫹ e ⫺ pairs. Our data indicate the presence of In vacancies. The vacancy concentration correlates
with the room temperature Hall mobility. This suggests that
the vacancies limit the electron mobility, especially in the
thinnest layers where their concentration is the highest.
Six InN layers were grown by molecular beam epitaxy
共MBE兲 on Al2 O3 共0001兲 substrate, with a 200 nm AlN buffer
between the substrate and the InN layer 共Table I兲. In films
Nos. 1 and 4 a thin AlN cap was deposited on top of the InN
layer. The films are not intentionally doped, but show n-type
conductivity with the carrier concentrations of (2⫺30)
⫻10 18cm⫺3 . The electron Hall mobility 共300 K兲 is high,
⬎1100 cm2 /V s, in the thickest films, but decreases to below
200 cm2 /V s in the thinnest layers.
The positron annihilation experiments were carried out

TABLE I. The thickness, free electron concentration, and electron 共Hall兲
mobility in the studied InN layers. The In vacancy concentration was estimated from positron annihilation measurements.
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Sample
No.

Thickness
共nm兲

n 共sheet兲
(1014 cm⫺2 )

 共300 K兲
(cm2 /V s)

1
2
3
4
5
6

120
200
270
380
600
800

3.8
0.998
1.4
1.25
1.20
1.7

175
657
616
753
1165
1113

关 V In兴
(cm⫺3 )

⭓5⫻1018
7⫻1016
2⫻1017
8⫻1016
⭐1016
⭐1016
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FIG. 2. S and W parameters and the positron average lifetime in the InN
layers. The positron beam energy was chosen to E⫽3–7 keV so that the
layer-specific annihilation parameters were recorded. The linearity between
the S and W, and between the S and  ave indicates that the same vacancy is
present in all layers.
FIG. 1. S parameter vs positron beam energy. The corresponding mean
implantation depth of positrons is indicated on the top axis.

expected from its nominal thickness 共Table I兲.
The lowest S parameter, S⬇0.483 is found in the thickest 600 and 800 nm layers. In the thinner layers the S parameter is clearly higher. The increased S parameter indicates that positrons get trapped at vacancy defects. In two of
the samples 共Nos. 2 and 3兲, the S parameter increases towards to the interface, suggesting that the vacancy concentrations are higher in the interface region. The positron lifetime experiments show very similar results. The average
positron lifetime  ave inside the InN layer was 190 ps in the
thickest layer 共No. 6兲. In the thinnest layer, where the S
parameter was also the highest, the average positron lifetime
increased up to 260 ps.
The linearity between the parameters S, W, and  ave
gives information on the number of different positron states.8
The (S,W) plots with positron energy as a running parameter
give no indications of positron trapping at the InN/sapphire
interfaces. In Fig. 2, the layer-specific S and W pa rameters
form a line, suggesting that positrons annihilate in two states:
as free positrons, characterized by annihilation parameters of
defect-free InN (S b ,W b ) and as-trapped at the vacancy
(S V ,W V ). Similarly, the dependence between the positron
average lifetime and the S parameter is linear 共Fig. 2兲, indicating that the vacancy in each of the layers is the same.8
Figure 3 shows the high momentum part of the annihilation peak measured using a two-detector 共Ge–NaI兲 coincidence setup to reduce the background level. The results are
compared with the theoretical momentum distributions,
which were calculated by using atomic core electron wave
functions.10,11 Above 15⫻10⫺3 m 0 c the momentum distribution is mainly made up of the annihilations with the atomic
core electrons and it thus gives information on the atoms
around the annihilation site. The strongest contribution
comes from the 4d electrons of indium. At the N vacancy the
calculated wave function of positrons overlaps strongly with
the neighboring In atoms, resulting in the momentum distri-

bution very similar to the free-positron annihilation. In case
of the In vacancy, the In atoms are now the second nearest
neighbors, which decreases the intensity of the momentum
distribution. Such intensity reduction is observed between
the samples No. 6 共low vacancy concentration兲 and No. 1
共high vacancy concentration兲 which indicates that the observed vacancies are In vacancies.
The identification of the In vacancy is supported also by
the positron lifetime experiments. The positron lifetime in a
InN lattice was calculated to be 184 ps, and the lifetimes of
positrons trapped at N and In vacancies were 186 and 260 ps,
respectively. These are close to the experimental

FIG. 3. Core electron momentum distributions in the InN layers. The lower
inset presents the experimental results in samples No. 1 and No. 6, measured
at beam energies of 2.5 and 7 keV, respectively. The upper inset shows the
results of theoretical calculations for the InN lattice and vacancies in both
sublattices.
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average positron lifetimes of 190 and 260 ps in samples No.
1 and No. 6, respectively 共Fig. 2兲. Although the decomposition of the measured lifetime spectra into free positron and
vacancy related components was not successful due to difficulties in the background reduction, the observed difference
of about 70 ps between the average positron lifetimes in the
thin and thick samples 共Fig. 2兲 can result only from positron
trapping at In vacancies.
In the thick layers 共Nos. 5 and 6兲 the parameters S and
W remain constant at temperatures 30–300 K, which is typical for free positron annihilation in a lattice. The positron
lifetime spectrum measured in the thick layer 共No. 6兲 constitutes mainly of one exponential decay component, also indicating that the vacancy concentration must be very low,
⭐1016 cm⫺3 . The annihilation parameters S b , W b , and  b
recorded in the thickest layers thus represent those of
vacancy-free InN.
In the standard positron trapping model the vacancy concentration can be calculated from8
N at
共 S/S b ⫺1 兲
c V⫽
,
 V  b 共 S V /S b ⫺S/S b 兲

共1兲

where S V is the S parameter specific to the vacancy,  V the
positron trapping coefficient, N at ⫽6.367⫻1022 cm⫺3 is the
atomic density, and  b the positron lifetime in vacancy free
InN. Typically, the S V parameter for the monovacancy8 is
about 1.03– 1.05⫻S b 共e.g., S V ⬇1.046⫻S b for V Ga in
GaN12兲. The S parameter in the thinnest layer 共No. 1兲 is
about 4.9% higher than in the thickest layers. The average
positron lifetime in the thinnest layer is about the same as the
calculated value for the V In . Together these suggest that in
the thinnest layer 共No. 1兲 all positrons get trapped at vacancies. The determination of the exact vacancy concentration is
not possible, but a lower limit estimate is about 5
⫻1018 cm⫺3 .
The vacancy concentrations in other samples 共Table I兲
were estimated by using  b ⫽184 ps and the S parameters
recorded in the thickest and thinnest layers as S b and S V ,
respectively. We further take  V ⫽2⫻1015 s⫺1 , which is a
typical value for negative vacancies.8 As a result, the In vacancy concentration decreases over two orders of magnitude
when the layer thickness increases 共Fig. 4兲. The higher vacancy concentration closer to the InN/Al2 O3 interface is also
seen from S and W vs E curves in Fig. 1.
The observation of V In agrees with the theory,5 as V In
should have the lowest formation energy of all native defects
in n-type InN. The higher vacancy concentration closer to the
InN/Al2 O3 interface suggests that the formation of the vacancies could be related to other defects, e.g., dislocations or
impurities, in the interface region. The N vacancy, which has
a low formation energy according to theory,5 could also be
present but escapes detection by positrons due to the positive
charge state.
The quality of InN has been shown to increase with the
increasing layer thickness.13,14 This is evident also in this
study, where the Hall mobility increases from below 200 to
above 1100 cm2 /V s as the layer thickness is increased 共Fig.
4兲. The enhanced electron mobility indicates that the defect

FIG. 4. Electron Hall mobility and In vacancy concentration as a function of
the InN layer thickness.

densities are reduced at longer distances from the interface.
The vacancy concentration simultaneously decreases drastically 共Fig. 4兲, suggesting that the observed vacancies limit
the electron mobility by acting as scattering centers.
In summary, we observe In vacancies in MBE-grown
InN layers by positron annihilation spectroscopy. The concentration of vacancies decreases with the increasing layer
thickness. The decrease in 关 V In兴 from above 1018 to below
1016 cm⫺3 correlates with the increase in the electron Hall
mobility, suggesting that the vacancies may significantly
limit the electron mobility in the thinner layers.
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