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Although zinc oxide is a promising material for the fabrication of short wavelength optoelectronic devices,
p-type doping is a step that remains challenging for the realization of diodes. Out of equilibrium methods such
as ion implantation are expected to dope ZnO successfully provided that the non-radiative defects introduced
by implantation can be annealed out. In this study, ZnO substrates are implanted with nitrogen ions, and
the extended defects induced by implantation are studied by transmission electron microscopy and X-ray
diffraction (XRD), before and after annealing at 900 °C. Before annealing, these defects are identified to
be dislocation loops lying either in basal planes in high N concentration regions, or in prismatic planes in
low N concentration regions, together with linear dislocations. An uniaxial deformation of 0.4% along the ¢
axis, caused by the predominant basal loops, is measured by XRD in the implanted layer. After annealing,
prismatic loops disappear while the density of basal loops decreases and their diameter increases. Moreover,
dislocation loops disappear completely from the sub-surface region. XRD measurements show a residual
deformation of only 0.05% in the implanted and annealed layer. The fact that basal loops are favoured
against prismatic ones at high N concentration or high temperature is attributed to a lower stacking fault
energy in these conditions. The coalescence of loops and their disappearance in the sub-surface region are
ascribed to point defect diffusion. Finally, the electrical and optical properties of nitrogen-implanted ZnO are

correlated with the observed structural features.

PACS numbers: 61.72.U-, 61.72.Dd, 68.55.Ln
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I. INTRODUCTION

Because of its direct band gap of 3.37 eV, zinc oxide
has gained a renewed interest during the last decade due
to a wide range of possible applications in short wave-
length optoelectronics. ZnO is an interesting alternative
to gallium nitride (which has approximatively the same
band gap) for several reasons. The high binding energy
of the exciton (59 meV for ZnO versus 30 meV for GaN)
could provide better luminescence at room temperature.
Contrary to GaN-based devices which contain relatively
rare materials like Ga and In, ZnO-based devices contain
Zn and Mg which are abundant and non-toxic elements.
Finally, relatively cheap ZnO substrates are commercially
available contrary to GaN ones. This allows homoepitax-
ial ZnO layers to be grown with less structural defects
than GaN heteroepitaxial layers. Important progresses
have been made in the growth of ZnO and its alloys un-
der the form of bulk crystals, thin layers, and nanowires.!
But one of the remaining issues for the fabrication of
ZnO-based devices is obtaining stable and reproducible
p-type doping.? Group V elements such as N, P, As, or
Sb substituting for O atoms are envisaged for p-type dop-
ing. Among them N is theoretically the best candidate
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because of its higher electronegativity and its ionic ra-
dius similar to that of O. However, from recent ab-initio
calculations, the ionization energy could be 0.33 eV,? or
1.3 eV,* indicating that p-type doping with N may be
difficult at thermodynamic equilibrium. Nevertheless,
Zn0O-based LEDs grown by molecular beam epitaxy at
a temperature around 900°C (a relatively low temper-
ature compared to the melting point of 1975°C) have
been demonstrated using nitrogen for p-type doping.®6
Ton implantation is also promising for p-type doping of
ZnO with nitrogen: it is a far from equilibrium method as
a high supersaturation of point defects is created at room
temperature, and N concentration can be beyond its equi-
librium solubility. Moreover this method offers a precise
doping through the control of dose, area localization, and
dopant depth. For these reasons N implantation of ZnO
(called hereafter N implantation) is actively studied.” !
However implantation of energetic ions introduces de-
fects in the crystal lattice which degrade the electricall®
and optical'? properties. Annealing is needed to remove
these defects and to activate dopant atoms by moving
them to the right lattice sites, keeping in mind that an-
nealing at too high temperatures may on the contrary
deactivate dopants by approaching equilibrium or by
forming molecular nitrogen.'® Although N-implanted and
annealed ZnO remains n-type in general,®!'%15 donor-
acceptor pair emission has been observed by photolu-



minescence (PL).%%16:17 Electroluminescence has been
sometimes observed, but it is not clear if this was due to
the formation of an actual p-n junction,”!! or to a metal-
insulator-semiconductor junction.'® These observations
call for a thorough study of implantation defects and of
their evolution upon annealing, in order to correlate the
optical and electrical properties with the structural ones.
The defects induced in ZnO by irradiation vary according
to the type of irradiation (ion or electron), and accord-
ing to the implanted element. Voids are produced by As
implantation,'® and clusters by Co or Mn implantation.'®
Although ion implantation in ZnO does not usually in-
troduce any amorphous layer because of the large ionicity
of its chemical bounds,?® Si implantation can cause ZnO
amorphization.?! Ton bombardment thinning of heavily
doped ZnO with low voltage Ar™ results in the forma-
tion of interstitial dislocation loops lying in basal planes
with a Burgers vector b = ¢/2 + p.?? Electron irradi-
ation of a ZnO thin foil creates interstitial dislocation
loops lying in basal planes with b = ¢/2, and lying in
prismatic planes with b = a.?? It seems that disloca-
tion loops are also formed during Au implantation, but
the authors note that a more detailed transmission elec-
tron microscopy (TEM) study would be needed.?! De-
fects induced by N implantation of ZnO, and sometimes
their evolution with annealing, have also been studied. A
Rutherford backscattering spectrometry study indicates
that the absolute concentration of defects is much lower
in ZnO than in GaN.?* From X-ray diffraction (XRD), it
is found that the crystalline quality is recovered after an
annealing at 800 °C.” Positron annihilation spectroscopy
studies reveal the formation of vacancy clusters, and ex-
plain their behaviour upon annealing.'4:1%:25:26 Neverthe-
less, the crystallographic nature of the extended defects
induced by N implantation of ZnO has never been deter-
mined, and the annealing effect has not been observed
directly by TEM. In this study, N implantations were
carried out in order to study the formation of structural
defects and their recovery upon annealing. TEM and
XRD were used to study an as-implanted sample, and a
sample after implantation and annealing. Extended de-
fects are identified to be dislocation loops lying in basal or
prismatic planes, together with linear dislocations. The
evolution of the defects with annealing was observed.
Induced deformations in the implanted layer were mea-
sured by XRD and correlated to the observed microstruc-
ture. Considerations on dislocation energy and on local
N concentration give some elements to discuss the differ-
ent habit planes of the loops and the annealing effects.
Optical and electrical characterizations obtained on the
same samples are correlated with these structural obser-
vations. N being a potential p-type dopant for ZnO, the
knowledge of the type of defects and their evolution with
annealing is indeed of great importance in order to op-
timize structural, electrical, and optical properties of N-
implanted ZnO.

Il. EXPERIMENTAL DETAILS

Two hydrothermally grown single-crystals of ZnO pro-
vided by Crystec were studied: one is an as-implanted
substrate, and the other one is an implanted and an-
nealed substrate. N* implantations were carried out at
0°C on the oxygen face (i.e. the (0001) crystal face)
with a NV-8200P Axcelis implanter. Samples were tilted
7° relative to the ion beam direction to minimize chan-
neling. The beam flux was 1.15 x 10'2 em™2st. Three
successive implantations at different energies and doses
were carried out on each of the two samples in order to
obtain a flat nitrogen profile. Accelerating voltages of
50, 120, and 200 kV with respective doses of 4 x 104,
8 x 10, and 10'® em™ were used. The second sample
was annealed at 900 °C during 15 minutes under Og at
atmospheric pressure. These annealing conditions were
chosen because they lead to the maximum intensity for
the donor-acceptor pair emission in PL spectra.'” TEM
sample preparation was carried out without ion milling in
order to avoid artefacts, since Ar™ milling of ZnO at 5 kV
is known to introduce defects.?? Although they can be
minimized by a final milling at low voltage,?” the wedge
polishing technique was preferred.?® TEM images were
taken on a Jeol 4000 EX microscope operated at 400 kV.
Scanning TEM images were taken on a FEI Titan mi-
croscope fitted with a probe Cg-corrector and operated
at 300 kV. XRD experiments were carried out on a Pan-
alytical Xpert MRD diffractometer implementing triple
axis measurements with the use of a fourfold Ge(220)
monochromator, a threefold Ge(220) analyser, and Cu
Ka radiation (1.540598 A).

The following crystallographic notations are used in
this paper for hexagonal ZnO: ¢ = (0001), a = £(1120),
p = 3(0110). {0001} planes are called basal planes.
{1120} and {1100} planes are called prismatic planes.
Dislocation loops lying in basal or prismatic planes are
called basal or prismatic loops respectively. In the
wurtzite structure, two types of basal loops can be found:
b = ¢/2 dislocation loops which enclose extrinsic stack-
ing faults with a stacking sequence ABABACBABA,
and b = ¢/2 + p dislocation loops which enclose type
one intrinsic stacking faults with a stacking sequence
ABABABACACA 2229

Il. RESULTS

A. N concentration profiles

Fig. 1 shows the implantation profiles measured by sec-
ondary ion mass spectrometry (SIMS) before and after
annealing, together with the simulated profile obtained
with the SRIM software.?® SIMS measurements and the
simulation are in good agreement.The annealed and the
as-implanted sample present nearly the same concentra-
tion profile. Thus N diffusion from the implanted zone in
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FIG. 1. N concentration profiles simulated with the SRIM
software,?® and measured by SIMS on the as-implanted sam-
ple and on the implanted and annealed sample.

ZnO or to the surface appears to be negligible at 900 °C
in our experimental conditions.

B. Crystallographic defects induced by N implantation

Fig. 2 shows cross-sectional TEM images of defects in
the as-implanted layer. Three types of defects can be
identified: dislocation loops lying in basal planes; dislo-
cation loops lying in prismatic planes, and linear dislo-
cations.

1. Basal loops

On the [0002] weak-beam image [Fig. 2(a)], overlap-
ping black and white contrasts due to a high density of
basal loops are visible at depths between 0 and 400 nm.
These depths correspond to the zone of high N concentra-
tion [Fig. 1]. The habit plane of the loops in this zone was
identified on cross sectional high resolution images taken
along a (1120) zone axis, as shown in Fig. 2(b). An addi-
tional (0001) insertion plane is detectable, indicating that
the loops lie in basal planes and are of interstitial type.
The mean loop diameter was determined to be 5 nm from
various high resolution images. Due to the high density
and the small size of these basal loops, their Burgers vec-
tor is difficult to determine without ambiguity from a g.b

400 nm

400 nm

—» g=[1100]

FIG. 2. TEM weak-beam images of the as-implanted sample
observed in cross-section with (a) g = [0002], and (¢) g =
[1100] diffracting conditions. (b) High resolution TEM image
taken along the (1120) zone axis in the area indicated in (a).

analysis or from high resolution images. On the [1100]
image [Fig. 2(c)], the basal loops show a faint contrast.
It may be a residual contrast (g - (b x u) # 0 even if
g.b = 0, where u is a unit vector along the dislocation
line), or it may correspond to a situation where g.b # 0.
This is compatible with a Burgers vector b equal either
to ¢/2 or to ¢/2 + p, which are the two possibilities for
interstitial loops lying in basal planes in the hexagonal
structure.
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FIG. 3. Cross sectional weak-beam images of the implanted
zone at 400 nm under the surface with (a) g = [0002], and
(b) g = [1100] diffracting conditions.
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FIG. 4. Bright-field TEM images in plan-view of the im-
planted ZnO layer before annealing.

2. Prismatic loops

Some dislocation loops are visible on the [1100] weak-
beam image at depths between 400 nm and 550 nm
[Fig. 2(c)], in a region where the nitrogen concentration
is lower according to SIMS measurements [Fig. 1]. Fig. 3
gives a more precise image of this zone at a depth of
400 nm. Prismatic loops are visible on [1010] images,
but not on [0002] images, indicating that their Burgers
vectors lie in the basal plane. Because no stacking faults
are visible inside the loops on [1100] images [Fig. 2(c) and
Fig. 3(b)], b does not have any component along p. The
Burgers vector of these loops is therefore b = a. In the
literature, prismatic loops with b = a are commonly ob-
served in several hexagonal materials, such as quenched
Mg,3! or in materials irradiated by electrons, neutrons or
ions such as Zr,?? Co,? SiC,3* and Zn0.?3

3. Linear dislocations

Some linear dislocations are visible on [1100] images
[Fig. 2(c)], but are out of contrast on g = [0002] images

FIG. 5. Weak-beam images of N implanted ZnO after anneal-
ing with (a) g = [0002], (b) g = [1010], and (c) g = [2110]
diffracting conditions.

[Fig. 2(a)]. Consequently their Burgers vectors lie in the
basal plane. They are also visible on plane-view images
taken near the (0001) zone axis [Fig. 4]. Two linear dislo-
cations are visible for g = [0110] and g = [1100], and are
out of contrast for g = [1010]. It results from this analy-
sis that the Burgers vector of these linear dislocations is
b = 1/3[1210] = a. The mechanism for the formation of
these linear dislocations is not clearly understood yet.



FIG. 6. (a) Low magnification bright-field scanning TEM
image of basal loops after annealing, and (b) high-resolution
scanning TEM image of the side of one loop (corresponding
to the area marked by a rectangle in (a)) taken along a (1120)
zone axis with a high-angle annular dark-field detector.

C. Evolution of the defects upon annealing

After annealing at 900°C during 15 minutes, basal
loops and linear dislocations are still observed, but pris-
matic loops are no longer visible [Fig. 5]. Basal loops
have grown in diameter and their density has decreased.
Their mean diameter has increased from 5 nm to 21 nm.
Another noticeable effect related to annealing is the com-
plete disappearance of loops in the subsurface region over
a depth of 65 nm. The decreasing density of basal loops
together with their larger size allow us to determine their
Burgers vectors more precisely than before annealing.
They can be determined on cross-sectional weak-beam
images observed with three different diffracting condi-
tions: g = [0002], g = [1010] and g = [2110] [Fig. 5].
All basal loops are visible for g = [0002] and g = [1010].
Thus b has components parallel and perpendicular to
the ¢ axis. The same number of loops is visible for
g = [1010] and g = [0002], while only about two-thirds
of the basal loops are visible for g = [2110]. For exam-
ple, the loop marked 1 in Fig. 5 is visible with the three
different diffracting conditions whereas the loop marked
2 is visible for g = [1010] and g = [0002] but not for
g = [1120]. It can be concluded that the Burgers vector
of basal loops after annealing is b = ¢/2 4+ p. Moreover
Moiré fringes inside the loops on the [1010] image indi-
cate the presence of a stacking fault with a displacement
vector along p. A zoom on one basal loop with such
fringes is shown in the inset of Fig. 5(b). A low mag-
nification bright-field scanning TEM image of the basal
loops is shown on Fig. 6 (a). Fig. 6 (b) is a zoom on
the edge of the basal loop marked in Fig. 6 (a). One
extra atomic plane inside the dislocation loop is visible
on this high resolution STEM image: the basal loops are
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FIG. 7. XRD results. (a) 6/26 scans on the symmetrical
[0002] reflection obtained on ZnO substrates before implan-
tation, after N implantation, and after implantation and an-
nealing. (b) Reciprocal space map on a [1124] asymmetric
peak obtained on the as-implanted sample

of interstitial type as before annealing. Some linear dis-
locations crossing the implanted layer are still visible on
[2110] images, but some of them are out of contrast for
g = [1010], and none are visible on g = [0002] images.
Consequently they still have a b = a Burgers vector.

D. Deformations in the implanted zone as measured by
XRD

Fig. 7 shows the results obtained by high resolution
XRD. Fig. 7 (a) displays 6/260 scans done on the symmet-
rical [0002] reflection for an unimplanted sample, the as-
implanted sample, and the implanted and annealed sam-
ple. Fringes on the left of the [0002] peak indicates that
nitrogen implantation in ZnO induces a deformed layer
with a larger ¢ parameter. Reciprocal space maps on the
asymmetrical [1124] reflection [Fig. 7 (b)] demonstrate
that the dilatation of the implanted layer occurs only in
the ¢ direction, with no in-plane deformation. This gives
evidence of an increase of the ZnO unit cell induced by
implantation. Goland and Keating have already demon-
strated that interstitial dislocation loops in hexagonal
structures yield an increase of the lattice parameter in the
direction perpendicular to the habit plane of the loops.?>
This phenomenon, intensively studied in nuclear material
science, was called ”irradiation growth”.2¢ In our study,
we infer that the basal loops yield an increase of the c pa-
rameter. The deformation induced by the prismatic loops
is not detectable, as deduced from Fig. 7 (b). Simulations
of rocking curves based on kinematical diffraction are
shown in Fig. 8(c). The experimental rocking curve is
initially fitted with a uniform deformation profile as rep-
resented in the inset of Fig. 8(a). This corresponds to a
layer of 400 nm with a 0.4% uniaxial deformation. How-
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FIG. 8. (c) 0/20 scan on the symmetrical [0002] reflection
obtained on the as-implanted ZnO substrate, and XRD sim-
ulations for various d-spacing gradients along the c axis: (a)
uniform deformation from 0 to 400 nm, and (b) deformation
profile proportional to the implantation profile (see Fig. 1).

ever, a better fit of the experimental rocking curve is
obtained with a deformation profile which follows qual-
itatively the implantation profile, as represented in the
inset of Fig. 8(b). This suggests that the distribution of
the basal loops follows roughly the implantation profile.
The XRD scan for the annealed sample is also presented
in Fig. 7(a): a small deformation of only 0.05% remains
after annealing, which can be ascribed to the remaining
basal loops.

IV. DISCUSSION

Table I sums up the TEM observations of implantation
defects obtained by Yoshiie et al.2337 for electron irradi-
ation of pure ZnO thin foils, by Courderc et al.?? for Ar
implantation of Bi-Mn-Ti-doped ZnO, and by ourselves
for N implantation. All the observed basal dislocation
loops are of interstitial type, whereas prismatic loops are
only assumed to be interstitial.

A. Formation of dislocations during implantation
1. Formation of interstitial dislocation loops

First-principles calculations show that native point de-
fects are very mobile in Zn0.384 Calculated migration
barriers and the corresponding temperatures at which

native defects become mobile (considering that a point
defect is mobile if its jump rate is more than 1 per sec-
ond) are reported in Table I1.3® It appears that at room
temperature, interstitials are very mobile, and vacancies
almost immobile. In ion implanted ZnO, Frenkel pairs
are formed by a cascade damage. Some of them anni-
hilate, but mobile interstitials can agglomerate to form
dislocation loops. Immobile vacancies stay isolated or
may form vacancy clusters of a few vacancies.!%15,25,26
Our observations of interstitial loops are thus coherent
with theoretical predictions. Concerning previous TEM
investigations (reported in Table I), Yoshiie et al. and
Couderc et al. also observed that basal loops were of
interstitial type.

2. Type of dislocation loops according to N concentration

Let us discuss about the parameters that may deter-
mine the habit planes of interstitial loops. Foll et al.
proposed a rule to predict the habit planes of disloca-
tion loops in hexagonal closed-packed structures depend-
ing on the c/a ratio.?® If d{0001}/d{10To} < 1 (where
d is the lattice plane spacing), which is equivalent to
c/a < /3 = 1.732, the loops should form in the {1010}
prismatic planes. If ¢/a > 1.732, the loops should form
in basal planes. Griffiths discussed more precisely the
habit planes of interstitial loops in a review on the mi-
crostructure of irradiated hexagonal compact metals.*!
Foll’s rule is respected for pure materials. But for im-
pure materials with ¢/a < 1.732, both prismatic and
basal loops are observed. In particular, dislocation loops
formed by quenching in Mg (for which ¢/a = 1.623)
were studied.?! Prismatic loops where observed for Mg
with 0.0001% impurities, while basal loops were observed
for Mg with 0.05% impurities. In the ZnO case, pris-
matic loops should form preferentially, as ¢/a = 1.602.
However, taking into account Griffiths” observations, the
number of basal loops should increase relatively to the
number of prismatic loops when the impurity concentra-
tion increases. This is in agreement with the results for
irradiated ZnO summarized in Table I: prismatic loops
together with basal loops are present in relatively pure
material (Yoshiie et al.) whereas only basal loops are
present in impure materials (Couderc et al.). In our
study, basal loops are observed in the high N concen-
tration region and prismatic loops in the low N concen-
tration region, in agreement with Griffiths’ observations.
This dependence of the habit plane with the impurity
concentration can be explained by considering the en-
ergy of a dislocation loop. The total elastic energy of
aloopis E = E; x I+ x S where Ej is the energy
per unit-length of the dislocation line, [ the length of
the dislocation, v the energy of the stacking fault, and
S its surface. A general result for a large variety of ma-
terials is that the stacking fault energy is lowered when
the impurity concentration is increased.*? For example,
in the case of wurtzite materials like GaN, the density of



TABLE I. Types of dislocation loops observed by TEM in ion or electron irradiated ZnO before and after annealing. The N

concentration is noted Cy.

Yoshiie et al.?>?7

Electron irradiation

Couderc et al.??

Ar implantation

This study

N implantation

700 keV 5 keV 50 keV to 200 keV
Pure ZnO Zn97A4Bi1Mn1TioA60 7ZnO with 0 < Cn < 022%
Implanted Interstitial basal loops with Interstitial basal loops with Interstitial basal loops with
sample
b=c/2 b=c/2+p b =c/2 orb=c/2+p (ambi-
guity) for high Cy region
Prismatic loops with b =a Prismatic loops with b = a for
low Cn region
Implanted Fewer prismatic loops. No more Interstitial basal loops with b =
and annealed loops if T' > 800 °C. c¢/2 + p. Prismatic loops and
sample loops close to the surface are re-

moved at 900 °C.

TABLE II. Migration barriers and temperature at which ZnO
native defects become mobile (from Janotti et al.>®).

Zinc interstitial 0.57 eV (—=54°C)
Oxygen interstitial 0.87 eV (62°C) or 1.14 eV (166 °C)
Zinc vacancy 1.40 eV (266 °C)
Oxygen vacancy 2.36 eV (636 °C)

basal stacking faults is increased by a factor of 10 with
Si doping.® Ab-initio calculations indicate this is due to
a lower basal stacking fault energy resulting from the Si
doping.** Because prismatic loops have a Burgers vector
b = a, and thus no stacking fault inside (the disloca-
tion is perfect), their energy does not change when the
impurity concentration increases. But the basal loops
with b = ¢/2 4+ p or b = ¢/2 contain a stacking fault:
their energy is lowered when the impurity concentration
is increased. Thus basal loops become more stable than
prismatic loops for high impurity concentration. The
Burgers vectors of basal loops may also be accounted
for by the impurity concentration. In our study, and in
Couderc et al.’s one with impure ZnO, basal loops have
b = ¢/2 + p with a type one intrinsic stacking fault. In
Yoshiie et al.’s study with pure ZnO, the Burgers vector
is b = ¢/2 with an extrinsic stacking fault. To explain
these experimental observations, we propose that a high
impurity concentration may lower the intrinsic stacking
fault energy more than the extrinsic one and thus favours
b = ¢/2 + p in impure materials.

B. Recovery of implanted ZnO with annealing
1. Behaviour of dislocation loops

As observed for many crystals (for example Si),* and
for ZnO in particular,?? loop diameters increase upon an-
nealing while their density decreases. As two dislocation
loops attract each other, loops tend to coalesce.?? Be-
cause the Burgers vector of the loops do not lie in the
loop plane, this coalescence does not occur by glide. It
occurs rather by climb, which is a diffusion-assisted phe-
nomenon. The disappearance of all loops in the sub-
surface region (up to 65 nm under the surface) with
annealing is observed. One could attribute this to the
weaker density of dislocation loops in this region, as
deduced from the XRD study (see IIID). But it is
not sufficient to explain the complete disappearance of
the loops. The specific role of surface must be consid-
ered. Actually, it was already observed that the density
of loops produced by implantation in silicon decreases
when the implantation depth approaches the surface.*6
This was ascribed to the diffusion of interstitials towards
the surface. Sub-surface area free of dislocation loops
were also observed in hexagonal materials such as Zr
alloy,%” Mg,3! and CdTe.*® Because hexagonal materials
are anisotropic, it was pointed out that all surfaces do
not play the same role.*” In ZnO, irradiated thin foils??
and Ga-implanted ZnO nanorods*® become free of dislo-
cations after annealing at 800 °C. These examples stress
the role of surfaces to remove dislocation loops. Surfaces
act as a sink for point defects and thus causes the ”dis-
solution” of dislocation loops. In this study, the disap-
pearance of prismatic loops is observed for an annealing
at 900 °C. Yoshiie et al. observed that the basal loops to
prismatic loops ratio increased with the irradiation tem-
perature from 200 °C to 500°C. Extrapolation of their
results shows that no prismatic loops should be present
after 720 °C, which is coherent with our study. Prefer-



ential nucleation of basal loops was also observed in Zr
alloys at higher temperature.3>4! A lower basal stacking
fault energy due to a higher temperature??> may cause
prismatic loops to be unstable and disappear.

2. Considerations to improve structural recovery

After annealing, the XRD analysis indicates a good
structural recovery with a residual deformation of only
0.05%. However, PL spectra show no donor-acceptor pair
emission when carried out directly on the sample surface.
But when the top-surface layer (those without defects on
a depth of 65 nm) is removed by chemical-mechanical
polishing, donor-acceptor emission is evidenced by PL.'7
Hall measurement using the Van der Paw configuration
was realized on the annealed sample after removal of the
surface layer. However, the implanted layer was found
too resistive to be measured, most probably because of
the remaining dislocations observed in TEM. In our view,
the electroluminescence observed in the literature for N-
implanted ZnO annealed at 800 °C is possibly due to a
metal-insulator-semiconductor junction.” To conclude, a
better structural recovery is still needed to produce light-
emitting devices with N implanted ZnO as a p-type layer.
Several solutions may be envisaged for a better structural
recovery of the implantation induced defects.

e A longer annealing, or an annealing at higher tem-
perature are possible, but it would lead to the dis-
appearance of donor-acceptor pair emission,!” and
to the possible deactivation of N doping by forming
N5 molecules.!?

e Lower implantation doses would produce less de-
fects, and consequently the annealed material
would have less defects too. Moreover, more pris-
matic loops should form for low N dose, and they
should disappear with annealing. But the dose
must remain sufficient to incorporate enough active
dopants.

e Finally, implantation could be carried out on ZnO
nanowires to take advantage of a better recov-
ery due to the larger surface to volume ratio in
these structures. Actually it was observed that
structural defects were removed in Ga implanted
nanowires after an annealing at 800 °C.%® More-
over, UV electroluminescence was obtained from a
p-n junction in ZnO nanowires, with arsenic im-
plantation doping.?”

V. SUMMARY

N implantation in ZnO at room temperature produces
immobile vacancies and mobile interstitials. Interstitials
agglomerate into dislocation loops lying in basal and pris-
matic planes. For depths between 0 and 400 nm, where

N concentrations are high, loops lying in basal planes are
observed. Deeper than 400 nm, where N concentration
decreases, loops lying in prismatic planes with b = a are
observed. Linear dislocations with b = a are also ob-
served. The implanted layer is shown by XRD to have a
larger ¢ parameter, which is ascribed to the predominant
basal loops. After annealing at 900 °C, basal loops with
b = ¢/2 + p and linear dislocations with b = a are still
observed, but prismatic loops disappear. A mechanism
is proposed to explain these phenomena: basal loops are
favoured against prismatic loops at high N concentration
or high temperature because the basal loop stacking fault
energy decreases. With annealing, basal loops coalesce:
they are less numerous and bigger. They disappear below
the surface. Both phenomena are ascribed to diffusion of
point defects. Although XRD and PL results seems to
show a good recovery of the material, the remaining basal
loops observed in TEM lead to a non conductive layer,
as demonstrated by Hall effect measurements. Propo-
sitions are made to improve the structural recovery of
N-implanted ZnO.

ACKNOWLEDGMENTS

The authors would like to acknowledge Carole Granier
for her precious technical assistance, Frédéric Milesi for
implantations, Jean-Paul Barnes for making some correc-
tions to the English of this publication, and the french
national research agency (ANR) for funding through the
Carnot program (2006/2009).

1U. Ozgur, Y. L. Alivov, C. Liu, A. Teke, M. A. Reshchikov, S. Do-
gan, V. Avrutin, S. Cho, and H. Morkoc, J. Appl. Phys., 98,
041301 (2005).

2A. Janotti and C. G. V. de Walle, Rep. Prog. Phys., 72, 126501
(2009).

3X. M. Duan, C. Stampfl, M. M. M. Bilek, and D. R. McKenzie,
Phys. Rev. B, 79, 235208 (2009).

4J. L. Lyons, A. Janotti, and C. G. V. de Walle, Appl. Phys.
Lett., 95, 252105 (2009).

5A. Tsukazaki, A. Ohtomo, T. Onuma, M. Ohtani, T. Makino,
M. Sumiya, K. Ohtani, S. F. Chichibu, S. Fuke, Y. Segawa,
H. Ohno, H. Koinuma, and M. Kawasaki, Nat. Mater., 4, 42
(2005).

6K. Nakahara, S. Akasaka, H. Yuji, K. Tamura, T. Fujii, Y. Nishi-
moto, D. Takamizu, A. Sasaki, T. Tanabe, H. Takasu, H. Amaike,
T. Onuma, S. F. Chichibu, A. Tsukazaki, A. Ohtomo, and
M. Kawasaki, Appl. Phys. Lett., 97, 013501 (2010).

"B. T. Adekore, J. M. Pierce, R. F. Davis, D. W. Barlage, and
J. F. Muth, J. Appl. Phys., 102, 024908 (2007).

8J. Kennedy, D. A. Carder, A. Markwitz, and R. J. Reeves, J.
Appl. Phys., 107, 103518 (2010).

9F. Reuss, J. Appl. Phys., 95, 3385 (2004).

10H. Wang, B. S. Kang, J. Chen, T. Anderson, S. Jang, F. Ren,
H.S. Kim, Y. J. Li, D. P. Norton, and S. J. Pearton, Appl. Phys.
Lett., 88, 102107 (2006).

Q. L. Gu, C. C. Ling, G. Brauer, W. Anwand, W. Skorupa, Y. F.
Hsu, A. B. Djurisic, C. Y. Zhu, S. Fung, and L. W. Lu, Appl.
Phys. Lett., 92, 222109 (2008).

12D. Walsh, Solid State Electron., 20, 813 (1977).

13P. Fons, H. Tampo, A. V. Kolobov, M. Ohkubo, S. Niki, J. Tom-
inaga, R. Carboni, F. Boscherini, and S. Friedrich, Phys. Rev.
Lett., 96, 045504 (2006).



14T, M. Borseth, F. Tuomisto, J. S. Christensen, E. V. Monakhov,
B. G. Svensson, and A.Y. Kuznetsov, Phys. Rev. B, 77, 045204
(2008).

157. Q. Chen, T. Sekiguchi, X. L. Yuan, M. Maekawa, and
A. Kawasuso, J. Phys. Condens. Matter, 16, S293 (2004).

16B. Meyer, H. Alves, D. Hofmann, W. Kriegseis, D. Forster,
F. Bertram, J. Christen, A. Hoffmann, M. Strassburg,
M. Dworzak, U. Haboeck, and A. Rodina, Phys. Status Solidi
B, 241, 231 (2004).

7P, Marotel, G. Perillat-Merceroz, C. Granier, F. Ponthenier,
F. Fau, G. Feuillet, and J. Bleuse, in The 6th international
workshop on zinc oxide an related materials (2010).

18V. A. Coleman, H. H. Tan, C. Jagadish, S. O. Kucheyev, and
J. Zou, Appl. Phys. Lett., 87, 231912 (2005).

198, Zhou, K. Potzger, J. von Borany, R. Gretzschel, W. Skorupa,
M. Helm, and J. Fassbender, Phys. Rev. B, 77, 035209 (2008).

20K. Trachenko, J. M. Pruneda, E. Artacho, and M. T. Dove,
Phys. Rev. B, 71, 184104 (2005).

218, 0. Kucheyev, J. S. Williams, C. Jagadish, J. Zou, C. Evans,
A.J. Nelson, and A. V. Hamza, Phys. Rev. B, 67, 094115 (2003).

22J. J. Couderc, Microsc. Microanal. M., 6, 229 (1995).

23T, Yoshiie, H. Iwanaga, N. Shibata, K. Suzuki, and S. Takeuchi,
Philos. Mag. A, 41, 935 (1980).

24K. Lorenz, E. Alves, E. Wendler, O. Bilani, W. Wesch, and
M. Hayes, Appl. Phys. Lett., 87, 191904 (2005).

257. Q. Chen, M. Maekawa, A. Kawasuso, R. Suzuki, and
T. Ohdaira, Appl. Phys. Lett., 87, 091910 (2005).

26Y. Dong, F. Tuomisto, B. G. Svensson, A. Y. Kuznetsov, and
L. J. Brillson, Phys. Rev. B, 81, 081201 (2010).

27P. Vennegues, J. M. Chauveau, M. Korytov, C. Deparis,
J. Zuniga-Perez, and C. Morhain, J. Appl. Phys., 103, 083525
(2008).

28P. M. Voyles, J. L. Grazul, and D. A. Muller, Ultramicroscopy,
96, 251 (2003).

29J. P. Hirth and J. Lothe, Theory of Dislocations (Krieger Pub-
lishing Company, 1992).

30J. F. Ziegler, Nucl. Instrum. Methods, 219, 1027 (2004).

31]. Hillairet, C. Mairy, J. Espinasse, and V. Levy, Acta Metall.,
18, 1285 (1970).

32A. Jostsons, R. Blake, J. Napier, P. Kelly, and K. Farrell, J.
Nucl. Mater., 68, 267 (1977).

33H. Foll and M. Wilkens, Phys. Status Solidi A, 39, 561 (1977).

34J. Wong-Leung, M. Janson, A. Kuznetsov, B. Svensson, M. Lin-
narsson, A. Hallen, C. Jagadish, and D. Cockayne, Nucl. In-
strum. Meth. B, 266, 1367 (2008).

35A. N. Goland and D. T. Keating, J. Appl. Phys., 41, 814 (1970).

36R. Bullough and M. H. Wood, J. Nucl. Mater., 90, 1 (1980).

37T. Yoshiie, H. Iwanaga, N. Shibata, K. Suzuki, M. Ichihara, and
S. Takeuchi, Philos. Mag. A, 47, 315 (1983).

38A. Janotti and C. G. V. de Walle, Phys. Rev. B, 76, 165202
(2007).

39P. Erhart and K. Albe, Appl. Phys. Lett., 88, 201918 (2006).

40P, Erhart and K. Albe, Phys. Rev. B, 73, 115207 (2006).

4IM. Griffiths, J. Nucl. Mater., 205, 225 (1993).

42Gallagher, Metall. Trans., 1, 2429 (1970).

435, 1. Molina, A. M. Sanchez, F. J. Pacheco, R. Garcia, M. A.
Sanchez-Garcia, F. J. Sanchez, and E. Calleja, Appl. Phys. Lett.,
74, 3362 (1999).

44J. Chisholm and P. Bristowe, J. Cryst. Growth, 230, 432 (2001).

45C. Bonafos, D. Mathiot, and A. Claverie, J. Appl. Phys., 83,
3008 (1998).

46R. Raman, M. E. Law, V. Krishnamoorthy, K. S. Jones, and
S. B. Herner, Appl. Phys. Lett., 74, 1591 (1999).

47C. H. Woo, Philosophical Magazine A, 63, 915 (1991).

48G. Leo, A. Drigo, and A. Traverse, Mat. Sci. Eng. B, 16, 123
(1993).

491, D. Yao, D. Weissenberger, M. Durrschnabel, D. Gerthsen,
I. Tischer, M. Wiedenmann, M. Feneberg, A. Reiser, and
K. Thonke, J. Appl. Phys., 105, 103521 (2009).

50Y. Yang, X. W. Sun, B. K. Tay, G. F. You, S. T. Tan, and K. L.
Teo, Appl. Phys. Lett., 93, 253107 (2008).



