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ABSTRACT

An extension of the online implantation chamber used for emission Mdssbauer Spectroscopy (eMS) at ISOLDE/CERN that allows for quick
removal of samples for offline low temperature studies is briefly described. We demonstrate how online eMS data obtained during implan-
tation at temperatures between 300 K and 650 K of short-lived parent isotopes combined with rapid cooling and offline eMS measurements
during the decay of the parent isotope can give detailed information on the binding properties of the Mdssbauer probe in the lattice. This
approach has been applied to study the properties of Sn impurities in ZnO following implantation of '**In (T} = 2.4 min). Sn in the 4+ and
2+ charge states is observed. Above T > 600 K, Sn?* is observed and is ascribed to Sn on regular Zn sites, while Sn** detected at T < 600 K is
due to Sn in local amorphous regions. A new annealing stage is reported at T ~ 550 K, characterized by changes in the Sn** emission profile,
and is attributed to the annihilation of close Frenkel pairs.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
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INTRODUCTION

An understanding of implantation-induced effects in host
materials and their annealing behavior is essential to unravel the
physics of damage recovery and open up the possibility of tailor-
ing the electrical, magnetic, and optical properties of materials with
appropriate tuning of the doping and annealing.’

Over the years, ion implantation has proved to be a key process-
ing step in material modification. Its success stems from the ability to
circumvent solubility and diffusion limits compared with other dop-
ing techniques. Moreover, ion implantation is an attractive option
for material fabrication because nearly all elements can be incorpo-
rated in a material with precise control of concentration and depth
distribution by varying the fluence and ion beam energy, respec-
tively. More importantly, the combined use of implanted short-
lived radioactive isotopes and the sensitivity of emission Mossbauer
Spectroscopy (eMS) to minor changes in the nuclear energy levels
presents a unique method that is twofold: (i) material modification
by introducing the desired dopants to enhance material proper-
ties and (ii) characterization at an atomic level using emitted by-
products from the decay chain. This provides information on lattice
sites of incorporated desired daughter dopants in a crystal, its site
changes with materials thermal annealing, and the complexes that
the probe ions form.

Several techniques can be utilized to investigate implantation
damage on an atomic scale, such as Mossbauer spectroscopy. Of par-
ticular importance is emission Mossbauer spectroscopy employing
short-lived parent isotopes (*’Mn — *'Fe, Ty = 1.45 min and '°In
- 'Sn, T3 = 2.4 min), as applied by the Mdssbauer collaboration at
ISOLDE/CERN.”* The method allows for the study of implantation
damage at low fluences down to ~10" cm™ (local concentration
down to ~107* at. %) with annealing times dictated by the lifetime
of the parent isotope. Furthermore, the low fluences available at
ISOLDE ensure that precipitation, clustering, and/or overlapping
damage cascades are effectively ruled out.

The resulting Mossbauer spectra provide a wealth of infor-
mation on the environment of the Mdssbauer isotope, such as the
charge state, nature, and symmetry of probe sites through the electric
quadrupole interaction, magnetic interactions, and binding proper-
ties from the Debye-Waller factor.” These quantities are sensitive
only to the atomic arrangement few lattice atoms away from the
probe atom, giving truly local information.

Usually, information on annealing reactions is retrieved from
a series of temperature-dependent eMS measurements (temperature
series), utilizing online measurements where the implantation tem-
perature is the same as the measurement temperature. The general
assumption is that at low temperatures, the spectra are dominated by
components arising from Fe/Sn in implantation induced amorphous
zones that do not anneal during the lifetime of the parent isotope
("Mn/**In) (see, e.g., discussion in Ref. 6). When the implanta-
tion and measurement temperature is increased, the intensity of
such defect components reduces due to thermally activated anneal-
ing, accompanied by a corresponding increase in the intensity of
components due to Fe/Sn on regular lattice sites.

There are constraints to how high temperatures can feasibly
be applied for temperature series studies in online eMS measure-
ments. The intensity of spectral components is proportional to the
Debye-Waller factor, which decreases exponentially with increasing
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temperature (high temperature approximation). This can result in
too low intensity of spectral components to allow for unambiguous
interpretation of the spectra. In some cases, interesting physics of
the material, such as magnetic interactions, occur at lower temper-
atures, but implantation at higher temperatures is required in order
to anneal the implantation induced damage on the lattice.

Although the implantation damage can impede investigations,
there are cases where the study of the physics of these defects is
essential, as illustrated, for example, by the results obtained after
implantation of  Mn into rutile TiO,.” The lattice with amorphous
regions was found to recover at temperatures below room temper-
ature, and the charge state and properties of the Fe atoms were
determined by the type and nature of point defects in the vicinity
of the probe atom. Subsequently, from implantations/measurements
at different elevated temperatures, it was possible to determine the
onset of titanium vacancy mobility at ~330 K and the disassociation
of substitutional Mn-oxygen vacancy pairs at ~550 K.”

Annealing/implantation at elevated temperatures and measure-
ments at low temperatures is a challenging task when applied to par-
ent isotopes with lifetimes of few minutes. This was, however, first
successfully undertaken by Weyer et al. in the 1980s using implanta-
tion of ""In in Si and Ge.”” These researchers described the anneal-
ing of implanted samples for a few minutes, which were then rapidly
cooled in liquid nitrogen to perform offline measurements at cor-
responding temperatures, leaving enough activity in the samples to
yield spectra with sufficient statistics. This method was very benefi-
cial in the interpretation of damage components in the spectra and
allowed the determination of the isomer-shift and other properties
of dilute *?Sn impurities in group IV semiconductors.”’

In this paper, we describe the use of a new apparatus for
facilitating rapid cooling experiments using short-lived parent iso-
topes. The determination of how the binding properties of the
probe atom (through the Debye temperature at the probe site)
can be retrieved from such measurements is discussed. The tech-
nique is applied in the study of '**In implanted ZnO. It is demon-
strated that the method yields additional information on the prop-
erties of the implantation damage in ZnO in comparison with the
analysis of eMS data obtained in a regular temperature series of
measurements.”

Our earlier studies on temperature series data obtained after
implantation of "*°In into commercial hexagonal ZnO single crystals
were reported by Molholt et al.’ The results revealed that the implan-
tation process creates acceptor defects that stabilize the Sn*' state
rather than Sn**. The Sn®* state was observed at temperatures below
400 K, most likely due to implantation damage; it showed a con-
siderable increase in area fraction between 600 K and 700 K due to
annealing of the acceptor-type defects (presumably zinc vacancies,
Vza) created in the annealing process.

EXPERIMENTAL

Radioactive ion-beams of ''*In* were produced at the ISOLDE
facility at CERN by proton-induced fission in an UC, target, ele-
ment selective laser ionization, and acceleration to 50 keV. Beam
intensities of ~3 x 10® *°In/s were obtained. The eMS experiments
were carried out in a multi-purpose online implantation chamber,’
on which an easily detachable module was mounted, which had an
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extra vacuum-system together with a Huntington magnetically cou-
pled transporter that facilitated quick removal of samples for offline
measurements. In experiments, samples (usually 10 x 10 mm crys-
tals with @ = 6 mm beamspot) were implanted (for about three times
the half-life of the parent in order to build up the activity) and mea-
sured simultaneously at temperatures between 300 K and 650 K with
halogen lamp heating from behind the sample. The sample was then
quickly removed from the beam and vacuum (~10 s) through an
exchange volume and dropped into a bath of liquid nitrogen for
rapid cooling, after which the offline eMS data were collected with
the sample at ~110 K. The time required for cooling of sample and
sample holder and mounting in front of the offline detector was
about 100 s from implantation temperature Timp =500 °C and about
30 s from implantation at room temperature based on the analysis of
video material during operations. A schematic of the setup used for
these measurements is shown in Fig. 1.

The sample is first implanted and measured in an implantation
chamber (A) and held at the implantation/measurement temper-
ature by heating from the behind by a halogen lamp. The online
spectrum is measured with a Parallel Plate Avalanche Detector
(PPAD)'""" equipped with a Ca''’SnOj electrode mounted outside
the implantation chamber on a conventional drive system. The radi-
ation passes through a few mm of Be foils to filter electrons from the
B~ decay of *’Mn/""’In. The sample mounted on a metal holder is
subsequently quickly moved from a sample exchanger and dropped

A: Online setup:

Timp =T meas
9 = 0° J Beam .
HI _ 600 Implantation
E Be chamber
window

On-line
PPAD

B: Off-line setup:

T s = 110K
0. =0°
E Liquid Sample &
nitrogen Be window

i

$ Off-line
PPAD

FIG. 1. Schematic diagram of the experimental setup for online experiments (A)
and for offline measurements of rapidly cooled implanted samples (B).
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into a liquid nitrogen bath (B). After the temperature has stabilized,
the sample is moved in position for offline measurements. 6; and
Or stand for the implantation angle and emission (measuring) angle,
respectively.

In the measurements presented here, the online measurements
were carried out with implantations at an angle of 6; = 30° rela-
tive to the sample normal, and the eMS spectra were measured with
a resonance detector at 60° relative to the sample normal. In the
offline setup, the sample is not fully immersed in liquid nitrogen, but
its temperature stabilizes at ~110 K during the measurement. The
offline measurements presented here were performed at an emission
angle of 6 = 0° using a PPAD equipped with a Ca'**$n0O; electrode.
The maximum fluence was estimated to be <2 x 10" "’In/cm’.
Isomer-shifts and velocities are given relative to the center of the
spectrum of SnO; at room temperature. All eMS spectra have been
analyzed using the Vinda analysis code."”

THEORY

One of the parameters of importance in eMS is the Debye-
Waller factor, also called f-factor. It is related to the vibrational
dynamics of the crystal lattice and expresses the probability of recoil-
free emission of y-quanta. It is the same as the so-called B factor (or
the temperature factor) in x-ray/neutron scattering experiments. In
the Debye approximation, it can be written as’

) 5 Oo/T

-3E 1 T X
_ Y ) o
F(T.00) = exp| o 4+(6D) Ofe"—ldx LW

where E, is the energy of the y-quanta (23.9 keV in the case of ''Sn),
kg is the Boltzmann constant, Op is the Debye temperature, and c is
the speed of light. In Mdssbauer spectroscopy, it is convenient to
represent lattice sites with different vibrational properties in terms
of the Debye temperature of the specific site. It should be mentioned
that the Debye temperature is essentially a macroscopic quantity
based on the assumption of the shape of the density of state distri-
bution. Different techniques probe the density of state distribution
in different ways, and this can result in different findings depending
on the experimental technique."”’

The f-factor decreases with temperature (cf. Fig. 2), making
it difficult to accurately determine spectral components with low
Debye temperatures at elevated temperatures.

The Debye temperature of substitutional impurities, 0, can
often be adequately determined from the mass-defect approxima-
tion, Geﬁc = Opu/M /Mpe,ll where 0p,y is the Debye temperature
of the host lattice and M and Mp. are the masses of the host and Fe
atoms, respectively. The Debye temperature of interstitial impurities
is usually much lower'” than that of substitutional impurities.

The resonance area of a spectral component (labeled with 7) in
emission Mossbauer spectroscopy can be written as

Ai(T) = Ao pi(T) - (T, 6p,), @)

where Ap is a constant depending on the efficiency of the detec-
tor and p; is the site population of the i th spectral component.
Ay is determined by measuring a reference standard. Usually, one
applies the restriction > ;pi(T) = 1, i.e., no missing components, and
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f - factor

0 100 200 300 400 500 600
Temperature (K)

FIG. 2. f-factor for ""Sn as a function of temperature for the Debye temperatures
indicated.

solves Eq. (2) for the Debye temperatures. This method works per-
fectly if there is only one spectral component. Moreover, it can work
for more than one component if there are major changes in their
spectral areas within the temperature series.

Assuming that the site populations depend only on the implan-
tation temperature, it is possible to estimate the Debye temperatures
of spectral components in a different way and re-write Eq. (2) to
cancel out the site population for spectra obtained at the online
implantation temperature (71) and measurement temperature (Tpm).
Defining a;(T) = Ai(T)/Ao, one obtains

ai(Tm) _ f(Tm,0p,)

a(T1)  f(T1,6b;) " ®

Figure 3 shows the calculated curves of a;(Twm)/ai(T1) as a function
of implantation temperature for different Debye temperatures and
for measurement temperature Ty, = 110 K.

a(T,)a(T)

5 //‘Hgili(ﬂi_

0 T T T T T
300 350 400 450 500 550 600

Implantation temperature, 7; (K)

FIG. 3. Calculated curves of the a;(Tnm)/a;(T) ratio as a function of implantation
temperature for different Debye temperatures and at measurement temperature
Tmn=110K.

ARTICLE scitation.orgljournal/rsi

The ai(Tm)/ai(Tr) area ratio increases with implantation tem-
perature and is steepest for spectral components with low Debye
temperatures.

RESULTS

The spectra obtained in this study are shown in Fig. 4.
The dominating feature of all spectra is a single line assigned to
Sn** at v ~ 0 mm/s, while a line due to Sn*" is observed at v
~ —2.5 mm/s. Generally, the results are similar to those obtained by
Molholt et al.’

The Sn** line is more intense in the spectra obtained at Tp,
=110 K (right side of Figs. 4 and 5), implying that the Debye temper-
ature of the Sn* line is lower than that of the Sn** line, in accordance
with results from similar systems.'®'"”

The samples used in this study were pre-implanted with ~10"!
"In/cm? to avoid possible dose dependence effects.” Neither time-
dependence nor dose-dependence of the results was observed, so the
assumption that the site population depends only on the implan-
tation temperature is most likely fulfilled. Consequently, applying
Eq. (3), a diagram similar to Fig. 3 can be employed to determine
Debye temperatures (see Fig. 6).

The data obtained for Sn** follow a simple trend, consistent
with a Debye temperature of 6p = 239(3) K. The data obtained
for Sn** show a more complicated behavior. For temperatures Tt
< 577 K, the data indicate a Debye temperature of 8p = 180(5) K
(or even lower at room temperature), while the point obtained at
646 K indicates a Debye temperature of 6p = 210(10) K. This sudden
increase in the Debye temperature of the Sn** line reveals a change in
the nature of the Sn** spectral line. This coincides with the temper-
ature at which the relative intensity of the Sn®* line starts to increase
(see Fig. 5), and supports the conclusion that the Sn?* component

After
implantation
and rapid cooling

During
implantation

4+
Sm —7,=300K | Sn2*

T, =110 K— j

Relative emission (arb. units)

6 4 2 o 2 4 66 4 2 o 2 4 6
Velocity (mm/s)

FIG. 4. Left: "Sn eMS spectra obtained after implantation of *°In into a ZnO
sample held at the implantation temperature (T;). Right: The spectra obtained after
rapid cooling of the samples and measurements at Tr, = 110 K during the decaying
activity.
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40

— 35 + ® Molholt et al., 2017 (T,, = T)) *
Q\O/ 30 + ¢ During implantation (7}, = 7))
8 25 - o After implantation, 7,, = 110 K +
= 20 -
0] []
> 15 - %' 4 Q
S 10 - He o
2 ot 4 L7

5 4 N Se

0 T T T T T T

100 200 300 400 500 600 700 800
Implantation temperature (K)

FIG. 5. Relative area of the Sn?* line. Filled dots: Data from Malholt et al.% Open
symbols: This work. The diamonds show the spectral area obtained in spectra
where the measurement temperature, Tr, is the same as the implantation tem-
perature, T,. The squares show the relative area obtained in spectra of rapidly
cooled samples at Tr, = 110 K, after implantation at the temperature indicated.

observed at T < 400 K differs from the Sn** component observed at
higher temperatures.

The fact that the offline spectra are measured at the same tem-
perature allows studying the effect of implantation/annealing tem-
perature on the spectra without making assumptions on whether
the line position follows the second-order Doppler shift or whether
linewidths are temperature dependent.

The isomer-shift and linewidth of the Sn** component in the
rapidly cooled spectra obtained at Tr, = 110 K are shown in Fig. 7.
Both parameters show a change in the Sn*' line at around 550 K.
The apparent narrowing of the spectral line indicates a more regular
environment or crystalline lattice site, consistent with the annealing
of implantation damage.

20
n 7
T,=10K| /5 /& /% S
m Sn?* NS Y I8
15 4| ® Sn* A DA
N SR
[ /I% / ,/ /// . ;-LQQ‘(N/
b //(\? ! / it /’/ 94 7
~ RN L , - o -
S 104, 7 . 7 L. 7
>§5 R L7 L - Pt +
e P ’/,+ T
Z ST -
S 5. e T - o__--
F . SRk
0 ; ; ;
300 400 500 600 700

Implantation temperature, 7; (K)

FIG. 6. a;(Tm)/a;(T)) vs implantation temperature data obtained from the analysis
of the data in Fig. 4 along with theoretical curves for different Debye temperatures

(Fig. 3).
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FIG. 7. Isomer-shift (A) and line broadening (B) of the Sn** line obtained from the
analysis of the spectra of rapidly cooled samples (Fig. 4). The dashed lines are a
guide to the eye.

DISCUSSION

The data presented here enable the identification of three
annealing transitions for Sn implanted in ZnO. The first is a broad
annealing stage at T < 400 K, where the majority of Sn** is converted
into Sn** (see Fig. 5). This is similar to the annealing of the spec-
tral component assigned to Fe’" in local amorphous regions due to
the implantation damage observed in similar experiments utilizing
’Mn implanted ZnO."*

The second annealing stage sets in at T ~ 550 K, as reflected
by the narrowing and the shift of the Sn** line (see Fig. 7). There
is no significant change in the area ratio between Sn** and Sn**
at this stage, so it is unlikely to be due to annealing of electrically
active defects, which would be expected to affect the relative ratio
of the two components. The narrowing of the spectral line suggests
annealing of some structural defects, resulting in a change of the
Sn** site to a more regular lattice site. It has been found that the
isomer-shift of Sn** decreases with increased application of exter-
nal pressure,””’ which suggests that the increase in isomer-shift
observed here [Fig. 7(a)] is due to a relaxation of strain in the vicinity
of the probe, which may be attributed to recombination of Frenkel
pairs in the vicinity of the probe atom.

The third annealing stage is observed at T > 600 K, where
the relative intensity of the Sn?* line increases (left side of Fig. 4).
Maglholt et al.” attributed this stage to annealing of acceptor defects
created in the annealing process. In the present work, it has been
possible to determine, additionally, that the Debye temperature of
Sn** below the third annealing stage is lower than the Debye tem-
perature of Sn** formed at this annealing stage (cf. Fig. 6). This
is similar to the results obtained by Weyer et al.”' in their eMS
studies of the amorphous to crystalline transition in silicon. These
authors observed a lowering of the average Debye temperature
(increased intensity of components with low Debye temperatures)
upon amorphization of silicon by ion implantation.

Tuomisto et al.”” employed positron annihilation spectroscopy
of electron-irradiated ZnO and reported an annealing stage at about
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550 K consisting of the recovery of both O vacancies and (the
remaining) Zn vacancies. While Zn vacancies are candidates that
could give rise to the acceptor defects needed for stabilizing the Sn**
state, the annealing of the O vacancies can be related to the structural
relaxation observed in the present study at around 550 K.

A potential candidate for the study of the Debye temperatures
at probe sites with annealing is the recently reported Sn-vacancy
complex in diamond,” where it is speculated that upon room tem-
perature implantation, Sn-vacancy complexes and C vacancies are
created, which after annealing restructure to the SnV center with
Sn on unperturbed bond center sites. Theoretical studies of In
implanted diamond also show the formation of the stable Vc-In-V¢
structure with In in the BC site preceded by the formation of two C
atoms in interstitial positions.z 1

Given the sensitivity of the Mossbauer isomer-shift to the
charge density in the immediate vicinity of the probe, our sys-
tem combining low temperature eMS with annealing studies should
allow the tracking of the development of the SnV centers fol-
lowing implantation of Sn probes in diamond and related sub-
strates with potential applications in nanophotonics and quantum
communications.

While our emphasis has been on the application of the new
equipment for determination of local Debye temperatures at probe
sites, all experimental methods that require parent isotopes with life-
time of minutes for sample manipulation that cannot be performed
inside an evacuated implantation chamber can benefit from this new
equipment. This includes all types of chemistry where implantation
into easily dissolved substrates can be used to perform radiochem-
istry using '*°In or *’Mn for eMS or ®*Cu for Perturbed Angular
Correlation (PAC) measurements.”’

CONCLUSIONS

An apparatus and a method to perform offline emission Mdss-
bauer spectroscopy measurements of samples immediately after
implantation of short-lived parents (on timescales of minutes) have
been developed. It has been demonstrated that this setup allows
accurate determination of Debye temperatures of spectral compo-
nents if certain criteria are fulfilled.

In the case of "“In-implanted ZnO, three annealing stages
could be identified by analyzing the Debye temperatures. The results
reveal that Sn?* observed at T < 600 K has a lower Debye tempera-
ture than Sn** observed at T > 600 K. The former can be related to
Sn** in damaged local regions, and the latter can be related to Sn**
on regular lattice sites at T > 600 K. An intermediate annealing stage
is observed at ~550 K, related to structural relaxation of the lattice
by the annihilation of Frenkel pairs.
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