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Commercial O-face (0 0 0 1) ZnO single crystals were implanted with 200 keV Ar ions. The ion fluences
applied cover a wide range from 5 � 1011 to 7 � 1016 cm�2. The implantation and the subsequent damage
analysis by Rutherford backscattering spectrometry (RBS) in channelling geometry were performed in a
special target chamber at 15 K without changing the target temperature of the sample. To analyse the
measured channelling spectra the computer code DICADA was used to calculate the relative concentra-
tion of displaced lattice atoms.

Four stages of the damage evolution can be identified. At low ion fluences up to about 2 � 1013 cm�2

the defect concentration increases nearly linearly with rising fluence (stage I). There are strong indica-
tions that only point defects are produced, the absolute concentration of which is reasonably given by
SRIM calculations using displacement energies of Ed(Zn) = 65 eV and Ed(O) = 50 eV. In a second stage
the defect concentration remains almost constant at a value of about 0.02, which can be interpreted
by a balance between production and recombination of point defects. For ion fluences around
5 � 1015 cm�2 a second significant increase of the defect concentration is observed (stage III). Within
stage IV at fluences above 1016 cm�2 the defect concentration tends again to saturate at a level of about
0.5 which is well below amorphisation. Within stages III and IV the damage formation is strongly gov-
erned by the implanted ions and it is appropriate to conclude that the damage consists of a mixture of
point defects and dislocation loops.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction Festkörperphysik in Jena, allow for implantation and subsequent
ZnO is a wide-gap material exhibiting a direct band gap, which
makes it a promising and strongly studied material for electronic
and optoelectronic devices (see e.g. [1–3]). In device fabrication
ion implantation is an approved technology. Therefore, the investi-
gation of ion-beam induced effects is both of scientific and techno-
logical importance and has attracted much interest in recent years
(see e.g. [4–6]). In this paper we concentrate on the primary dam-
age formation over a broad range of ion fluences and at very low
temperatures at which thermal effects can be widely excluded.

2. Experimental conditions

A commercial O-face (0 0 0 1) ZnO single crystal was stepwise
implanted at 15 K with 200 keV Ar ions. After each implantation
step immediate defect analysis was performed using Rutherford
backscattering spectrometry (RBS) in a channelling configuration
with 1.4 MeV He ions and a backscattering angle of 170�. The
experiments done in a special target chamber at the Institut für
All rights reserved.
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ion beam analysis without changing the target temperature or
the environment of the sample [7].

In the first series a maximum ion fluence of NI = 2.5 � 1014 cm�2

was achieved. Then the sample was warmed to room temperature.
To continue the experiments, the sample was cooled down again
and in the second series a final ion fluence of NI = 7 � 1016 cm�2

was obtained.
From the energy spectra of backscattered ions the difference in

minimum yield Dvmin is obtained by Dvmin = (Yimpl � Yperf)/Yra with
Yperf and Yimpl being the yield measured in channelling direction be-
fore and after the implantation, respectively, and Yra is the random
yield. The quantity Dvmin versus the depth z is analysed with the
help of the computer code DICADA [8]. With this code calculations
can be done in two directions. First, for a given defect profile the
resulting difference in minimum yield Dvmin(z) can be calculated
and, second, from a given Dvmin(z) the defect profile can be deter-
mined. In particular, defect profile means the relative concentration
of uncorrelated displaced lattice atoms, nda, versus depth z. Uncor-
related displaced lattice atoms result from point defects, point
defect clusters or amorphous regions. The positions of the displaced
lattice atoms are assumed to be randomly distributed within the
lattice cell, i.e. there exist no preferred positions in the lattice cell.
nO ion implanted at 15 K, Nucl. Instr. and Meth. B (2009), doi:10.1016/
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The defect profiles following from the RBS analysis are com-
pared with the distributions of the number of primary displace-
ments per ion and unit length, N�displ, and the distributions of the
implanted ions. Both quantities were calculated with SRIM2003
version [9]. The displacement energies of Zn and O were taken to
be 65 and 50 eV, respectively, (see e.g. [6]). The ion fluence NI is
recalculated in displacements per lattice atom, ndpa, with
ndpa = N�displNI/N0 (N0 = 8.3 � 1022 cm�3 atomic density of ZnO and
N�displ = 6.22 � 107 cm�1 at the maximum of the distribution).

3. Results and discussion

3.1. Fluence dependence

Fig. 1(a) shows a typical set of energy spectra of He ions back-
scattered from Ar implanted ZnO for ion fluences between
2 � 1015 and 7 � 1016 cm�2. The channelling yield does not reach
the random level, which means that the implanted layers are not
amorphised. From the resulting Dvmin the relative concentration
of displaced lattice atoms versus depth, nda(z), is calculated with
DICADA, assuming the existence of randomly displaced lattice
atoms. In the following text nda(z) is referred to as a defect or dam-
age profile. The profiles resulting from the spectra given in Fig. 1(a)
are plotted in Fig. 1(b). Behind the implanted layer (maximum
range of primary displacements or ions is about 0.3 lm) nda should
reach zero, which is obviously not the case (see Fig. 1(b)). This find-
ing suggests that the assumption of randomly displaced lattice
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Fig. 1. Energy spectra of He ions backscattered from Ar implanted ZnO for various
ion fluences (a), and (b) defect profiles resulting from the spectra in part a (for
details see text). For clarity only some ion fluences are indicated with the values
given in cm�2.
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atoms made to extract the profiles from the spectra with the DICA-
DA code is not correct. This is discussed in detail in Section 3.2.

To study the damage formation as a function of the ion fluence,
the defect concentration nda is averaged over a depth of 0.02 to
0.25 lm. The resulting values in Fig. 2 show that four stages of
damage formation can be distinguished. Within the first stage
the defect concentration increases steadily for fluences up to about
NI � 5 � 1013 cm�2 and then reaches a plateau which is character-
ised by a relative defect concentration of about 0.02 (stage II). A
second significant increase of the defect concentration occurs for
ion fluences in the range of about 2 � 1015–1 � 1016 cm�2 (stage
III) followed again by a plateau-like region (stage IV). The line in
Fig. 2 is calculated using a simplified version of the Hecking model
(see [6,10]). Stage I can be related to the production of primary
point defects by single ion impacts. When the collision cascades
of individual ions start to overlap, point defects recombine and
the balance between defect production and recombination yields
an almost constant defect concentration over a wide range of ion
fluences (stage II). The stages III and IV can be interpreted as to
be due to the formation of a second type of (non-recombinable) de-
fects (called clusters) up to a certain saturation value.

The small step in the experimental data at 2.5 � 1014 cm�2

arises from the slight annealing of point defects due to the inter-
mediate warming of the sample (see Section 2). However, besides
this step, the warming has no relevant effect on the subsequent
damage formation. This is true, because this ion fluence is only
10% of that for significant cluster formation. For the sample im-
planted with 2.5 � 1014 Ar cm�2 about 55% of the defects produced
at 15 K anneal out after warming to room temperature (and mea-
surement at 15 K). This is in agreement with annealing studies on
Er implanted [6] and electron irradiated ZnO [11] in the same
range of temperatures. In the case of electron irradiation only point
defects are formed. The similarity of the annealing behaviour indi-
cates that for low ion fluences also in the Ar and Er implanted ZnO
mainly point defects exist. This supports the interpretation of the
stages I and II of the damage formation. An Er implanted sample
with an ion fluence ranging at the beginning of stage III did not
show any recovery of the lattice damage. This confirms the
assumption that stable clusters of defects are produced in stage III.
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Fig. 2. Mean relative defect concentration nda versus the ion fluence NI. For
convenience NI is also recalculated in displacements per lattice atom ndpa (upper
scale, see Section 2). The triangle plots the value for NI = 2.5 � 1014 cm�2 measured
at 15 K but after intermediate warming the sample to room temperature. The
arrows indicate the fluences for which defect profiles are shown in Figs. 1(b) and 4.
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So far only the mean defect concentration has been discussed.
In order to obtain more information, the fluence dependence of
the defect concentration is investigated separately at four different
depths regions: at the depth of the maximum nuclear energy depo-
sition (0.06–0.10 lm), at the depth of maximum ion concentration
(0.11–0.15 lm), close to the surface (0–0.04 lm) and at the depth
between surface and the maximum nuclear energy deposition
(0.04–0.08 lm). The results are depicted in Fig. 3. The ion fluence
NI is recalculated in displacements per lattice atoms ndpa (see Sec-
tion 2). The corresponding values of N�displ are mean values over the
same depths regions as used to average nda. Fig. 3(a) shows the re-
sults for stages I and II for the first series of implants up to an ion
fluence of NI = 2.5 � 1014 cm�2. In this case the data points from
the different depth regions follow a uniform dependence. This
means that the defect concentration produced is determined by
the total number of displacements per unit volume, i.e. by the en-
ergy density deposited in collision processes. In contrast, for stages
III and IV, a separate curve is found for each depth region (see
Fig. 3(b)). With decreasing distance to the surface, the damage con-
centration decreases remarkably and, according to the SRIM re-
sults, the electronic energy loss increases. Therefore, a possible
explanation of the decreasing damage concentration could be an
ionisation-stimulated defect recovery during the implantation.
This effect is well known also for other insulators and it is obvious
to assume that it also occurs in ZnO. The highest damage produc-
tion is observed in the maximum of ion distribution (see Fig. 3).
This clearly points to a strong influence of the implanted ions on
the cluster formation for ion fluences in stages III and VI.
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Fig. 3. Relative defect concentration nda at different depth regions versus the
number of displacements per lattice atoms ndpa. The maximum nuclear energy
deposition is at 0.06–0.10 lm and the maximum ion concentration at 0.11–
0.15 lm.
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3.2. Depth distribution of damage

Fig. 4 shows the defect profiles for two ion fluences ranging
within (NI = 8 � 1012 cm�2) and at the end (NI = 3 � 1013 cm�2) of
stage I (see the corresponding arrows in Fig. 2). Additionally the
corresponding relative number of displacements per atom is given
which were calculated with SRIM. Notice that the SRIM curves
were not normalised but give the absolute results for the corre-
sponding ion fluences. Despite the bad statistics, the depths range
of the measured defects is in good agreement with the SRIM pre-
dictions. For NI = 8 � 1012 cm�2 (ndpa � 0.006), the ion fluence
within stage I, also the absolute values are reasonably represented
by the calculations. The same result follows from Fig. 3(a): Up to
ndpa=0.01 an almost linear dependence of nda = ndpa is found. For
NI = 3 � 1013 cm�2 (ndpa � 0.0225) the calculated defect concentra-
tion is higher than the measured one. The reason for that is that
this ion fluence ranges in the transition region to stage II (see
Fig. 2), i.e. defect recombination already starts to occur. From these
results the following conclusion can be drawn. At low energy den-
sities deposited in nuclear processes (corresponding to ndpa < 0.01,
i.e. when each ion hits only crystalline material) the measured de-
fect concentration can be represented by SRIM calculations with
the displacement energies as given in Section 2. That is, no non-lin-
ear processes seem to occur within the collision cascades of indi-
vidual ions. This behaviour is similar to that of GaN [12] and
MgO [13] and may – at least to some extent – be related to the high
displacement energies of 40–70 eV in these materials. In conven-
tional semiconductors like Si, GaAs or InP the displacement ener-
gies are around 10–20 eV and strong non-linear processes occur
at 15 K, i.e. the measured damage concentration is always much
larger than the calculated one [14].

As already mentioned in Section 3.1, for higher ion fluences the
assumption of randomly displaced lattice atoms, made to extract
damage profiles from the measured spectra is not correct. To illus-
trate the effect of the kind of damage on the difference in minimum
yield Dvmin and the damage profiles, Fig. 5 plots some examples
calculated for silicon with the DICADA code. Silicon was chosen be-
cause the calculation of extended defects is not included for com-
pound crystals. Fig. 5(a) shows Dvmin calculated with the DICADA
code assuming three different situations: (1) a Gaussian distribution
of randomly displaced lattice atoms with a maximum concentration
of 0.5 at a depth of 0.1 lm, (2) a 0.25 lm thick layer containing a cer-
tain amount of dislocation loops and (3) the sum of (1) and (2). If
only dislocation loops are assumed, Dvmin does not show a peak
because there is no contribution to direct backscattering of the
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Fig. 4. Defect profiles nda(z) obtained for two low ion fluences. The symbols are the
measurements and the lines are calculated with SRIM.
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analysing ions. If both uncorrelated displaced atoms and dislocation
loops exist within the implanted layer, the spectrum exhibits a peak
due to the direct backscattering on the uncorrelated displaced
atoms, but the yield behind that peak is much higher than for the
case with only uncorrelated displaced atoms (see Fig. 5(a)). In a sec-
ond step these Dvmin(z) curves were taken to extract a damage pro-
file but with the assumption of uncorrelated displaced atoms only.
The results are depicted in Fig. 5(b). In case (1) (only uncorrelated
displaced atoms exist) one exactly obtains the Gaussian damage
profile one has started with. In case (2) (only dislocation loops exist)
the resulting damage profile is completely wrong: Dislocation loops
Please cite this article in press as: E. Wendler et al., Radiation damage in Z
j.nimb.2009.05.031
were assumed to exist only within the first 0.25 lm, but the ex-
tracted profile extends far behind 0.6 lm (see Fig. 5(b)). And finally,
such an artificial tail of damage is also observed in case (3) for which
both types of damage were assumed to exist within the surface
layer. Comparing that particular profile with those obtained for
high-fluence implanted ZnO (Fig. 1(b)), a strong similarity is seen.
It is therefore appropriate to conclude that the ion implanted ZnO
layers implanted with ion fluences within stages III and IV contain
a mixture of randomly displaced lattice atoms (i.e. clusters of point
defects) and dislocation loops, even if implantation and defect anal-
ysis were done at 15 K.

4. Conclusion

ZnO belongs to the group of MgO and GaN, to which in our opin-
ion also AlN and AlAs can be added [14]. In these materials SRIM
calculations with displacement energies being measured or MD
calculated, yield a reasonably good representation of the cross sec-
tion of defect production per ion in crystalline material, measured
at 15 K (thermal effects widely excluded). Only point defects are
produced within a single ion impact in virgin material, which
recombine when collision cascades of individual ions start to over-
lap, thus causing a saturation of the defect concentration at a
rather low value (0.02–0.15 depending on the material). However,
different effects occur in the various materials at higher ion flu-
ences, when the implanted ions themselves start to play a domi-
nating role in the process of damage formation.
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