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Silver migration and trapping in ion implanted ZnO single crystals
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Potentially, group-Ib elements (Cu, Ag, and Au) incorporated on Zn sites can be used for p-type
doping of ZnO, and in the present paper, we use ion implantation to introduce Ag atoms in wurt-
zite ZnO single crystals. Monitoring the Li behavior, being a residual impurity in the crystals, as a
tracer, we demonstrate that Zn interstitials assist the Ag diffusion and lead to Ag pile-up behind
the implanted region after annealing above 800 °C. At even higher temperatures, a pronounced Ag
loss from the sample surface occurs and concurrently the Ag atoms exhibit a trap-limited diffusion
into the crystal bulk with an activation energy of ~2.6eV. The dominant traps are most likely Zn
vacancies and substitutional Li atoms, yielding substitutional Ag atoms. In addition, formation of
an anomalous multipeak Ag distribution in the implanted near-surface region after annealing can
be attributed to local implantation-induced stoichiometry disturbances leading to trapping of the
Ag atoms by O and Zn vacancies in the vicinity of the surface and in the end-of-range region,
respectively. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4949331]

I. INTRODUCTION

ZnO is a wide and direct band gap semiconductor with
numerous potential applications for next generation of
opto-electronic devices working in the short (ultra-violet)
wavelength region.! However, a true realization of bipolar
ZnO-based devices is hindered by the well-known doping
asymmetry issue, typical for II-VI semiconductors.” Indeed,
similar to other II-VI semiconductors, ZnO can be readily
doped n-type, while a stable and reproducible p-type doping
is still lacking. The difficulties of p-type doping are usually
attributed to low dopant solubility, lack of dopants having a
shallow acceptor level, compensation by spontaneously
formed intrinsic defects (hole killers) such as zinc intersti-
tials (Zn;) and oxygen vacancies (Vg), interaction with
impurities, or self-compensation effects.”® The research ac-
tivity on p-type doping of ZnO is mainly focusing on the
group-V atoms*® as possible O-substituting elements or Zn
substituting group-Ia elements.” Recently, it was theoreti-
cally predicted that group-Ib elements (Cu, Ag, and Au)
incorporated on Zn site have a potential for p-type doping,
where Agy, is the most promising candidate as shallow
acceptor with an ionization energy of ~0.2-0.4eV.*? In
fact, a weak p-type conductivity has been demonstrated for
Ag doped ZnO film prepared by pulsed laser deposition.'*!!

Alternatively, Ag can be introduced via ion implantation,
and channeling emission studies have demonstrated that an
Ag fraction of ~30% is incorporated on Zn site already in the
as-implanted state for a dose of 2 x 10"*cm™ at room tem-
perature.'” Despite that ion implantation has a number of
advantages over alternative doping methods (e.g., thermal dif-
fusion), formation and evolution of ion-induced defects affect
the dopant distribution and the final atomic configuration(s).
It has been demonstrated previously that dopant-defect reac-
tions dominate both disorder formation and crystal recovery
in ZnO for many different ion species.'>!” Specifically, for
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Ag an enhanced concentration of extended defects, such as
stacking faults, has been observed in ZnO single crystals.'’
Furthermore, the behavior of group Ia residual impurities in
Zn0O, such as Li, strongly depends on the implanted species
and the kinetics of defect annealing. In fact, monitoring of the
Li distribution can be used to follow the evolution of point
defects'® and as shown in Ref. 19, the Li atoms in n-type
hydrothermally (HT) grown ZnO samples reside exclusively
on substitutional Zn sites (Liz,).

In the present paper, we address the distribution of
implanted Ag ions in the course of post-implantation anneal-
ing concurrent with that of residual Li atoms. It is demon-
strated that the Ag atoms exhibit a trap-limited diffusion into
the crystal bulk with an activation energy of ~2.6 eV, and that
a loss of Ag atoms occurs through the surface at temperatures
>850 °C. Further, evidence for incorporation of Ag atoms on
Zn site is given where the atomic configuration is energeti-
cally favorable with a high thermal stability (>1050 °C).

Il. EXPERIMENTAL

HT grown wurtzite ZnO single crystals of n-type, having
a homogeneous distribution of residual Li impurities on the
level of 3-5 x 10'"cm ™, were implanted at room tempera-
ture with 500keV Ag ions to a dose of 5 x 10> cm 2. The
implantations were carried out in the [0001] aligned direc-
tion. After implantation, the samples were isochronally
annealed for 30 min in air at temperatures between 700 and
1150°C.

The Ag and Li concentration versus depth profiles were
measured by secondary ion mass spectrometry (SIMS) with a
Cameca IMS 7f microanalyzer using 10keV O, ions as the
primary beam for the analysis. The intensity-concentration
calibration was performed using as-implanted reference sam-
ples. The conversion from sputtering time to sample depth
was performed by measurement of the crater depth using a

Published by AIP Publishing.
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Dektak 8 stylus profilometer and assuming a constant erosion
rate with time. As-implanted samples were also studied by
transmission electron microscopy (TEM) to characterize the
defect microstructure. The TEM specimens were prepared by
mechanical thinning followed by 4keV Ar-ion milling for
approximately 30min at room temperature. Cross-sectional
imaging was carried out along the [1120] zone axis using a
JEM2010F microscope operating at 200kV.

lll. RESULTS AND DISCUSSION

The behavior of the Ag atoms in the implanted samples
annealed at moderate temperatures (700-850 °C) is illustrated
in Fig. 1, showing (a) Ag and (b) Li concentration versus
depth profiles. The Ag atoms display only a minor redistribu-
tion below 800°C, while an unexpected pile-up occurs at
~2 um after 800 °C. Concurrently, Li exhibits depletion, and
the position of the Ag pile-up corresponds closely to the deep
edge of the Li depleted region (Fig. 1(b)). Increase of the tem-
perature to 850°C leads to a shift of the Ag pile-up to
~3.5 um and a kink in the Li profile is clearly visible at the
same depth, despite that the Li atoms start to diffuse back to-
ward the surface at this temperature. Note that the formation
of a Li depleted region beyond the implanted peak is typical
for Zn-substituting elements.'® The mechanism of Li redis-
tribution is related to fast moving interstitial Li (Li;) formed
via a kick-out reaction with Zn interstitials (Zn;) emitted from
the implanted region, i.e., Zn;+ Liz, — Zng, + Li;. The Zn;
excess needed for this reaction depends on the incorporation
of the implanted elements on Zn sites. In its turn, the Zn; flux
is determined by the annealing kinetics of the implantation-
induced defects and the Ag pile-up can be attributed to a com-
petition between Zn and Ag atoms to occupy Zn substitutional
sites. Znz, has a lower total energy as compared with Agz,,
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FIG. 1. (a) Ag and (b) corresponding Li concentration vs. depth profiles as
measured by SIMS in ZnO samples implanted with Ag ions at room temper-
ature and then annealed as indicated in the legend.
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and Ag; redistributes to the end of the region exposed to
the flux of Zn;’s, as corroborated by the corresponding Li
profiles.”® The depth of the Ag pile-up remains almost
unchanged after annealing between 850 and 1000°C (see
Figs. 1(a) and 2(a)), implying that the source of implantation-
induced Zn;’s is exhausted. It should be underlined that the
Ag pile-up is stable at least up to 1000 °C, while at higher
temperatures the peak is not resolved due to overlap with the
ordinary Ag diffusion profile, discussed below. Accordingly,
the Ag pile-up provides evidence for a Agy, configuration of
high thermal stability.

In this context, it can be underlined that, in general, the
Li depletion does not mean that a major fraction of the
implanted atoms reside on truly substitutional Zn sites. For
instance, formation of stable impurity-Zn vacancy com-
plexes in the implanted region can affect the excess of Zn;’s,
and therefore, the Li depletion can develop even for low
truly substitutional fractions of the implanted atoms. In addi-
tion, the Li depletion observed in the present work for Ag is
weak as compared with other Zn-substitutional elements,
such as P or B (Refs. 17 and 18), where the Li depletion can
extend up to 10-30 um below the surface. The relatively
modest Li redistribution for Ag may indicate a low Zn
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FIG. 2. (a) Ag concentration vs. depth profiles as measured by SIMS in ZnO
implanted with Ag ions before and after annealing as indicated in the legend,
and the corresponding simulated diffusion profiles assuming a trap-limited
process (lines). The fraction of lost Ag dose as a function of the annealing
temperature is shown in the inset. (b) Modeling results for the 1100°C Ag
profile illustrating the separate contributions of free (Ag;) and trapped silver
atoms (Agz,) to the total Ag concentration (shown by the solid line). The
concentration vs. depth profile of empty traps is also shown by the dashed
dotted dotted line.
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substitutional fraction of Ag in the implanted region and/or
inefficient Zn; injection during the post-implant annealing.

Fig. 2 shows the concentration of Ag versus depth after
heat treatments between 1000 and 1150 °C. The migration of
Ag is revealed as a shoulder on the deep side of the implanta-
tion peak. The shoulder exhibits a concentration plateau of
~5x 10”7 cm ™ and its extension increases with increasing
annealing temperature. This diffusion behavior is character-
istic of a trap and solubility limited process, similar to that
for hydrogen in ZnO,*' where the concentration of Ag in the
plateau region indicates a low solid solubility. Further, the
descending slope at the end of the profile decreases with tem-
perature, implying an increasing dissociation rate of trapped
Ag atoms. A small decrease in the Ag concentration can also
be observed at the shoulder after 1150°C, suggesting a
reduction in the trap concentration and/or a high dissociation
rate of the trapped Ag atoms. It can be noted that trap limited
diffusion is rather commonly observed in HT grown ZnO
samples and has previously been reported for H,>' Na,?
Ga,”* and In.*® It was suggested in Ref. 23 that both the zinc
vacancy and substitutional Liy, can act as traps for intersti-
tially migrating elements. In fact, the redistribution of Ag
observed in Fig. 1(a) during injection of Zn;’s provides
strong evidence that a substitutional configuration (Agz,) is
energetically preferable, as also corroborated by modeling
results.?® Furthermore, the similar values of the Li bulk con-
centration and that of Ag in the diffusion shoulders in Fig. 2
indicate that (Agyz,+Li;) has a lower total energy than
(Ag;+Liz,) and that the exchange occurs via a kick-out
reaction of Liz, with the migrating Ag;’s.

Accordingly, a trap and solubility limited diffusion
model has been applied, described by the following set of
partial differential equations:*'

0[Agi] ? 0[Agzn)
ot - DW [AgSS] - ot )
0[Agz,
[ agtz ] = k[Agss|(awor — [Agzn]) — V[Agzn),
SS
[Agss] = m [Agi], (D

where [Ag;] is the total concentration of free Ag atoms pro-
vided by the implanted diffusion source, ¢ is the annealing
time, x is the sample depth, and D is the Ag; diffusion coeffi-
cient. [Aggs] is the actual concentration of the Ag; atoms
able to migrate into the sample which is assumed to be lim-
ited by the solid solubility (SS) of Ag;. [Agz,] denotes the
concentration of trapped Ag atoms, and a,; is the total con-
centration of traps. The kinetic coefficients k =4nRD (R is a
capture radius between the Ag; atoms and the traps) and v
are the trapping rate of Ag; atoms and dissociation rate of
Agy,, respectively. The total Ag concentration at a given
time is the sum of [Ag;] and [Agy,]. All the as-implanted Ag
atoms are assumed to be free (Ag;), and the as-implanted Ag
concentration vs. depth profile is used as the initial condition
(t=0). In the simulations (the results are shown by the solid
lines in Fig. 2(a)), the Ag; solid solubility was kept fixed at
5% 10"cm™3,* while the trap concentration was put to
5% 10" cm_3, i.e., similar to the bulk Li concentration,
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except for the 1150 °C sample (see discussion above) where
it was estimated to be ~4 x 10'" cm . For R, a geometrical
value of 5A was used. For clarity, the individual contribu-
tions of the free (Ag;) and trapped (Agz,) Ag atoms to the
total Ag concentration are shown in Fig. 2(b) where the con-
centration of empty traps (@, — [Agzn]) is also plotted. The
Agy, atoms dominate in the diffusion shoulder, while Ag;
prevails in the implantation peak.

Fig. 3 shows the Arrhenius plots of D and v deduced from
the simulations. Note that the largest uncertainty in the D and
v values occur at the temperatures below 1050°C where the
pile-up profile overlaps partly with the tail of the “ordinary”
diffusion profile. Assuming that the v pre-exponential factor
(vg) reflects the attempt frequency for a dissociative process,
typically in the range of 1 x 10"*s™", the activation energy for
dissociation of the trapped Ag atoms becomes 3.7 £0.2eV. In
its turn, the value for the extracted activation energy and
pre-exponential factor of D are 2.6 = 0.1eV and 5 *+ 1 cm?/s,
respectively. The obtained activation energy for Ag diffusion
is about 1 eV higher compared with that predicted theoretically
based on first principle calculations using the generalized-
gradient approximation with the functional of Perdew, Burke,
and Ernzerhof.?® The accuracy of the theoretical value in
Ref. 20 is not known but it should be mentioned that our (ion-
implanted) diffusion source may not be fully ideal with a lim-
ited release of Ag; atoms. As shown below, interaction
between ion-induced defects and the implanted Ag atoms takes
place even at high temperatures and an energy barrier for
release of Ag; atoms trapped in the implanted region may
account for the ~1 eV larger activation energy of D relative to
the theoretical value. In addition, the anneals above 800 °C are
accompanied by a loss of Ag atoms outdiffusion through the
sample surface, as illustrated by the inset in Fig. 2. On the
other hand, the density of Ag atoms in the implanted source is
a factor of about 10 to 100 higher than that in the diffusion
shoulder, in principle ensuring a sufficient supply of Ag atoms.

An intriguing interaction of the Ag atoms with the
implantation-induced defects is revealed by Fig. 4, showing
enlarged fragments of the Ag concentration vs depth profiles
in the vicinity of the implantation peak. After 1000 °C,
the Ag atoms exhibit three distinct peaks: close to surface
(~100nm), at the projected range (~220nm), and in the
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FIG. 3. Arrhenius plots of the extracted Ag diffusion constant (left-hand
scale) and the dissociation rate of the trapped Ag atoms (right-hand scale) vs
the reciprocal absolute temperature.
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FIG. 4. Fragments of the Ag concentration vs. depth profiles shown in Fig. 2
illustrating anomalous redistribution in the vicinity of the implanted peak.
The Li profile after 700 °C annealing is included for comparison (solid line).
The inset shows the dark field (cross-sectional) TEM image of an as-
implanted sample, where the thick white line indicates the sample surface
and the thin dashed one indicates the end of the damaged region.

end-of-range region (~650 nm). Annealing at higher temper-
ature leads to some narrowing of the central peak and
accumulation in the end-of-range region. At 1150 °C, a pro-
nounced release of trapped Ag atoms occurs both at the near
surface and at the central peak, while the end-of-range peak
remains stable despite that the major part of ion-induced
defects has disappeared at this temperature.'’

Agglomeration and clustering of Ag atoms is expected
around the projected range (the central peak) due to the high
local concentration.’ Further, according to the TEM results
shown in the inset of Fig. 4, the damaged layer extends up to
~600nm in depth (indicated by the white dashed line) and
consists of planar defects in addition to clusters of vacancies
and/or interstitials, corroborated by previous studies of the
defect microstructure in ZnO samples implanted by heavy
ions.'”?® The end-of-range Ag peak occurs in the transition
region between the damaged layer and the crystalline sample
bulk where the defect density is comparatively low.
Interestingly, also the Li concentration vs depth profile after
700 °C annealing (shown by the solid line in Fig. 4) reveals
accumulation at the depths corresponding to the near the sur-
face and end-of-range Ag-peaks. As discussed above, open-
volume defects are efficient traps for both Li and Ag, and
they are a possible cause for the pile-up in both the near sur-
face and end-of-range regions. An enhanced concentration of
vacancy type defects at the both sides of the projected range
can be attributed to a local stoichiometric imbalance in the
collision cascades.’®?” The calculations predict that such
stoichiometric disturbances can be pronounced in heavy ion
implanted compound semiconductors with a large mass ratio
of the constituent elements. Excess of the heavier and lighter
elements is expected to develop near the surface and at end-
of-range regions, respectively.’®?’ Specifically for ZnO, this
leads to a deficiency of oxygen (oxygen vacancies) at shal-
low depths and a deficiency of Zn (V,,’s) at depths beyond
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the projected range. Hence, the profiles in Fig. 4 suggest that
the Ag atoms can be trapped forming stable Agg and Agy,
configurations near the surface and at the end-of-range,
respectively. Furthermore, the results also indicate a lower
thermal stability of Agg as compared with Agy,,.

Finally, it should be mentioned that Yaqoob and
Huang® addressed the diffusion of Ag (and In) in ion-
implanted ZnO samples by monitoring the redistribution of
Ag in the implantation peak region using Rutherford back-
scattering spectrometry (RBS) measurements. Consistent
with our data, they found a complex interaction between the
Ag atoms and the implantation-induced defects. Analysis of
the RBS results led to somewhat contradictory conclusions,
e.g., Ag; exhibited a fast diffusivity despite having a higher
migration energy than Agy, and despite its low migration
barrier (~1.1eV), Agz, displayed a high thermal stability. It
was concluded in Ref. 29 that a more detailed study is
required to understand the atomistic processes occurring in
the implantation peak region.

IV. CONCLUSIONS

In conclusion, injection of Zn;’s from the implanted
near-surface region at temperatures between ~800 and
900 °C causes redistribution of the Ag atoms in the profile
tail at large depths. Accumulation of the Ag atoms occurs at
the maximum depth of the Zn; penetration, as monitored
by Li as trace element; this is attributed to a competition
between Zn; and Ag; to react with Vz,’s or Liz,’s and occupy
Zn substitutional sites. The migration of the Ag atoms is
interstitial-assisted, and at high temperatures (>1000°C)
when the supply of implantation-induced Zn;’s is exhausted,
the Ag atoms exhibit a trap-limited diffusion into the sample
bulk with an activation energy of ~2.6eV. Dominant traps
in HT grown material for the migrating Ag;’s are most likely
Liz, and V,. The substitutional Agy, configuration displays
a high thermal stability with a dissociation energy barrier of
~3.7¢eV. Finally, in the implanted near-surface region an
anomalous multipeak distribution of the Ag concentration
evolves with the annealing temperature. This may be due
to local implantation-induced stoichiometry perturbations,
leading to trapping of the Ag atoms by oxygen vacancies, in
the vicinity of the surface, and V,,’s, in the end-of-range
region.
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