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Abstract

We use positron annihilation spectroscopy to study 2 MeV 4He+

irradiated InN grown by molecular beam epitaxy and GaN grown by
metal-organic chemical vapor deposition. In GaN, the Ga vacancies
act as important compensating centers in the irradiated material, in-
troduced at a rate of 3600 cm−1. The In vacancies are introduced
at significantly lower rate of 100 cm−1 making them negligible in the
compensation of the irradiation-induced additional n-type conductiv-
ity. On the other hand, negative non-open volume are introduced at a
rate higher than 2000 cm−1. We propose that these defects are related
to N interstitials and ultimately limit the free electron concentration
at high irradiation fluences.

1 Introduction

Indium nitride has a low energy band gap of ∼0.7 eV [1, 2, 3, 4, 5]. This
makes InN a suitable material for infrared applications such as light emit-
ting diodes and lasers which are used in optical communications industry.
Additionally, its radiation hardness makes it a desirable material for multi-
junction solar cells [6]. The material has been lately under intense research
in order to determine the basic electronic and optical properties. Only few
experimental results are available on irradiation-induced defects in InN. It
has been shown that irradiation produces donor-like defects resulting to an
increase in free electron concentration and a decrease in mobility [7]. The
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electron concentration saturates at high irradiation fluence due to the pin-
ning of the Fermi level high in the conduction band [8, 9]. Also the high
tolerance against particle radiation of InN compared to other photovoltaic
materials such as GaAs, GaInP and GaN has been observed [6].

Our goal is to study the compensating point defects introdued in the
irradiation of InN with 2-MeV He+ ions. In earlier studies [9] the electron
concentration in initially n-type InN (ne = 1×1018 cm−3) has been observed
to increase linearly with the irradiation fluence and saturate to the value of
ne = 4× 1020 cm−3 at the fluence of 2× 1015 cm−2. This behavior has been
explained by the production of donor like point defects, which are preferable
when the Fermi stabilization energy (EFS) is above the Fermi level (EF),
which is the case in as-grown InN. Further, when the Fermi level reaches
the EFS, compensating acceptor-like defects are supposedly formed at the
same rate as donor-like defects resulting in the saturation of the electron
concentration [9]. The electron (donor) production rate in InN has been
observed to be ∼3.5×104 cm−1 [7].

2 Experimental

In this work we present results on seven InN samples grown by molecular
beam epitaxy (MBE). The samples were irradiated with 2 MeV 4He+ particles
to fluences ranging from φ = 5× 1013 cm−2 to φ = 2× 1016 cm−2. The InN
samples were 0.6− 2.7 µm thick. The residual electron concentration in as-
grown InN was 1×1018 cm−3 and the electron mobility 1560 cm2/Vs, based
on Hall effect measurements. The electron concentration increased in the
irradiation up to ∼4×1020 cm−3, while the mobility decreased all the way
to ∼60 cm2/Vs. For comparison, we studied also similarly irradiated GaN
samples grown by metal-organic chemical vapor deposition (MOCVD), which
turn from slightly n-type to semi-insulating in the irradiation.

We used a variable-energy positron beam with high-purity Ge detectors to
measure the Doppler broadening of the positron-electron annihilation radia-
tion. Positrons are sensitive to negatively charged or neutral vacancy defects
and they can also get trapped at negatively charged non-open volume defects
such as negative impurities [10]. At a vacancy, the electron density is lower
and electron momentum distribution narrower compared to the defect-free
lattice. We use the conventional low momentum (S) and high momentum
(W) parameters to analyze the data.
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3 Results

Figure 1 shows the S parameters measured at room temperature as a function
of positron implantation energy in selected InN and GaN samples. The higher
parameter values at low energy result from the positron annihilations at the
surface of the samples. The plateau starting from energy of ∼4 keV is due
to the positron annihilations in the InN and GaN layers characterizing the
lattice parameters. The effect of irradiation can be seen as a shift upwards
in these parts of the curves. At higher energies, depending on the thickness
of the sample, the S parameter decreases as positrons reach the substrate
material (Al2O3).

0.49

0.48

0.47

0.46

0.45

0.44

0.43

S
 p

a
ra

m
e

te
r

302520151050

Positron energy (keV)

 InN, φ=4.4x1013 cm-2

 InN, φ=8.9x1015 cm-2

 GaN, as-grown

 GaN, φ=8.9x1015 cm-2

Figure 1: The S parameters as a function of positron implantation energy
measured in selected InN and GaN samples.

The S (and W, not shown) parameters in the as-grown GaN sample co-
incide with those measured in a high-quality GaN samples grown by hydride
vapor phase epitaxy, where positrons are known to annihilate only in the free
state [11]. The InN sample irradiated to the fluence of 5×1013 cm−2 exhibited
a slightly lower S parameter than the previously used InN reference [12, 13].
We interpret this to originate from the greater thickness of the current sam-
ple (2.7 µm), since in the same work the quality of the MBE grown InN
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is known to improve with increasing layer thickness. In addition, as shown
below, the vacancy concentration produced in InN with this fluence should
be below the detection limit of the positron method at room temperature.
This sample is thus taken as a reference for the InN lattice in this work.
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Figure 2: The S parameters measured in the InN samples (fluences from
5.6×1014 cm−2 to 1.8×1016 cm−2) as a function of temperature. The behavior
is typical for negative ion type defects competing with vacancies in positron
trapping.

As can be seen in Fig. 1, the S parameter increases clearly less in InN than
in GaN with the same irradiation fluence. In order to determine the possible
effect of negative ions on the room temperature data, we measured four ir-
radiated InN samples at temperatures ranging from 20 K to 300 K (Fig. 2).
The S parameter measured in the layer decreases with decreasing temper-
ature, indicating that negative ions compete with vacancies in trapping of
positrons at low temperatures, as the negative ions produce the annihilation
parameters of the defect-free lattice. At temperatures near 300 K, the S
parameter changes only slightly, indicating that mostly vacancy defects trap
positrons. The plateau at low temperatures further indicates that temper-
ature dependencies of the trapping rates of vacancies and negative ions are
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the same (T−1/2, see Ref. [14]) and thus the vacancy defects are negatively
charged.
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Figure 3: The relative W parameter as a function of the relative S parameter
in He+ irradiated layers. The points fall on a straight line.

We identify the vacancy defects by plotting the S and W parameters
measured in the layers in the (S,W) plot. When the vacancy concentration
is below the detection limit, we obtain values Sb and Wb, representing bulk.
Similarily, in a sample where all the positrons annihilate trapped at vacancies
(saturation trapping) we get Sd and Wd, characterizing the vacancy. All the
samples containing the same type of vacancies at different concentrations
fall on the line connecting (Sb,Wb) and (Sd,Wd). The slope of the line gives
the identity of the vacancy, and the position of a point of the line gives the
vacancy concentration.

We use the In vacancy specific parameters determined in previous studies
in InN, namely Sv=1.049×Sb and Wv=0.79×Wb [12]. These parameters
are shown together with the measured parameters from the irradiated InN
samples in Fig. 3. As all the points fall on the same straight line connecting
the InN bulk and In vacancy specific parameters, we identify the observed
vacancy defect as the In vacancy. Interestingly, the In vacancy concentration
seems to saturate at the fluence of 2× 1015 cm−2.
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In the GaN samples the S (and W) parameters increase (decrease) with
the irradiation fluence until they reach the values S/Sb = 1.058(6) and
W/Wb = 0.76(3) at the fluence of 2 × 1015 cm−2. Above this fluence no
change in the S and W parameters was observed. The saturated parame-
ters coincide with the values determined previously for the Ga vacancy [15],
taking into account the present detector resolution of 1.24 keV at 511 keV.
The points measured in the GaN samples irradiated to lower fluences fall on
the line conncecting the GaN bulk the Ga vacancy parameters, indicating
that Ga vacancies are produced in the irradiation, as expected from earlier
studies on irradiated GaN [16, 17].

4 Discussion

The vacancy concentrations in the samples can be estimated from the layer
specific S parameters using the standard positron trapping model with a
positron trapping coefficient of 2 × 1015 cm3s−1 [10]. Figure 4 shows the
estimated vacancy concentrations as a function of irradiation fluence. [VIn]
saturates to 4×1017 cm−3 at the fluence of 2×1015 cm−2. This result clearly
indicates that the saturation of the free electron concentration [9] can not
be due to the In vacancy production. The Ga vacancy concentration in
GaN increases linearly as a function of irradiation fluence. All the positrons
annihilate as trapped at Ga vacancies in the three most heavily irradiated
samples, and hence only a lower limit of ∼ 1 × 1019 cm−3 can be given for
those samples.

The introduction rates (defined as ΣV = [V ]/φ) of In and Ga vacancies
can be estimated from the data in Fig. 4. The introduction rate of the In
vacancies is ΣV,In = 100 cm−1, and that of the Ga vacancies is ΣV,Ga =
3600 cm−1. The introduction rate of the Ga vacancies in GaN is of the
expected order of magnitude if compared to 2-MeV electron irradiation, in
which the introduction rate is about 1 cm−1, as the 2-MeV He+ ions are
about 2000 times heavier than the 2-MeV electrons. Hence the Ga vacancies
act as important compensating centers causing the material to become semi-
insulating in the irradiation. On the other hand, the introduction rate of
the In vacancies, which is almost two orders of magnitude lower than that
of the Ga vacancies, suggests that the observed In vacancies are not primary
defects produced in the irradiation. In addition, their final concentration and
low introduction rate clearly indicate that the saturation of the free electron
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Figure 4: Estimated indium and gallium vacancy concentrations at differ-
ent irradiation fluences. The vacancy production rates are 100 cm−1 and
3600 cm−1 respectively (fitted lines). The circulated point gives the lower
limit for the Ga vacancy concentration in the GaN samples with heaviest
irradiation fluences.

concentration at 4×1020 cm−3 (the donor introduction rate is 3.5×104 cm−1)
[9] is not due to In vacancy production.

To find out if the negative ions could be the compensating defects giv-
ing rise to the saturation of free electron concentration in InN, we estimate
the negative ion concentrations in the samples irradiated to the fluences of
6×1014 cm−2 – 2×1016 cm−2. The concentrations can be estimated using
the temperature-dependent trapping model [10]. The trapping rate to the In
vacancies at room temperature can be estimated from the measured S pa-
rameters from κ300 K

V = λb(S−Sb)/(Sd−S). , when we know the lattice and
vacancy-specific parameters Sb and Sd. The trapping rate to the negative
ions can be estimated in the same way as in Ref. [18] using κ50 K

V , obtained
from the T−1/2 temperature dependence of the trapping coefficient for nega-
tive defects. Based on this we estimate the negative ion concentrations in all
the four measured samples to be in the range of 0.8 – 3×1018 cm−3 (Fig. 4),
using the same positron trapping coefficient for negative ions as for nega-
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tively charged vacancies. As the concentration is not increasing significantly
with the irradiation fluence, it would seem that negative ions can not explain
the compensating effect obtained in the irradiated InN.

From the sample with the two lowest He+ fluences where the negative
ion concentration was measured, we can estimate that the introduction rate
is about Σion = 2000 cm−1, which is still an order of magnitude too low to
explain the saturation of the electron concentration. However, the decrease
in the apparent negative ion concentration in the samples with the high-
est fluences suggests an explanation for this apparent discrepancy. As the
donor concentration is high (above 1019 cm−3) already after the irradiation
fluence of 5× 1014 cm−2, it is likely that the negative charge of the negative
ions is screened by the very high free electron concentration. This screening
becomes naturally even more efficient at higher fluences, finally causing the
apparent negative ion concentration to even decrease with increasing fluence.
Hence the negative ion concentrations may be severely underestimated. On
the other hand, this screening of the negative charge would not have any
significant effect on the estimation of the vacancy concentration, as the dif-
ference in the positron trapping coefficients between negative and neutral
vacancies is only about a factor of 2 at room temperature.

Based on the Hall mobility, the actual concentration of negatively charged
defects is indeed likely to be higher than the apparent concentration of neg-
ative ions at high fluences. In a previous study [12], the Hall mobility of
200 cm2/Vs was correlated with a negative defect (In vacancy) concentra-
tion of about 1019 cm−3. In the present work the mobility is 60 cm2/Vs at
its lowest, suggesting a concentration of (negative) scattering centers of an
order of magnitude higher. As the In sublattice is clearly quite resistant to
the radiation damage based on the low In vacancy concentration, it seems
that either the In interstitial or the In vacancy (or both) are rather mobile
at room temperature, resulting in fast recombination of the Frenkel pairs or
defect out-diffusion to the sample surface. Hence it seems likely that both
the donors and dominant compensating defects (acceptors) originate from
the damage created in the N sublattice. The VN are likely to be the donor
defects, and hence we propose that the dominant compensating defect intro-
duced in the irradiation is related to the N interstitial.
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5 Summary

We have studied the compensating point defects introduced in the 2-MeV
He+ irradiation of InN and GaN. In GaN, the Ga vacancies act as impor-
tant compensating centers in the irradiated material, introduced at a rate
of 3600 cm−1. The In vacancies are introduced at significantly lower rate
of 100 cm−1 making them negligible in the compensation of the irradiation-
induced additional n-type conductivity. On the other hand, negative non-
open volume are introduced at a rate higher than 2000 cm−1. We propose
that these defects are related to N interstitials and ultimately limit the free
electron concentration at high irradiation fluences.
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