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Successful implementation of ion beams for modification of ternary ZnO-based oxides requires under-
standing and control of radiation-induced defects. Here, we study structural disorder in wurtzite ZnO
and MgxZn1�xO (x 6 0.3) samples implanted at room and 15 K temperatures with Ar ions in a wide flu-
ence range (5 � 1012–3 � 1016 cm�2). The samples were characterized by Rutherford backscatter-
ing/channeling spectrometry performed in-situ without changing the sample temperature. The results
show that all the samples exhibit high radiation resistance and cannot be rendered amorphous even
for high ion fluences. Increasing the Mg content leads to some damage enhancement near the surface
region; however, irrespective of the Mg content, the fluence dependence of bulk damage in the samples
displays the so-called IV-stage evolution with a reverse temperature effect for high ion fluences.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

ZnO is wide and direct band gap semiconductor (Eg = 3.4 eV)
which has received tremendous research interest during the past
decade because of its numerous promising applications in opto-
electronics for the UV range [1,2]. Band gap modulation is essential
for the realization of heterostructures and it has been shown that
alloying of ZnO with MgO (Eg = 7.8 eV) enables an increase of Eg

up to 4.5 eV and still keeping the wurtzite structure [3,4].
Despite that ion implantation has a number of advantages over
other doping techniques, energetic particles produce defects
affecting almost all materials properties. Understanding and
control of implantation-induced defects are crucial for a successful
utilization of ion beams in device processing.

Even for pure ZnO the mechanisms of defect formation during
ion implantation and subsequent annealing are still not well
understood despite large efforts in the past decade [5–9]. In partic-
ular, the origin of the high radiation resistance of ZnO, commonly
associated to efficient dynamic defect annealing even at cryogenic
temperatures [5,6], is not clear. Further, it has been demonstrated
that the surface termination affects the radiation tolerance of
wurtzite ZnO and samples with non-polar surface terminations
exhibit higher radiation resistance as compared to c-plane termi-
nated ones [7]. However, despite that ZnO is generally not amor-
phized even at high fluences of heavy ions, strong dopant–defect
reactions can retard the dynamic annealing resulting in disorder
enhancement and eventually amorphization, as has been
demonstrated for Si [5] and B [8] ions. A compelling evidence of
the important role of the implanted species on the thermal
stability of radiation damage in ZnO can also be found in [9].
Hence, in the present contribution we have used noble Ar ions in
order to eliminate such dopant-related effects on the damage
evolution. However, it should be noted that for high Ar fluences
processes related to Ar bubble formation may affect the defect
formation.

The incorporation of a third element in a binary compound can
also dramatically affect the mechanisms of ion-induced damage
formation. For instance, it has been shown that an increase in Al
content strongly enhances dynamic annealing in AlGaAs [10] and
AlGaN [11], and also that a small amount of Al or In in GaN dramat-
ically suppresses the commonly observed preferential surface
disordering in pure GaN [11]. In contrast, our previous studies have
shown that an increase in Mg content has a weak effect on the
disorder accumulation in wurtzite MgZnO implanted at room
temperature (RT) and primarily affects disordering near the surface
[12]. In this work, we present a comparative analysis of damage
formation in wurtzite MgxZn1�xO (x 6 0.3) and ZnO implanted at
RT and 15 K with Ar+ ions over a wide range of fluences
(5 � 1012–3 � 1016 cm�2). Thermally-activated dynamic annealing
processes are expected to be suppressed to a large extent at 15 K
and a comparison of the disorder formation with that at RT pro-
vides a possibility to elucidate the fundamental mechanisms
involved in the defect formation.
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2. Experimental

Approximately 1 lm thick wurtzite MgxZn1�xO (x = 0.1 and 0.3)
layers were grown by molecular beam epitaxy (MBE) on c-oriented
sapphire substrate (the details of the growth process can be found
elsewhere [13]). The samples were implanted with 160 keV Ar+

ions at low temperature (15 K) and RT in a fluence range of
5 � 1012–3 � 1016 cm�2. The ion flux was kept at 3 � 1011 cm�2 s�1

for low fluences and was increased up to 6 � 1012 cm�2 s�1 for the
highest fluence used. Note that the flux was kept the same for the
samples implanted with the same fluences irrespective of the
implantation temperature. According to TRIM code [14] simula-
tions, the projected range (Rp) of 160 keV Ar ions and the
Fig. 1. RBS/C spectra of (a) Zn0O (b) Mg0.1Zn0.9O and (c) Mg0.3Zn0.7O implanted at 15 K
projected ranges (Rp) of the implanted ions in correlation with the Zn depth scale and Mg
are also depicted for comparison by the dashed lines.
maximum of the nuclear energy loss profile (Rpd) are estimated
to be �105 and �65 nm, respectively, in MgxZn1�xO (x = 0.1 and
0.3). In the simulations we have used a MgxZn1�xO density
obtained by linear interpolation between the densities of ZnO
(5.6 g/cm3) and MgO (3.58 g/cm3). In addition, hydrothermally
grown ZnO single crystals were implanted under the same condi-
tions with 200 keV Ar+ ions and used as reference; here, the calcu-
lated values of Rp and Rpd are �135 and �75 nm, respectively. All
the implants were carried out at 11� off the [0001] direction in
order to minimize channeling.

The structural quality of the implanted samples was analyzed
by Rutherford backscattering spectrometry in channeling mode
(RBS/C) with 1.4 MeV 4He+ ions incident along the [0001]
with Ar+ ions to different fluences as indicated in the legend (in 1015 at/cm2). The
surface position are shown by the arrows. The channeling spectra of virgin samples
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direction and backscattered into a detector at 170� relative to the
incident beam direction. The RBS/C spectra were acquired in-situ
without changing the sample temperature after implantation
(the details of the experimental set-up can be found in [15]).
Analysis of the raw RBS/C spectra was performed using the
DICADA code [16] to deduce an effective number of scattering cen-
ters under the assumption of randomly displaced lattice atoms
representing point defects, defect clusters or amorphous zones.
The calculated number of scattering centers normalized to the
atomic concentration is referred to below as ‘‘relative disorder’’.
Because of the large difference in atomic mass between Zn and
O(Mg) and the relatively low Mg content in the samples investi-
gated, we limit our analysis to the damage on the Zn-sublattice
only. Uncertainties in the determination of the relative disorder
are of statistical origin and highest for the lowest fluences
(�25%) with a decrease to 5% for the highest fluence.
3. Results and discussion

Fig. 1 illustrates the damage buildup in (a) ZnO, (b) Mg0.1Zn0.9O
and (c) Mg0.3Zn0.7O samples implanted at 15 K to Ar fluences at and
above 1015 cm�2. Even at the highest fluence used (3 � 1016 cm�2)
the backscattering yield in channeling direction does not reach the
random level. This means that amorphization does not occur indi-
cating strong dynamic annealing also at cryogenic temperatures
irrespective of the Mg content. Furthermore, all the spectra are
characterized by a very high dechanneling background and a rela-
tively low contribution of direct backscattering. This points to the
existence of extended defects such as dislocation loops and/or
Fig. 2. (a) Maximum relative disorder on the Zn-sublattice in the bulk damage peaks o
fluence. The vertical dashed lines separate the different damage accumulation stages in
MgZnO are shown by the arrows in the panel (b). Error bars are shown in the panel (a)
stacking faults [17,18], which do not contribute to direct backscat-
tering of the analyzing ions.

Despite that ZnO and Mg0.1Zn0.9O exhibit similar damage accu-
mulation with a well defined peak in the crystal bulk, the accumu-
lation in Mg0.3Zn0.7O is enhanced in the near surface region. In fact,
the general trends of the damage buildup in the Mg0.3Zn0.7O sam-
ples – saturation as a function of ion fluence, enhanced disorder
level near the surface and enhanced height of the dechanneling
yield behind the damage peak – are similar to those observed in
Mg0.3Zn0.7O samples implanted with heavy ions [12]. It should be
noted that the as-grown Mg0.3Zn0.7O samples exhibit a quite high
minimum yield (vmin) of �20% in contrast to that in the ZnO and
Mg0.1Zn0.9O samples where vmin does not exceed 3.5% indicating
a good crystalline quality of these samples. Such a high value of
vmin in the Mg0.3Zn0.7O samples suggests the presence of defects
already in the as-grown state. These defects can act either as nucle-
ation sites for the ion-induced damage build-up or as sinks for gen-
erated point defects and, hence, affect the damage accumulation,
specifically in the low fluence regime when the damage starts to
nucleate.

The evolution of bulk damage growth in MgZnO implanted at
15 K is illustrated by Fig. 2 showing (a) the maximum relative dis-
order in the bulk damage peaks and (b) their positions as a function
of ion fluence. Independently on the Mg content, the bulk disorder
exhibits a IV-stage behavior with two fast growing stages (I and III)
and two saturation ones (stages II and IV). Interestingly, the Mg
content does not affect the defect saturation levels corresponding
to �0.02 and �0.6 for the stages II and IV, respectively. Note that,
the tendency of a higher damage formation at low fluences as well
as a less abrupt stage III in the Mg0.3Zn0.7O samples, compared to
f MgxZn1�xO samples implanted at 15 K and (b) their positions as a function of Ar
dicated by Roman numbers (see the text for details). The values of Rp and Rpd for
for the low fluences only where the uncertainty is largest.
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those for the other samples, can be attributed to their poorer initial
crystalline quality, as discussed above. For the ZnO and Mg0.1Zn0.9O
samples, the bulk damage peak occurs initially close to Rpd but
with increasing fluence at stages I and II the damaged layer
extends further into the bulk with an apparent shift of the peak
maximum position well beyond Rp. Stage III is characterized by a
rapidly growing damage peak amplitude starting at a depth
between Rpd and Rp. The peak consists now of two (at least) contri-
butions with a new one emerging around Rp and which becomes
dominant at fluences in the mid 1015 cm�2 range. This leads to
an apparent decrease in the damage peak position towards Rp

(see Fig. 2(b)), before it moves deeper again for high fluences in
stage III and stage IV. The rapidly growing contribution around
Rp is most likely associated with the high content of implanted
Ar ions promoting defect nucleation/accumulation. Further,
despite that the damage level exhibits saturation in stage IV the
profile expands both into the bulk and towards the sample surface
with increasing fluence and a similar expansion holds for the high
fluences at stage III. However, the expansion towards the surface is
less efficient in the ZnO and Mg0.1Zn0.9O samples leading to an
apparent shift of the damage peak position to higher depths with
increasing fluence. This evolution is attributed to defect migration
and annihilation at the sample surface which acts as an efficient
sink for point defects mobile at cryogenic temperatures.
Fig. 3. Fluence dependence of the maximum relative disorder on the Zn-sublattice in (a)
samples implanted at 15 K (open symbols) and RT (closed symbols). The vertical dash
numbers (see the text for details).
Interestingly a similar mechanism has been put forward to explain
a fluence dependent shift of a bulk damage peak in GaN [23].
Evidently, this process requires that the effective diffusion length
of the mobile point defects is comparable to or higher than the dis-
tance between the defect generation region and the sample
surface.

Note that, the position of the damage peak in the Mg0.3Zn0.7O
samples is not possible to resolve clearly, especially at low fluences
due to the broad damage profiles without a well defined peak posi-
tion. This broad damage profile can be attributed to an enhanced
accumulation of disorder near the surface and/or the high dechan-
neling yield in the un-implanted Mg0.3Zn0.7O samples compared to
that in the Mg0.1Zn0.9O and ZnO samples. However, for high flu-
ences, the damage peak position in Mg0.3Zn0.7O is essentially inde-
pendent on the ion fluence (Fig. 2(b)) and corresponds well to Rp

indicating less efficient dynamic defect annealing at the surface
with increasing Mg content.

It should be noted that there are striking similarities between
the bulk damage evolution observed in the present wurtzite
ZnO(MgZnO) samples and that found in other non-amorphizable
II–VI materials with high degree of dynamic annealing at low tem-
peratures, such as CdTe [19], as well as in SiC [20] at elevated irra-
diation temperature where dynamic annealing is expected to be
efficient. Possible mechanisms of defect formation at each stage
the bulk damage peak region and (b) at the surface of MgxZn1�xO (x = 0, 0.1 and 0.3)
ed lines separate the different damage accumulation stages indicated by Roman
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was discussed in [19,21]; for example, the stages I and III corre-
spond to the formation of point defects/point-defect complexes
and more stable larger defect clusters/extended defects, respec-
tively. More recently it has also been demonstrated that the
implanted species can play a crucial role on the disorder forma-
tion/stabilization at stage III [8]. Moreover, implantation-induced
strain can also affect the damage stabilization at stage III as well
as the transition between the stages III and IV, as demonstrated
in [22].

Fig. 3 shows the fluence dependence of the maximum relative
disorder at (a) the bulk damage peak and (b) the surface after
implantation at RT and 15 K. Irrespective of the Mg content, all
the samples exhibit similar trends with temperature. In the low
fluence regime (stage I) a higher damage level occurs for the
15 K implantation, while the opposite holds for high fluences
(stages III and IV). A disorder enhancement with decreasing tem-
perature is anticipated and usually attributed to the suppression
of dynamic annealing; such a dependence is commonly observed
in most semiconductors including GaN [24,25] for temperatures
at and below RT and SiC [20,26]. The mechanisms responsible for
the opposite trend at the stages III and IV are more intriguing. In
Ref. [8], we have suggested that such a reverse temperature effect
on the disorder accumulation may be due to a decreasing mobility
of the generated point defects, which have to migrate some dis-
tance before being trapped by stable defect structures. According
to the results in Fig. 2(b), this distance has to be on the order of
30–50 nm. A similar reverse temperature effect on the damage
accumulation has also been observed in high fluence implanted
yttria-stabilized zirconia single crystals [27], and it was attributed
to an enhanced defect clustering (on the expense of defect annihi-
lation) because of an increase in defect mobility with increasing
temperature. For GaN implanted at elevated temperatures, some-
what contradictory results exist in the literature; for instance,
Wenzel et al. [28] reported an enhanced damage accumulation in
Mg implanted samples when increasing the implantation temper-
ature from RT to 823 K. In contrast, Kucheyev et al. [29] observed a
normal damage behavior for Au ions in the same temperature
range. In its turn, Usov et al. [30] observed a reverse behavior for
Ar implantation but in a rather narrow temperature range of
773–973 K. A possible explanation of the different results may be
the implanted species and their role for defect stabilization at ele-
vated temperatures, and this holds also for Ar at high fluences
where thermally activated Ar clustering and/or bubble formation
can be anticipated [31].

According to Figs. 1(a) and 3(b), the surface disorder is weak in
ZnO with some enhancement at 15 K compared to that at RT which
can be attributed to less efficient defect annihilation at low tem-
perature. However, Fig. 3(b) also demonstrates that increasing
Mg content leads to enhanced surface disorder with negligible
temperature dependence up to RT. At elevated temperatures, a
growing surface disorder in MgZnO samples has been reported,
and for example, it has been shown that surface decomposi-
tion/erosion leading to dramatic compositional and phase changes
take place in heavily damaged MgZnO films at �1000 K [32].
However, the processes causing the growth in surface disorder
for the MgZnO samples in Fig. 3(b) appear to be ballistic in nature
and promoted by the Mg content.

4. Conclusions

An increasing Mg content leads to damage enhancement in the
near surface region, but the evolution of bulk damage in wurtzite
MgZnO at 15 K exhibits an ‘‘ordinary’’ IV-stage behavior with ion
fluence, similar to that found in pure ZnO and other II–VI and III–
V materials with a high degree of dynamic defect annealing. The
low fluence regime (stage I) displays ‘‘normal’’ behavior with an
enhanced disorder at low temperature relative to RT, while for high
ion fluences (stages III and IV) the damage formation shows a
reverse temperature effect. In contrast to the bulk damage, the
variation of implantation temperature has only a minor effect on
the accumulation of surface disorder, except for the pure ZnO sam-
ples where an ‘‘ordinary’’ dependence is found.
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