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We report on ion implantation into GaN QDs and investigate their radiation hardness. The experimental
study is carried out by photoluminescence (PL) measurements on molecular beam epitaxy-grown GaN
quantum dots after ion implantation. Both quantum dots grown in the hexagonal (H) and the cubic (C)
crystal structure were subjected to gallium ions with an energy of 400 kV (H) and 75 kV (C) with fluences
ranging from 5 x 10" cm~2to 1 x 10™ cm~2 (H) and to 1 x 10" cm~2 (C), respectively. Low-temperature
PL measurements reveal a PL quenching for which a quantitative model as a function of the ion fluence is
developed. A high degradation resistance is concluded. A non-radiative trap with one main activation
energy is found for all QD structures by temperature-dependent PL measurements. Further analysis of
fluence-dependent PL energy shifts shows ion-induced intermixing and strain effects. Particular for the
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hexagonal quantum dots, a strong influence of the quantum confined Stark effect is present.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The growth of GaN quantum dots (QD) started in the second
half of the 1990s overcoming main difficulties with the growth
quality for the first time [1]. Since then, great progress in the fab-
rication and investigation of GaN QDs with the prospect of electri-
cal and optical device applications was initiated. They are
promising candidates for light emitters covering a wide spectral
range from the ultraviolet and blue to the orange range [2,3].
Moreover, they offer excellent quantum efficiency even at room
temperature due to the large exciton binding energy and strong
quantum confinement [3]. This opens new perspectives in device
applications like UV-lasers and intersubband transition devices
working in the near-infrared region [1,4]. Recently, also progress
in GaN QDs based single-photon emission for quantum cryptogra-
phy was reported. It was measured both for hexagonal and cubic
GaN QDs in single etched mesa-structures [5,6]. Besides, also
GaN QDs grown on quantum well structures were observed as
single quantum emitters [7]. Another option for the realization of
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a single-photon source could be the post-selection of single GaN
QDs by a disabling of all QDs around an intentional one using local
focused ion beam implantation [8]. For this, a detailed knowledge
about the QDs degradation resistance and the further ion impact
on these nanostructures is necessary.

A further interest of quantum communication technology in a
well-understood response of the QDs to ion irradiation arises for
spin-electronic QD devices [9]. These could be realized by injection
of magnetic dopants into GaN QDs, for which the QDs are required
to be radiation hard. Successful demonstrations of annealed man-
ganese ion-implanted p-GaN with a subsequent ferromagnetic
behaviour and a very high Curie temperature of ~ 250 K already
show the great potential of GaN based spintronic devices [10].

Here, we investigate gallium (Ga) ion implantation into
GaN/AIN QDs grown in the hexagonal as well as in the cubic crystal
structure and carry out photoluminescence (PL) measurements on
irradiated QD ensembles, as described in chapter 2. In chapter 3.1,
the low-temperature PL is quantitatively described with a
fluence-dependent model developed by us under the assumption
of an implantation-induced creation of non-radiative traps.
Corresponding thermally activated non-radiative processes are
studied in chapter 3.3 by temperature-dependent PL and
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non-radiative traps with one main activation energy are
determined. Additional ion-induced changes in the PL energy are
credited with atom intermixing and a strong influence of the
quantum confined Stark effect in the samples with hexagonal
crystal structure, as discussed in chapter 3.2. Furthermore, strain
effects are taken into account for all structure types.

2. Materials and methods
2.1. Sample structures and properties

The GaN QDs were grown by molecular beam epitaxy in the
Stranski-Krastanov growth mode in both the hexagonal (wurtzite)
and the cubic (zinc-blende) crystal structure. In the following, we
speak of hexagonal and cubic QDs. The hexagonal QDs are embed-
ded in an AIN matrix extending to 400 nm below the quantum dots
to the Si(111) substrate and to 150 nm on top to the surface. Two

samples, one with a QD density of about 10'° cm~2 (sample H1)

and a second one with a lower density of 5 x 10° cm~2 (sample
H2), were studied, where the QDs have bottom lengths between
22 nm and 29 nm and heights of about 1.7 nm according to AFM
measurements on surface QDs. The sample structure is schemati-
cally shown in Fig. 1(a). In these hexagonal heterostructures, an
internal electric field leads to a huge quantum confined Stark effect
(QCSE) due to spontaneous and piezoelectric polarizations.
Consequently, band bending occurs with a spatial separation of
electrons and holes and a reduced radiative recombination
efficiency [11,12]. This is illustrated by a three-dimensional
calculation of the band structure shown in Fig. 1(a), simulated with
the nextnano software [13].

The cubic QDs (sample C), sketched in Fig. 1(b), were grown on
Si(001) substrate, which was first covered by a 10 pm thick layer of
3C-SiC and a 30 nm thick AIN buffer. A 30 nm thick AIN capping
layer was grown on top of the QDs, which have a density of about

8 x 10" cm~2 [14]. In this cubic material system, we assume a

background doping in the order of 10" cm~3 due to residual oxy-
gen contamination. Further, a weak piezoelectric field and band
bending are expected [15].

2.2. Ion implantation and characterization

The implantation of the hexagonal QDs was performed with a
4 MV Dynamitron tandem accelerator using a 400 keV Ga ion beam.
Areas of ~ 0.8 mm? were irradiated with a current density of about

3.6nA-cm 2 and with fluences ranging from 1x 10" cm~2 to
1x10"cm2 for sample H1 and from 5x10°cm™2 to

5 x 10" cm~2 for sample H2. On the cubic sample C, implantation
areas of 1 mm? were scanned in an EIKO-100 FIB system with

75 keV Ga ions and a current density between 27.1 nA-cm~2 and

0.2 nA-cm2ina fluence range from 5 x 10" cm2to 1 x 10" cm 2.

For both implantation experiments, the ion-induced displacements
as a function of the target depth were simulated with the SRIM
software [16] and are additionally plotted in Fig. 1. An average defect
number of 2.3 (Ion-A)~! (H1,H2)and 2.6 (Ion-A)~! (C)is determined
in the QD layer.

All irradiated samples were characterized by photolumines-
cence (PL) measurements from low temperature (18 K) up to room
temperature. The PL setup was equipped with a titanium-sapphire
laser pumped by a 10 W 532 nm semiconductor laser offering an
output power of more than 1.3 W (800 nm) with a pulse repetition
rate of 76 MHz. An additional harmonics generator enabled gener-
ation of the third-harmonic with a wavelength of ~ 266 nm and a
power of about 30 mW, which was used as excitation source. The
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Fig. 1. Schematics of the samples with hexagonal GaN QDs (a) and cubic GaN QDs
(b), both embedded in an AIN matrix. A SRIM simulation [16] of the ion-induced
damage profile is depicted in red and Ga ion trajectories simulated with the Iradina
software [17] are plotted in green. The additional inset in (a) shows the band energy
diagramme for the hexagonal QD structure calculated with the nextnano software
[13]. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

signal was recorded by a SPEX 1000 mm spectrometer coupled to
a nitrogen cooled CCD system.

3. Results
3.1. Fluence-dependent PL intensity

First, PL measurements at low temperature will be discussed. In
Fig. 2(a) the PL spectra measured at 18 K for ensembles with
hexagonal QDs irradiated with different fluences are plotted.
Corresponding results for the cubic QDs are shown in Fig. 3(a).
For all kinds of samples it can be noted that the total PL intensity
I decreases with increasing fluence ®, which has been reported
previously for other types of semiconductor QDs [18,19,8].
Nonetheless, the degradation curve does not coincides with the
one observed for InAs/GaAs QDs, for which a model of the form [8]

11
JIo 1+K-@ @

was developed, where I, denotes the initial PL intensity and « is a
proportionality constant. The model is based on the assumption
that the quantum efficiency and the directly related PL intensity,
according to [Ioc1/(1+Rs/R;), are mainly quenched by the
defect-assisted non-radiative recombination rate R, increasing lin-
early with the ion fluence. Yet, for the fluence range investigated
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Fig. 2. (a) PL spectra measured at 18 K for hexagonal QD ensembles irradiated with
different fluences. We attribute all of the peaks to QD luminescence and explicitely
verified that it is not due to luminescence of defects in the AIN matrix. The fluence
values are given in units of cm~2, (b) Fluence-dependent integrated intensity for the
PL spectra depicted in (a) with the adjusted model of Eq. (3). We note, that the QD
density of sample H1 is higher than of sample H2.
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Fig. 3. (a) PL spectra measured at 18 K for cubic QD ensembles irradiated with
different fluences. The unit of the fluence values is cm~2. (b) Integrated PL intensity
extracted from (a) as a function of the ion fluence. The model of Eq. (3) is fitted to
the data. The PL peak of the cubic GaN QDs is located at around 332 nm (3.74 eV).

here, it is important to consider that the initial linear fluence-
dependent increase of the defect concentration N, at low fluences
saturates in the higher fluence range. This is caused by a damage
overlap and a recombination of point defects [20,21]. Then, the total
non-radiative recombination rate can be modeled by a function of
the form R, =Rno+p/r- (1 —exp(—r-®)) [22], with the initial
non-radiative recombination rate R,o. The constants p and r are
measures for the cross sections of production and recombination
of point defects and depend on the QD density and induced defect
concentration in the QD structures.

Additionally, for a complete description of the fluence-
dependent PL of the GaN QDs, it is essential to take into account
a change in the radiative recombination rate R, with respect to
the quantum confined Stark effect (QCSE). An implantation-
induced alteration of the internal electric field and the QCSE has
been already observed. Davis et al. [23] stated a smaller QCSE after
ion implantation into ZnO/Zngy ;Mg 30 quantum wells due to atom
intermixing in the sample. In general, radiation enhanced diffusion
processes are well known for implanted IlI-V semiconductor
heterostructures [24,25]. Thus, we consider here an aluminum
and gallium diffusion process between the QDs and their vicinity.

This is suggested to lead to a decreased internal electric field F
being linked up to the electron and hole wave function overlap
Sen» Which is itself proportional to the radiative recombination rate
R,. Furthermore, we assume that the interdiffusion is rather a
two-dimensional effect occurring through the top and bottom QD
plane due to the flat disk QD shape. In our approach, the radiative
recombination rate R, becomes then a two-third order power func-
tion of the induced three-dimensional defect density Ny and the
ion fluence @, respectively as follows:

Ry ~ Sen = f(F) 2)
=Reo-(1+a-N7?)
=Ro-(1+a-0*?),

where a and a are substrate-dependent proportionality constants
accounting for piezoelectric effects. Assuming a small initial
non-radiative recombination rate compared to the radiative one
(Rno < R), the extended model for the implantation-induced alter-
ation of the PL intensity of the GaN QDs takes the form:

I 1
fi= e %
1+a-0%3

This model is fitted to the integrated PL intensity, resulting from a
Gaussian curve-fitting to the PL peaks in Figs. 2(a) and 3(a). The data
are depicted in Fig. 2(b) for the hexagonal QDs and in Fig. 3(b) for the
cubic QDs. For the samples H1 and H2 the model was fitted to the
experimental data by varying the value a simultaneously for both
samples but by allowing individual p and r values accounting for the
dependence of the non-radiative center influence on the QD density
[26]. It yields ayjpz = 0.67 cm®? and py; = 1.3 x 107 cm?,pyy, =
30x10*em?, 1y =4.3x10 P cm? and 1y, = 1.5 x 107 cm?
For sample C the parameters are determined to be ac = 0.0072 cm*?3
and p.=51x10"cm? and rc=11x10"cm? It can be
remarked, that the model describes the experimental data quite well
and reveals a greater change of the QCSE by the Ga implantation with
a stronger influence on the radiative recombination rate in the hexag-
onal QDs. This result meets the previous expectations. An important
further remark at this point is, that model-based predictions about
the PL are only valid up to fluences in the range of the amorphous
threshold. This threshold was experimentally determined to occur at
around 100 displacements per atom (DPA) for hexagonal GaN [27]
and to be about 40 times higher for hexagonal AIN [28] with
4000 DPA. These values are assumed to be nearly of the same order
of magnitude for each of the cubic materials [29]. The corresponding
amorphization fluences for the implantations here are calculated by
using the SRIM software [16] to be around ~ 5 x 10'® cm™2 for GaN
and ~ 1 x 10'® cm2 for AIN. Taking this into account, our result
underlines the strong degradation resistance or equivalently radiation
hardness of GaN QDs compared to InAs/GaAs QDs [8]. Approaching the
threshold of amorphization at irradiation fluences of 10" cm2, the
GaN QDs still show 10% of the initial PL signal. Contrary, the InAs
QDs exhibit a much stronger PL quenching by Ga ion bombardement
with a remaining PL intensity of 10% at a much lower fluence of
~ 10" cm™2 [8]. This is several orders of magnitude below the amor-
phization threshold of 2 DPA' corresponding to a fluence of ~ 10 cm 2
in this experiment for GaAs [30] and 6 DPAand ~ 5 x 10" cm™2 for InAs
[31]. Summing up here, the result of the stronger degradation resistance
of GaN QDs compared to the one of InAs QDs mirrors the same trend as
observed for the amorphization threshold in the corresponding bulk
materials and is even more distinct for the quantum structures.

! The DPA values are estimated from the amorphization fluences given in [30,31]
by using SRIM [16].
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Fig. 4. Fluence-dependent PL emission energy for QDs with different sizes in the hexagonal samples H1 and H2 in (a) and for QDs with one main emission energy in the cubic
sample C in (b). The solid lines represent the PL energy measured before the implantation. The orange line in (b) is plotted for guiding the eyes.
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Fig. 5. Integrated PL intensity as a function of the inverse temperature for different fluence values. In (a) the results for the hexagonal QD samples and in (b) the measured
data for the cubic QD samples are plotted, both along with the adjusted model of Eq. (4).

3.2. Fluence-dependent PL energy shift

Apart from the PL intensities, the shift of the PL energy, which is
determined by the moved center of the fitted Gaussian curves, is
analyzed. We start the discussion with the hexagonal QDs. The
data are plotted in Fig. 4(a), where the individual colored lines
mark the initial emission energy before the implantation and the
data points show the ones measured afterwards. Prior, it has to
be mentioned, that the different corresponding peaks in the PL
spectra are attributed to QDs with different sizes and heights,
respectively [32]. It can be noted, that for fluences below

10" cm ™2, an energy blueshift occurs for all QDs in both samples.
This can be understood in terms of the ion-induced intermixing
and compositional change at the QD boundaries, leading to a
blurred potential profile and a quenched QCSE [23]. At fluences

greater than 10'* cm™2, a redshift can be observed for a subset of
peaks, which could be explained by additional nonlinear strain
effects caused by the implanted Ga atoms in the surrounding QD
matrix [33,8]. Such strain effects with a resulting relaxation in
the QDs are suggested to be the main reason for the PL redshift
of the cubic QDs over the whole fluence range, illustrated in
Fig. 4(b). This is in accordance with the above mentioned assump-
tion of a comparable weak influence of the QCSE in this cubic
crystal structure.

3.3. Temperature-dependent PL

Additionally to the low-temperature investigations,
temperature-dependent measurements are carried out in order to
analyze the carrier dynamics. The temperature-dependent PL
quenching attributed to the thermal activation of the non-
radiative channels is fitted by the common Arrhenius equation [34]:

/1 Dz [I(0K)dJ

"1+ aexp(—Eq/(ksT))’
with the activation energy E, and the corresponding activation rate
a. The experimental data are plotted in Fig. 5(a) for the hexagonal
QDs and in Fig. 5(b) for the cubic QDs along with the model of
Eq. (4) with fitted parameters. The notable s-shape of the curves
in Fig. 5(a) is ascribed to a carrier trapping in localized states
[35,36]. Screening effects of the polarization charges, estimated to
be little, are neglected here. Those might be overcome by PL mea-
surements under low continuous excitation. Here, we generally find
one main contributing non-radiative channel for the quenching at
high temperatures. Its activation energy decreases from 80 meV to
35 meV with increasing ion fluence for the hexagonal structures.
Contrary, we ascertain a trap activation energy of about 75 meV
for the cubic grown samples, which is independent of the ion
fluence. In general, these results affirm, that the PL quenching is

(4)
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related to the thermal activation of defects in the QDs or in the
surrounding matrix, as it is too small for an escape of a QD charge
carrier to the barrier [37]. Hence, the smaller activation energies
at higher ion fluences for the hexagonal samples could be ascribed
to the carrier level inside the QDs being energetically closer to the
non-radiative trap level. This reflects again the previously discussed
reduction of the QCSE being much stronger in the hexagonal
system.

4. Conclusion

To conclude, we experimentally determined a high degradation
resistance of both hexagonal and cubic self-assembled GaN QDs
compared to InAs QDs. The fluence-dependent PL intensity was
quantitatively described. The model includes an implantation-
induced increased trap-assisted non-radiative recombination as
well as an increased radiative recombination due to the reduced
QCSE. Alltogether, ion beam implantation is presented as an effec-
tive tool to alter the PL properties of GaN QDs, especially regarding
the modification of the QDs lateral surrounding preserving the PL
properties due to the radiation hardness. It offers a highly
promising prospect of a variety of future applications in quantum
communication technologies.
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