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Abstract. In this study, annealing of deep level (EL2) defect in gallium arsenide (GaAs) nanostructures by argon ion beam
irradiation has been reported. GaAs nanodots of diameter ranging from 15 to 22 nm were deposited on silicon substrates
using the ions of GaAs generated by hot, dense and extremely non-equilibrium argon plasma in a modified dense plasma
focus device. GaAs nanodots thus obtained were irradiated by Ar2+ ion beam of energy 200 keV with varying ion fluences
from 1 × 1013 to 5 × 1015 ions cm−2 in the low energy ion-beam facility. The ion-beam irradiation transformed the asdeposited GaAs nanodots into uniform GaAs nanostructured films of thickness ∼30 nm. The obtained nanostructured films
are polycrystalline with paucity of arsenic antisite (EL2) deep level defect. The excess arsenic present in the as-deposited
GaAs nanodots is the main cause of EL2 defect. Raman and photoluminescence measurements of GaAs nanostructured
films indicates removal of excess arsenic, which was present in as-deposited GaAs nanodots, thereby suggesting annealing
of EL2 defect from the ion-irradiated GaAs nanostructured films. The change in conductivity type from n- to p-type obtained
from Hall measurement further confirms annealing of EL2 defects. The ion-irradiated GaAs nanostructured films have low
leakage current due to removal of defects as obtained in current–voltage study, which corroborate the annealing of EL2
defect. The defect-free GaAs nanostructured films thus obtained have potential applications in fabrication of highly efficient
optoelectronic and electronic devices.
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1. Introduction
Future generation nanotechnology requires nanodevices
having high efficiency and improved characteristics properties for wide range of applications. The modification/
alteration in the fundamental properties of materials leads to
reliable devices of high efficiency. A number of researches
[1,2] are available, which show improvement in the fundamental properties of materials at nanoscale. The properties
of nanomaterial can be further modified/improved through
several post-deposition processing obtained through number of techniques [3,4]. Ion-beam irradiation is one of the
well known techniques, used for alteration in the properties
of nanomaterials. These alterations are obtained in terms of
defect states, which will further modify the fabricated device
characteristics [4,5].
Gallium arsenide (GaAs) is one of the semiconducting
materials with several fascinating properties, which are continuously modified/improved by researchers for improvement
in fabricated device characteristics and for making novel
devices [6,7]. The characteristics of these devices can be
further improved using nano-GaAs. However, nano-GaAs
suffers from several defects, which limits or suppresses the
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fabricated device characteristics [8]. This is to note that
GaAs nanostructures are mainly suffer from the arsenic
antisite (AsGa ) defect, present in nanostructures due to nonstoichiometric GaAs (mainly due to excess arsenic). This
arsenic antisite defect introduces a deep level in the middle of
the band gap and is commonly known as EL2 defect. EL2 is a
deep-level defect present in GaAs nanostructures and due to
this defect, the GaAs nanostructures show n-type conductivity
[9,10].
It is well known that ion- and electron-beam irradiations
induce several defects in the as-grown nanostructured materials [4,11]. The ion-beam irradiation can be done using swift
heavy ion (SHI) and low-energy ion beam. The irradiation
of GaAs nanostructures using SHI (having energy from few
to tens of MeV) results in the degradation of structural and
electronic properties of nanostructures in terms of surface
destruction and defect formation [12–14]. Using the SHI
beams of Li, B, O and Si ions of energy ranging between 30
and 100 MeV in GaAs nanostructures, it has been observed
that stress-induced defects are formed, which degrade the
performance of the fabricated device [12]. Dhamodaran et
al [13] have irradiated InGaAs/GaAs heterostructures by
SHI of Ag12+ having energy 150 MeV and observed the
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modification in the morphology of the films and induction of
inhomogeneous strain in the samples. On the other hand, the
irradiation of GaAs nanostructures by low-energy ion beam
(having energy from few keV to hundreds of keV) results in
less surface destruction and defect formation [15–19].
In an earlier study [20], we have demonstrated that the
irradiation of as-deposited GaAs nanodots using low-energy
ion beam results in the surface modifications of nanodots
along with the suppression/annealing of deep-level defect.
The obtained nanostructures have potential to be used in fabrication of more efficient devices. However, when we use
low-energy ion beam for irradiation of nanostructures, then
the slight variation in the energy of ion beam can result in
dramatic changes in the fundamental properties of the nanostructures. This opens a wide field of applications for the
irradiated nanostructures such that more efficient devices can
be fabricated. This motivates us to conduct the present study
of ion irradiation of as-deposited GaAs nanodots with ion
beam of energy 200 keV.
In the present study, GaAs nanodots are fabricated through
GaAs ions generated by hot, dense and extremely nonequilibrium argon plasma in a modified dense plasma focus
(DPF) device. The as-deposited nanodots are found to possess excess of arsenic, making them electronically n-type [10].
However, it is reported in the literature [9,10] that the excess
of arsenic is the main cause of deep level EL2 defect in GaAs
and the presence of this defect degrades the performance and
efficiency of fabricated devices. Thus, to anneal this defect,
we have conducted this study and irradiated the as-deposited
GaAs nanodots with low-energy argon ion beam of energy
200 keV. The modification/enhancement in the morphological, structural, optical, electrical and transport properties of
ion-irradiated nanostructures is studied and reported. We have
also presented a comparative study of the properties of asdeposited GaAs nanodots with ion-irradiated nanostructures.
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In the present set of experiments, a GaAs disc was made
from GaAs wafer (99.99% pure) [10] and fitted on the top
portion (within groove) of the modified anode of DPF device.
The hot, dense and extremely non-equilibrium argon plasma
formed at top of anode interacted with the GaAs disc and
ablates the GaAs material from the disc. These ablated material ions along with argon ions move vertically upward in
fountain-like structure and get deposited on Si(100) substrates
placed at a distance of 5.0 cm from anode top. In this process,
we have used two bursts of focussed plasma for nanofabrication of GaAs. These as-deposited GaAs nanostructures
were characterized to study their morphological, structural,
optical, electrical and transport properties. Subsequently, the
as-deposited GaAs nanostructures were irradiated by argon
ion beam of energy 200 keV using ion beam facility available
at Inter University Accelerator Centre (IUAC), New Delhi.
The irradiation was done in raster scan mode for ion fluence
varying from 1 × 1013 to 5 × 1015 ions cm−2 .
Surface morphological studies were carried out on MIRA3
TESCAN field emission scanning electron microscope
(FESEM). An Oxford-EDS system IE250 X-MAX 80 energy
dispersive X-ray (EDX) spectrometer attached to environmental SEM model Quanta 200 FEI was used to carry out
stoichiometric analysis of GaAs nanostructures. Structural
properties in terms of X-ray diffraction (XRD) were studied
using D8 DISCOVER X-ray diffractometer with λ = 1.54 Å
and CuKα source of radiation. The presence of defect states
in the nanostructures were initially analysed using Raman
spectra, which was recorded on an in-Via Reflex (Renishaw)
spectrometer equipped with Ar–Ne laser. Photoluminescence
(PL) spectra was further used to confirm the Raman results and
PL measurements were done on Fluorolog (HORIBA JOBINYVON) spectro-fluorophotometer with excitation wavelength
of 470 nm (2.638 eV). The optical results were corrobated by
electrical measurements in terms of Hall and current–voltage
(I –V ) characteristics, which were carried out on ECOPIA
HMS-3000 system at both room and liquid nitrogen temperatures.

2. Experimental
A 3.3 kJ Mather type [21] modified DPF device was used to
deposit GaAs nanodots on silicon (Si) (100) substrates. The
DPF device has a central anode surrounded by six coaxial
cathodes. To carry out nanofabrication, the central anode of
DPF device was suitably modified to have a detachable top
portion. The detached top portion was further modified to have
a groove on top of it. A disc/pellet of material can be fitted
into this groove. The top flange of DPF device was also modified such that two brass rods, one having Perspex substrate
holder and other having aluminium shutter can be inserted
from top flange of the plasma chamber. However, these brass
rods can easily be moved vertically to adjust the distance
between substrate and anode top. The details of modification
in DPF device and formation of high temperature, high density and extremely non-equilibrium plasma in the device has
already been published earlier [10,20,22–24].

3. Results and discussion
A typical SEM image showing formation of GaAs nanodots in as-deposited samples is shown in figure 1 (inset of
figure 1 shows SEM image of high resolution). The detailed
study of surface morphological, structural, optical, electrical and transport properties of as-deposited GaAs nanodots
was presented elsewhere [10]. However, here, we report
a comparative study of the ion-irradiated GaAs nanostructures with as-deposited GaAs nanodots. The average diameter
of as-deposited nanodots was found to be 22 nm [10]. The
irradiation of these nanodots with argon ion beam of
energy 200 keV and ion fluence 1 × 1013 , 5 × 1014 and
5 × 1015 ions cm−2 results in the formation of nanostructured
films as can be seen from figure 2a, b and c, respectively.
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Figure 1. SEM image of as-deposited GaAs nanodots (inset
showing high resolution SEM).

Figure 2 also shows that the nanostructured films become
more uniform as the ion fluence increases from 1 × 1013
to 5 × 1015 ions cm−2 . Moreover, the number density of
nanostructures is very low in ion-irradiated samples, thus,
it is difficult to perform size distribution of nanostructure
through histogram analysis. However, typical nanostructures
are shown with arrow having size ∼20, ∼16 and ∼11 nm
in figures 2a, b and c, respectively. The variation in size of
nanostructures as a function of fluence is presented in table 1.
Moreover, it can be seen from as-deposited and ion-irradiated
samples that structures of bigger sizes are also present on the
surface of the sample. These structures may be contributed
towards the thickness of the film, but the density of such structures is very less as compared to smaller structures.
The conversion of as-deposited nanodots into nanostructured films and improvement in their uniformity with increasing ion fluence can be understood using their formation
mechanism. The basic mechanism involves in the formation
of nanodots on Si substrate from the material ablated using
the ions generated in modified DPF device is already given
in an earlier report [10]. The as-deposited nanodots upon ion
irradiation (with ion beam of energy 200 keV) breaks into
smaller nanostructures due to interaction with ion beam. The
splitting of nanodots results in large number of smaller nanostructures on same surface area under consideration which
improves/increases the uniformity of the nanostructures. In
this process, when nanodots are irradiated with ion beam of
increasing ion fluence, the splitting of nanodots into smaller
nanostructures increases and hence, the uniformity of the
surface increases. The improvement in the uniformity of
nanostructured films is one of the requirement for fabrication
of high efficient devices.
The ion irradiation of as-deposited GaAs nanodots also
results in electronic and nuclear energy losses. The stopping
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and range of ions in matter calculation reveals the estimated
values of electronic and nuclear energy losses (or stopping
power) as 52.44 and 54.75 eVÅ−1 , respectively. The nuclear
stopping power is slightly greater than the electronic stopping
power (Sn > Se ), which results in the breaking of arsenic
from its antisites. The dominance of nuclear stopping power
is consistent with the well-known fact that from energy range
of few eV to few hundreds of keV, nuclear stopping power
is dominant, whereas electronic stopping power is dominant
in energy range from 10 MeV and above. This is to note that
the range of ions at 200 keV energy is ∼26 nm, which is
well below the thickness of the film and hence, the ions are
implanted only in the film, not in the substrate. As the nuclear
stopping power is more, which removes excess arsenic thus,
the implanted ions will lead to change in carrier concentration
(electron by removing excess arsenic) and also change the
conductivity from n- to p-type.
The nanostructured films having good crystallinity can be
a better candidate for device applications. Thus, we have carried out XRD analysis of these nanostructured films. The
as-deposited nanodots are single crystalline having single
diffraction peak corresponding to [311] plane of zinc blende
GaAs (ICDD PDF Card No. 14-0450), which has already
been reported in an earlier study [10]. However, typical XRD
pattern of as-deposited nanodots is also shown in figure 3.
Figure 3 also consists of XRD pattern of ion-irradiated GaAs
nanostructured films for ion fluence of 1 × 1013 , 5 × 1014
and 5 × 1015 ions cm−2 . The nanostructured films show polycrystalline nature in XRD pattern with diffraction peaks at 2θ
values of 27.3, 31.6, 45.3 and 53.7◦ corresponding to [111],
[200], [220] and [311] planes of zinc blende GaAs. The crystallite size has been found for the fundamental peak i.e. peak
corresponding to [111] diffraction plane and it is 30, 45 and
76 nm for nanostructured films irradiated with ion beam having ion fluence of 1 × 1013 , 5 × 1014 and 5 × 1015 ions cm−2 ,
respectively. The crystallite sizes are found to increase with
increasing ion fluence, which might be due to increase in the
crystallinity of the nanostructured films. The difference in
sizes obtained from SEM and XRD results is due to the fact
that SEM measurement is in horizontal plane, whereas estimation of crystallite size from Debye Scherrer’s formula is
along the depth. It is observed from SEM and XRD results
that nanostructured films become more uniform and polycrystalline with increasing ion fluence, making these films more
appropriate for device applications.
The as-deposited GaAs nanodots possess excess arsenic,
which results in presence of arsenic antisite deep level (EL2)
defect [10]. The presence of EL2 defect degrades the efficiency and performance of the fabricated devices [9,10]. Thus,
to investigate the possibility of presence of excess arsenic in
ion-irradiated GaAs nanostructured films, we have carried out
EDX measurement. A typical EDX spectrum of ion-irradiated
GaAs nanostructured films is shown in figure 4, which shows
peaks corresponding to elemental gallium and arsenic with
equiatomic stoichiometry. The equiatomic stoichiometry of
gallium and arsenic suggests that the excess arsenic present
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Figure 2. SEM images (a–c) of GaAs nanodots irradiated by ion beam of energy 200 keV with ion fluences of 1×1013 ,
5 × 1014 and 5 × 1015 ions cm−2 , respectively. Typical nanostructures of size 20, 16 and 11 nm are shown by arrow in
figures (a), (b), and (c), respectively.
Table 1.

Size of typical nanostructure as a function of fluence.
2+
−2
As-deposited Fluence of Ar ions (ions cm )
[10]
5 × 1015
1 × 1013 5 × 1014

Average
size (nm)
Typical
size (nm)

22

—

—

—

—

20

16

11

in as-deposited nanodots is removed during the process of
ion-beam irradiation. This can be understood in the following
manner, as the vapour pressure of arsenic is more than that
of gallium, thus in the process of ion-beam irradiation, it is
quite possible that due to local heating, the arsenic vapourizes from the nanostructure. Thus, the obtained stoichiometric
GaAs nanostructured films may be devoid of the deep level
EL2 defect, which is corrobated using the optical results.
The presence of defects in as-deposited nanodots was studied using Raman and PL spectra. It is well known that the
arsenic antisite (AsGa ) deep level EL2 defect is present in
GaAs nanostructures due to the presence of excess arsenic,

resulting in shift in Raman spectra [10]. In particular, the
longitudinal optical (LO) mode observed in Raman spectra
show red shift due to the presence of AsGa antisite i.e. EL2
defect [25]. The possibility of presence of EL2 defect in ionirradiated GaAs nanostructured films has also investigated
using Raman and PL measurements.
The Raman spectra of ion-irradiated GaAs nanostructured
films at various ion fluences are shown in figure 5. The Raman
spectra of ion-irradiated films have peaks corresponding to
E1 transverse optical (TO) and A1 (LO) modes of GaAs.
Raman spectra of as-deposited GaAs nanodots is also presented in figure 5 for reference. The positions of E1 (TO) and
A1 (LO) modes are almost same in ion-irradiated samples,
which are compared with that of as-deposited GaAs nanodots
[10] and bulk GaAs [26] in table 2. The position of Raman
peaks of ion-irradiated nanostructured films are obtained by
Gaussian fitting of the spectra with error and goodness of fit
∼ ±0.34 and 99.1%, respectively. The inset of figure 5 shows
typical Raman spectra of highest fluence i.e. 5 × 1015 ions
cm−2 with Gauss fit. It can be seen easily from table 2 that
E1 (TO) peak has shift of ∼1–3 cm−1 at different fluences as
compared to bulk GaAs [26]. Since the ion-irradiated films are
free from defects, therefore, no substantial shift is observed
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Figure 4. Typical EDX spectrum of ion-irradiated GaAs nanostructured films.

Figure 5. Raman spectra (with Gauss fit in inset) of as-deposited
GaAs nanodots and ion-irradiated GaAs nanostructured films.

Figure 3. XRD pattern of as-deposited and ion-irradiated GaAs
nanostructures.

in both TO and LO modes, which further corrobate the
advantage of ion-irradiation technique. Moreover, there is no
red shift in the Raman peak corresponding to A1 (LO) mode
as compared to bulk GaAs, indicating annealing out of AsGa
antisite or EL2 defects. Thus, the ion-irradiated nanostructured films are devoid of the AsGa antisite or EL2 defects.
The absence of EL2 defect obtained in Raman spectra has
further confirmed using PL measurement. The as-deposited
GaAs nanodots possess PL peak at 1.58 eV related to surface recombination from defect states [10]. The presence
of this peak was attributed to EL2 defect [10]. Thus, it is

quite interesting to investigate the presence of this surface
recombination peak in PL spectra of ion-irradiated GaAs
nanostructured films. The PL spectra of ion-irradiated GaAs
nanostructured films are shown in figure 6 for varying ion fluences. The inset of figure 6 shows PL spectra of as-deposited
GaAs nanodots with clear indication of peak corresponding to
surface recombination. The PL spectra of ion-irradiated GaAs
nanostructured films show peak at 1.45 eV corresponding to
band edge emission, arising due to transition between conduction band minima and valence band maxima. This peak show
a red shift with increasing ion fluence, which is due to the uniformity of nanostructured films, shifting band edge emission
peak closer to the bulk value i.e. 1.425 eV. This is to note that
the PL spectra obtained in the present study has sharp, which
is similar to that obtained earlier [10] for as-deposited nanodots. Similar nature of PL peak was also observed earlier
[20] for 100 keV ion-irradiated GaAs nanostructured films
and in another study [27] for GaAs nanowires. Further, it is to
note that any other emission peak, such as surface recombination, which was observed earlier [10] in as-deposited
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Comparison of Raman modes in bulk GaAs, as-deposited GaAs nanodots and ion-irradiated GaAs nanostructured films.
Fluence of Ar2+ ions (ions cm−2 )

Raman mode
E1 (TO) (cm−1 )
A1 (LO) (cm−1 )

Bulk GaAs [26]

As-deposited [10]

1 × 1013

5 × 1014

5 × 1015

267
291

267
284

269
290

270
291

268
291

Figure 6. PL spectra (of as-deposited nanodots in inset) of ionirradiated GaAs nanostructured films.

nanodots, is not observed in PL spectra of ion-irradiated GaAs
nanostructured films. The absence of surface recombination
peak suggests that the defect states, which are formed on the
surface of as-deposited GaAs nanodots due to the presence of
excess arsenic are annealed upon ion irradiation. Thus, both
Raman and PL results indicate annealing of EL2 defects in
the ion-irradiated GaAs nanostructured films.
It has been seen that the ion-irradiated GaAs nanostructured films are devoid of EL2 defects, which are formed due to
excess arsenic. Thus, the removal of excess arsenic may lead
to decrease in concentration of charge carriers (electrons).
To investigate the carrier concentration, electrical transport
properties have been studied using Hall measurement both
at room and liquid nitrogen temperatures. The Hall measurements indicate a decrease in carrier concentration in the
ion-irradiated nanostructured films as compared to that of asdeposited GaAs nanodots [10]. Further, it is to note that the
conductivity type of the ion-irradiated nanostructured films
is p-type, whereas that of as-deposited GaAs nanodots was
n-type [10]. This change in conductivity type is due to the
decrease in carrier concentration. It is well known that arsenic
is pentavalent element having one extra valence electron and
the presence of excess arsenic in as-deposited GaAs nanodots
increases the carrier concentration, thereby making them electrically n-type. On the other hand, the removal of excess

arsenic in ion-irradiated GaAs nanostructured films reduces
carrier concentration, thereby making them electrically ptype. The variation in carrier concentration and conductivity
type with ion fluence at room and liquid nitrogen temperatures
is presented in table 3. From table 3, it is noted that carrier concentration also decreases with increasing ion fluence, which
is again attributed to uniformity of nanostructured films. The
carrier concentration reduces sufficiently at liquid nitrogen
temperature suggesting further improvement in the electrical
transport properties of nanostructured films in terms of defect
annealing.
The decrease in carrier concentration obtained from electrical transport properties may result in reduction of leakage
current. To investigate this possibility, we have carried out
current–voltage (I –V ) measurements. I –V measurements
were done in pressure contact mode, in which contacts in
the form of dots are fabricated through sputtering of silver
using shadow mask technique on the top of ion-irradiated
GaAs nanostructured films. The two contacts were made on
the surface of the ion-irradiated GaAs nanostructured films
with diameter of contact ∼200 μm and area ∼ 0.03142 mm2 .
The separation between two contacts is 0.3 mm. I –V characteristics of silicon substrate is taken as reference and is being
subtracted from the individual samples. It is well known that
the defect centres are the source of leakage in the samples,
thus, if the defects in the nanostructured films are reduced after
ion irradiation, then, the leakage current should also decrease.
The room-temperature I –V characteristics of ion-irradiated
samples along with that of as-deposited GaAs nanodots are
shown in figure 7. It shows that the leakage current decreases
as the ion fluence increases, which is in good agreement
with the decrease in carrier concentration (donor type) upon
increasing ion fluence. Further, it is to note that leakage
current for as-deposited GaAs nanodots are of the order of
few mA, whereas that for ion-irradiated GaAs nanostructured
films is of the order of few μA. Thus, this decrease in leakage current upon ion irradiation confirms annealing of EL2
defects.
The present study thus show that low-energy ion-beam
irradiation improves the quality of film and anneals EL2
defect, thereby opening up possibilities for wide applications of these ion-irradiated GaAs nanostructured films in
high-efficiency electronic and optoelectronic devices, such as
light emitting diodes, detectors and optical interconnector for
communication.
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Table 3. Variation in carrier concentration and conductivity of GaAs nanostructures with ion fluence at room and liquid nitrogen
temperatures.
Fluence (ions cm−2 )
Carrier concentration (cm−3 )

Conductivity (−1 cm−1 ) (type)

300 K
3.20 × 1017
2.08 × 1017
1.33 × 1017
2.97 × 1013
2.62 × 1012
1.03 × 1012
0.14 (n)
2.85 × 103 (n)
2.21 × 102 (p)
2.94 × 101 (p)
5.75 (p)
2.29 (p)

As-deposited
1 × 1013
1 × 1014
5 × 1014
1 × 1015
5 × 1015
As-deposited
1 × 1013
1 × 1014
5 × 1014
1 × 1015
5 × 1015

77 K
—
5.76 × 1013
1.50 × 1013
9.38 × 1012
3.33 × 1012
2.00 × 1012
—
1.12 × 10−2 (n)
8.23 × 10−5 (n)
1.02 × 10−5 (p)
5.54 × 10−9 (p)
1.57 × 10−11 (p)
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