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Abstract

GaN layers were irradiated at room temperature with swift heavy ions. AFM
(atomic force microscopy) images of specimens irradiated under grazing incidence show
tracks. With 74 MeV K, the contrast is very faint unlike for 92 MeV Xe and 104 MeV
Pb. This behavior indicates that the electronic energy loss threshold to produce tracks at
grazing incidence is around 17keV/nm. These tracks consist of two parts, one with a
rather homogeneous contrast, and a second with regularly spaced dots. Measurements in
the bulk region after irradiation with 132 MeV Pb ions show tracks with a diameter of
about 3 nm.

Keywords: GAN, AFM, Threshold energy.

1. Introduction

Energy deposition in materials was extensively carried out during the last two
decades. Systematic investigations- have allowed analyzing the behavior of metals, insulators
and semiconductors in a large electronic stopping power range thanks to heavy ions
accelerated to a few hundreds of MeV. According to the intrinsic properties of the materials,
different induced effects were found: latent tracks in oxides, defects in metals. Concerning the
semiconductors, the electronic excitation induced by high energy heavy ion irradiation can
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lead to different effects. For elemental semiconductors, Si and Ge, it was initially shown that
recrystallized tracks were formed in amorphous materials [1]. Si and Ge single crystals
displayed a very low sensitivity only to very high electronic excitations [2-5]. For compound
semiconductors, some are rather insensitive (e.g. SiC, GaAs, GaP, AIN) whereas others are
sensitive (InP, InSb, GaSb) [6].

Nitride semiconductors, GaN, AIN and InN, and the ternary and quaternary related
compounds are materials that have attracted a lot of attention in the last few years in
optoelectronic and microelectronic fields: blue light emitting diodes [7], high-temperature and
high-power electronic devices [8]. Because of the lack of bulk substrates, wurtzite gallium
nitride layers are usually grown by means of heteroepitaxial techniques on sapphire or SiC
substrates [9]. Due to the considerable lattice mismatch between GaN and these substrates, a
high density of threading dislocations (10'°cm™) is present. The introduction of the ELO
(Epitaxial Lateral Overgrowth) technique has allowed bringing down the density of
dislocations to the range of 5x10° cm™ [10]. As a consequence, Nakamura ef al.[11]
demonstrated a blue laser diode with a lifetime of more than 10 000 h.

Due to the interest in doping nitride semiconductors by rare earths in order to get
specific emissions, interaction of ions with GaN was extensively studied in the last past
decade. These works were mainly carried out in the elastic collision range. Recently, analysis
of the damage creation was reported with swift heavy ions (7AW", 2%pb*7) [12,13]. It was
shown that tracks exhibiting a large degree of structural disordering were formed, and that
damage accumulation and efficient erosion of the irradiated layer occur at low values of
electronic energy deposition density (1.3keV/nm?).

2. Experiments

In this work, we wish to improve the analysis of energy loss due to inelastic collisions
in GaN mainly under grazing incidence. A 4 um thick epilayer GaN (n-type Si doped) grown
on the ¢ plane of sapphire was used. The crystallographic structure corresponds to the 2H
hexagonal polytype or wurtzite. The density of threading dislocations is about 5x10%m™, and
the carrier concentration is 3x10'’cm™. The samples, bulk and ion-thinned, were irradiated at
room temperature at the GANIL (Grand Accelérateur National d’lons Lourds) accelerator in
Caen, France with 74 MeV *Kr'®*, 92 MeV '¥Xe**, 104 MeV 2“Pb*™™", and 132 MeV
29pp*** jons provided by the beam line IRRSUD (Table 1). Due to the low fluences used no
warm up of the sample was observed.

Specific data concerning the experiments are given in table 2. The ranges are larger
than the thicknesses of the specimens avoiding the implantation of the ions in the material.
The fluences were kept low enough to prevent the overlapping of tracks.

A fast way to characterize the specimens is to use a non-destructive technique without
any preparation of the specimen; atomic force microscopy (AFM) offers this facility.
However, the detection of the damages is not so easy if no swelling, hillock or crater
formations occur, and atomic scale images can be required [14]. Very recently, materials were
irradiated under grazing angles of incidence, in the range of (1-6°) [15,16]. The energy is now
deposited in the vicinity of the surface, and therefore the damages are locally enhanced. It was
shown that multiple periodically spaced dots can be created by a single ion, and that the
spacing depends on the incidence angle. The efficiency and sensitivity of this experimental
method being proven, it was used in our experiments on GaN to allow the detection of the
first stages of damaging. The analysis by transmission electron microscopy (TEM) was only
done for the most energetic ion on a normal incidence, Pb, when the tracks were most
certainly formed, and their density was large enough. It was performed in a Jeol 2010 with a
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field emission gun operating at 200 kV. Specimens were ion-thinned at 5 keV with argon ions
before irradiation. AFM images were carried out in the tapping mode.

Tons 74 MeV Kr'®" 92 MeV '“Xe” 104 MeV “Pb™" 132 MeV “"Pb™""
(dE/dx). (keV/nm) 17,1 22.5 24,1 283
(dE/dx), (keV/nm) 0.08 0.20 0.57 0.47

Ranges (um) 8.3 8.2 8.3 9.3

Table 1: Electronic, (dE/dx)., nuclear, (dE/dx),, stopping power, and ranges of swift heavy ions used in the
irradiation of GaN epilayers.

Tons 74 MeV "Kr'™ 92 MeV WXe™ 104 MeV "UPb 132 MeV ""Pb
Incidence angle (° 1.5 90 1.5 90 1.5 90
Beam flux (ions/cm?/s) 410° 1510 410° 1510° 210’ 1.510%
Fluence (ions/cm?) 510° 510  110° 510" 10° 510"

Table 2: Specific data of the irradiation.

Before irradiation, the surface is formed by atomically flat terraces with atomic steps;
the roughness Rms (root-mean-square) is equal to 0.15 nm. The heights of the steps
correspond to ¢ or ¢/2 (agay = 0.319 nm, cg,v = 0. 5185 nm). Some dislocations are clearly
visible as black spots (Fig.1b and c).

Fig. 1: AFM images after irradiation under grazing incidence: a) 74 MeV **Kr'®" very faint contrast, b) 92 MeV
2Xe**and c) 104 MeV *’Pb**": formation of dots, d) TEM image: GaN irradiated with 132 MeV **’Pb**" under
normal incidence showing tracks of 3 nm diameter.

With the 74 MeV *Kr'®" ions, irradiation leads to a slight change of the features of the
surface with formation of faint tracks that makes valid the assumption of a threshold for the
formation of tracks on the surface in this range of energy. More important alteration of the
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surface is obtained with the two other ions with a greater electronic stopping power, 92 MeV
129X e®" and 104 MeV 2”Pb**" (Fig.1a, b and c).

The density of observed tracks is rather in agreement with the fluences: Kr 5
ions/um?:6 impacts/um?, Xe 10 ions/um”8 impacts/um’, Pb 10 ions/um* 5 impacts/pm’.
Assuming that one ion creates one track and using the fluence reached for a normal incidence
(measured during the experiment with an accuracy of 10%) it is possible to calculate the
incidence angle. In grazing incidence, the tracks are non homogeneous, and non continuous
with formation of separated dots at the end of the track. For the same track, the detected
features on the AFM images must be associated with events at different depths. In these
conditions, the variation of the morphological characteristics of the tracks between the
beginning and the end can be attributed to either surface or depth effects, and to one or several
mechanisms of energy loss: surface sputtering, electronic excitation.

Dots are systematically formed with Xe and Pb ions, with Kr ions the great majority of
the tracks is dot free. That indicates that the electronic energy loss threshold to produce tracks
on the surface by grazing incidence irradiation is around 17keV/nm. Other experiments, like
TEM observation of normal incidence irradiated samples, are needed to know if this threshold
for surface effects is the same as the threshold for track formation in bulk specimen. Such a
threshold is up to now not known for GaN. Another important characteristic is the diameter of
the tracks. Due to the long-reaching forces employed in AFM measurements, the
measurement of the diameter of a surface structure is folded with the tip size, which is not
well known. We have therefore chosen to utilize TEM measurements for the diameter of
normal incidence targets. lon-thinned TEM specimens were observed after irradiation with
132 MeV 2®Pb**", and the TEM images show tracks with a diameter of about 3nm (Fig.1d).

Considering the lengths of the tracks and the incidence angles calculated with the
number of impacts, the maximal depths of the visible part of the tracks were estimated (Table
3). Due to the too faint contrast of the tracks after irradiation with Kr ions, only the
irradiations with Xe and Pb ions were taken into account. The smaller the incidence angle, the
larger the length is, as expected. Knowing that the diameter of the tracks is not very sensitive
to the electronic stopping power, we can take this value of 3 nm for Xe and Pb ions. With
such depths and diameters, the surface should not altered, however dots with a height of 3 nm
are formed.

92 MeV "“Xe™" 104 MeV “”Pb™"

Average length of the tracks (nm) 190 246

Incidence angle (°) 1.1 0.7

Depth of the end of the visible part of the tracks (nm) 3.7 2.7
Height of the dots (nm) 3 3

Table 3: Morphological features of the tracks.

These dots were also observed after irradiation of SrTiOs and SiO; [15,16], the heights
being similar: 3 and 2.5 nm, respectively. The common point between these three materials
irradiated with the same swift heavy ions under grazing incidence is the modification of the
top surface of the layer. The AFM images show that the tracks consist of two parts, one with a
rather homogeneous contrast, and the second with regularly spaced dots (Fig.1b and c). In
these conditions of irradiation, the interaction of the ion with the surface should be visible as
an elongated defect corresponding to the sputtering or evaporation of the material when the
ion impinges the surface. The first part could be attributed to this effect. In the case of SrTiOs,
the dots were explained on the basis of deposition of energy on the planes parallel to the
surface containing the highest density of electrons [15], but this model fails for the irradiation
of amorphous materials.
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The deposition of discontinuous energy at the nanometric scale was then considered
[16]. Although, the formation of dots is therefore still controversial, this phenomenon gives a
new option to the nanostructuration of the surface of semiconductors.

4. Conclusion

This paper offers the opportunity to characterize the effect of a 74 MeV Kr, 92 MeV
Xe and 104 MeV Pb swift heavy ion impinging at normal and grazing incidence on GaN. In
figure 1 we show AFM and TEM images of a sample that was irradiated under grazing and
normal incidence angles resulting in two types of defects. the defects density observed is not
important to affect the GaN properties. We conclude that GaN material is the less sensitive to
heavy ions irradiations compared to the classical semiconductors like Si, Ge and GaAs. This
makes it the appropriate material for applications in hostile’s environments and in panel solar
technologies.
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