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Non-polar ZnCdO films, grown over m- and r-sapphire with a Cd concentration ranging between
0.8% and 5%, have been studied by means of slow positron annihilation spectroscopy (PAS)
combined with chemical depth profiling by secondary ion mass spectroscopy and Rutherford
back-scattering. Vacancy clusters and Zn vacancies with concentrations up to 107 cm 2 and
10" cm 3, respectively, have been measured inside the films. Secondary ion mass spectroscopy
results show that most Cd stays inside the ZnCdO film but the diffused atoms can penetrate up to
1.3 um inside the ZnO buffer. PAS results give an insight to the structure of the meta-stable
ZnCdO above the thermodynamical solubility limit of 2%. A correlation between the
concentration of vacancy clusters and Cd has been measured. The concentration of Zn vacancies
is one order of magnitude larger than in as-grown non-polar ZnO films and the vacancy cluster
are, at least partly, created by the aggregation of smaller Zn vacancy related defects. The Zn
vacancy related defects and the vacancy clusters accumulate around the Cd atoms as a way to
release the strain induced by the substitutional Cdy, in the ZnO crystal. © 2013 American Institute

@ CrossMark
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of Physics. [http://dx.doi.org/10.1063/1.4775396]

. INTRODUCTION

ZnO has attracted much attention lately due to its out-
standing optoelectronic properties in the ultraviolet energy
range.! The band-gap of CdO is only 2.16eV at room tem-
perature and by adding Cd to ZnO, the band-gap of the alloy
can be tuned in a wide energy range. In Zng 93Cd 70 films
grown by pulser laser deposition, a band-gap of 3.0eV has
been reported, down from 3.28 eV in pure 7Zn0.? Still, there
is a big widespread in the band-gap values measured by opti-
cal absorption® or photoluminescence.* The low solubility
of Cd (the thermodynamical limit is 2%) remains the main
problem to overcome before homogeneous ZnCdO films
necessary for technological applications can be built. The
large ionic radius of Cd*" (92 pm), as compared to 74 pm of
Zn*, increases the elastic energy of the alloyed lattice. In
addition, the different coordination number of Cd in rocksalt
CdO and Zn in wurtzite ZnO affects the electrostatic energy
of Cdy,. The phase diagram of the ZnO-CdO system is not
yet well understood’ and the formation of domains is difficult
to avoid.* Alloys with Cd fraction up to 70% have been
obtained™~” where rocksalt CdO domains are not created. In
metal-organic vapor phase epitaxy (MOVPE), non-polar
ZnCdO films up to 8.5% of Cd can be introduced before
domains with different Cd contents are observed in high reso-
lution X-ray diffraction (HRXRD) measurements.® Neverthe-
less, in MOVPE ZnCdO thin films grown over c-sapphire with
a ZnO/GaN template, the formation of nanodomains of wurt-
zite ZnCdO with different Cd fractions has been reported.’
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In non-polar ZnCdO films, the problems due to the polar
character of Zn(Cd)O,'™'! like spontaneously generated
electric fields or the increased concentration of defects near
the interface with the substrate, are avoided.®'? In this work,
the effect of introducing Cd in non-polar MOVPE ZnO films
grown over m- and r-plane sapphire with Cd atomic fractions
ranging up to 5% is studied by means of slow positron annihi-
lation spectroscopy (SPAS) and a combination of Rutherford
backscattering spectroscopy (RBS) and secondary ion mass
spectroscopy (SIMS). SPAS is specially well suited for the
study of acceptor type vacancies in thin films and SIMS in
combination of RBS is capable to measure the Cd depth pro-
file in detail, specifically in the vicinity of the ZnCdO/ZnO
buffer interface.

Il. EXPERIMENTAL

Non-polar ZnCdO samples were grown at 380 °C using
a MOVPE reactor operated at atmospheric pressure. Part of
the alloyed films were deposited on r- sapphire (RO, RB1,
RB2), while the rest were deposited over m-sapphire sub-
strates (MO, MB1, MB2, MB3) without any previous chemi-
cal or thermal treatment. Films RO and MO were deposited
directly over the sapphire substrate, while films MBx and
RBx were deposited over a ZnO buffer layer of around
800nm in order to prevent the appearance of zinc blende
ZnCdO phases or pure CdO domains. In addition, a ZnO
film of around 1um was deposited over r-sapphire. Films
grown over r-sapphire have a-plane [1120] orientation, while

© 2013 American Institute of Physics
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the films grown over m-sapphire have m-plane [1010] orien-
tation.'”> A HRXRD measurement of the 20 ~ 56.6° peak
corresponding to [1120] in ZnCdO grown over r-sapphire
shows that more than one phase with different Cd contents
coexist when [Cd] > 8.5%, while in samples with lower Cd
content the existence of domains could not be observed. The
peak corresponding to the phase with higher Cd content is
wider (full width half maximum (FWHM) = 0.45°), an
indication that it has lower crystalline quality. More details
about the growth process can be found in Ref. 8.

The SIMS intensity versus sputtering time was measured
employing a Cameca IMS7f microanalyzer. An area of
125 um x 125 pum was bombarded with 10keV OF ions and
Cd" ions were collected from the middle of the crater. The
depth of the crater was measured with a Dektak 8 profilome-
ter and the measurement depth was obtained assuming a con-
stant erosion rate. Cd concentration values were calibrated
by RBS employing 2 MeV He" ions backscattered into a
170° direction relative to the incident beam direction. The
Cd content in the plateau and the main features of the films
are resumed in Table I.

Slow positron Doppler broadening experiments were
performed at room temperature with a monoenergetic posi-
tron beam using energies between 0.5 and 38keV.'* The
Doppler broadening of the annihilation radiation was
detected with two Ge detectors of 1.35keV resolution in the
annihilation peak. The data were analyzed using the conven-
tional S and W parameters, defined as the fractions of counts
in the central (S,|E,-511keV| < 0.8keV) and the “wing”
(W,29keV < [E,-511 keV| < 7.4keV) parts of the annihila-
tion line. The normalized S and W parameters were obtained
using the values in a ZnO reference sample without acceptor
type vacancies (S=0.42, W=0.073). More information
about the experimental setup can be found in Ref. 14.

Positron lifetime measurements were performed using a
pulsed positron monoenergetic beam working in the
0.5-18keV energy range at room temperature.'> The full
width half maximum of the pulse was 150 ps and the resolu-
tion function was composed by three Gaussians. The annihi-
lation radiation was collected with a BaF, detector coupled
to a fast photomultiplier.””> More than 10° events were
collected in each spectrum. The lifetime spectra were
decomposed using three lifetimes (n(t)= Y I;/t; exp[—1/7:]).

TABLE I. Distribution of Cd and vacancy clusters within the samples: sam-
ple name, Cd RBS concentration, thickness of the samples (film + buffer)
estimated from SPAS, thickness of the Cd plateau and thickness of the Cd
enriched region, including the low Cd content tail. All thickness values are
given in um. Samples RO and MO are without buffer.

Sample Film Cd Overall Cd
label [Cd] (%) thickness plateau enriched
RO 3.5 1.0 0.9 1.1

MO 3.5 0.9 0.5 1.0
RBI1 1.2 1.7 0.8 1.1
RB2 5.0 1.9 1.1 1.5
MBI1 0.8 2.0 0.8 1.3
MB2 3.5 24 1.2 2.3
MB3 5.0 2.3 1.1 2.2
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The longest one corresponds to the annihilation of the posi-
tronium created mainly in the surface, while other two come
from annihilation inside the sample. The concentration of the
main positron traps has been estimated fitting the experimen-
tal data to a two defect trapping model.'* The positron aver-
age lifetime 7" = t — I373 (the average lifetime where the
longest component has been subtracted) and 7, are

o(To — Tp) + Ker(Ter — Tp)
j~l‘7 + Ky + Kl

1 .
=147 1+~L , (@)
Ay + Ky + Kl Ao — 1/t + 16y

where 1, = 1/1,, is the inverse bulk lifetime and «, and K
are the trapping rates of the Zn vacancies 7, and the vacancy
clusters 7., respectively. The trapping rates x are related to
the defect concentration [V] through the relation
Ky = tt,[V]/Na, where Ny = 8.3 x 10** cm™ is the particle
density of ZnO and p, is the trapping coefficient of the defect.

The S and W parameters inside the buffer have been
obtained from the experimental S and W parameters using a
model of implantation and annihilation of slow positrons in
semiconductor heterostructures with short positron diffusion
length'® to subtract the contribution from the ZnCdO film.
The samples have been divided into three regions: the
ZnCdO film, the ZnO buffer, and the sapphire substrate, and
the annihilations parameters are assumed to be constant
within each region. Monoenergetic positrons are implanted
according to a Makhovian profile which depends on the ki-
netic energy of the positrons and the mass density of the
sample. The positron distribution at the annihilation moment
is well approximated by the implantation profile when the
diffusion length of positrons can be neglected. The annihila-
tion parameters for positrons of certain energy are the
weighted sum of the parameters of each region, where the
weights are given by the probability of annihilation in each
region. To avoid any influence coming from positrons anni-
hilating in surface states, the parameters of positrons with
implantation energies lower than 5keV are not included in
the fitting.

, K
T =1+

ey

lll. RESULTS AND ANALYSIS
A. SIMS

The SIMS measurements of the ZnCdO films are shown
in Figure 1. Most Cd forms a plateau with a concentration of
~10%" ecm~ within the ZnCdO film with a thickness ranging
between 0.5 and 1.2 um. The Cd concentration in the plateau
of each sample is proportional to the mean Cd concentration.
The sample having the lowest Cd concentration, MB1, also
has the lowest Cd concentration in the plateau, while, sam-
ples RB2 and MB3 have the largest Cd content and the
higher concentration value on the plateau also. The plateau
finishes 0.8—1.2 um before the buffer-substrate interface, in
good agreement with the buffer thickness (~0.8 um). In the
samples grown over r-sapphire (a-ZnO), the plateau reaches
the end of the ZnCdO film while in the samples grown over
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FIG. 1. SIMS results showing the Cd distribution within the ZnCdO film +
ZnO buffer samples.

m-sapphire (m-ZnO) the plateau ends ~0.35-0.4 um before
the end of the film.

At larger depths, the Cd concentration drops abruptly till
it reaches ~10"® cm 3. The tail region extends 0.3—1.3 ym in
the samples with substrate. Knock-on effects during the SIMS
measurement are negligible and they do not affect the shape
of the tail. The effective diffusion length of Cd has been esti-
mated to be 0.1-0.2 um and it is dominated by the interdiffu-
sion of Cd and Zn during the growth of the film."” The length
of the tail correlates with the thickness and the growth time of
the ZnCdO films, indicating that the diffusivity of Cd beyond
the plateau is the same in a-ZnO and m-ZnO. In samples with-
out buffer, RO and M0, Cd cannot enter the sapphire substrate
and the Cd tail is shorter (0.1-0.4 um). In these samples, the
Cd plateau reaches the substrate (RO) or finishes at ~0.35 yum
from the substrate (MO).

B. Doppler broadening PAS

Figure 2 shows the S and W positron parameters of the
ZnCdO films, the bulk reference ZnO and the MOVPE ZnO
film versus the positron implantation energy. At implantation
energies lower than SkeV, a fraction of the positrons diffuses
back and annihilates in surface states resulting in high S and
low W parameters. At energies larger than 15keV, the posi-
tron parameters in the reference sample are almost constant
and equal to the bulk value (S=0.42, W=0.073). In the
MOVPE a-ZnO film, the S parameter is also approximately
constant between 5keV and 15keV (S =0.44), while the W
parameter shows a bump at W =0.063 which corresponds to
positrons annihilating in Zn vacancy related defects with a
concentration of 7 x 10'” cm™. At energies higher than
14 keV, positrons start to annihilate in the sapphire substrate
(thickness d ~ 1.4 um) and the positron parameters decrease
till their value in sapphire (S = 0.407, W = 0.060).

The positron diffusion length in the ZnCdO films, esti-
mated from the fraction of positrons with E < 5keV diffus-
ing back and annihilating in surface states,'* ranges between
20 and 30 nm, typical values for ZnO films. Positrons annihi-

J. Appl. Phys. 113, 023512 (2013)

ZnO reference

W parameter (x10'3)
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S parameter

0 10 20 30

Implantation energy (keV)

FIG. 2. W and S parameter of the alloyed samples (line with markers) repre-
sented versus the positron implantation energy in the upper and lower left
panels, respectively. A bulk ZnO reference sample (black line) and the non-
polar MOVPE ZnO film grown over r-sapphire (blue line) are also shown.
The labels of the lower and the upper panels are equal.

lating with energies between 5 and 15 keV have S parameters
larger than S =0.439, the value of Zn monovacancies,18 in
all samples except MB1. W parameters are also lower than
the corresponding values for the Zn monovacancy
(W =0.058). The high (low) S (W) parameter values within
the ZnCdO films are due to annihilation at vacancy clusters
of larger open volume than the isolated Zn monovacancy.
The size of the vacancy clusters will be estimated below dur-
ing the discussion of the slow positron lifetime results. The
film with the lowest Cd content, MB1, has also the lowest S
parameter, comparable to the value of the ZnO film, and its
W parameter is the highest among the ZnCdO films. More-
over, in MB1, the concentration of vacancy clusters is the
lowest among the ZnCdO films and a larger fraction of posi-
trons gets trapped in smaller Zn vacancy related defects.
Positrons with implantation energies larger than 15keV
partly annihilate inside the ZnO buffer. The S parameter
decreases steadily, while the W parameter increases indicat-
ing that the concentration of clusters is lower inside the
buffer. The main positron traps are, instead, Zn vacancies
related defects with an open volume similar to the isolated
Zn vacancy. Between 20 and 28 keV, positrons start to anni-
hilate in the sapphire substrate. The W parameter saturates at
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0.055-0.06, while S parameter continues decreasing gradu-
ally as more positrons annihilate in sapphire.

To rule out that the high (low) S (W) parameter is due to
the formation of positronium, the Doppler spectra of sample
RB2, which has the highest Cd and vacancy clusters content,
have been decomposed using ACARFIT." Two Gaussian com-
ponents of 3 and 5keV FWHM have been found which can be
related to annihilation with valence electrons and core elec-
trons, respectively. A very narrow component (<1.5 keV)
coming from the self-annihilation of para-Positronium® has
not been found.

Figure 3 shows the normalized W versus the normalized
S parameter of the ZnCdO film for all the measured samples.
The value of the Zn vacancy (V,) and its vacancy line is
also given for reference. The vacancy line joins the V, and
the ZnO bulk value (1.0/1.0) and when the Zn vacancies are
the main positron trap, the W/S values lie over it. Contrarily,
the W/S values within the ZnCdO film (filled coloured sym-
bols in Figure 3) and the ZnO bulk sample lie over a differ-
ent line (dashed red line). The W/S values lying over the
second line correspond to samples where positrons get
trapped in a single type of vacancy clusters. The vacancy
clusters of the ZnCdO films have lower W parameter than
the vacancy clusters created in ZnO hydrothermal bulk sam-
ples irradiated with N* (Ref. 21) and the MBE ZnO films
irradiated with O™ (Ref. 18) (see Figure 3).

The S and W parameters within the ZnO buffer in sam-
ples RBx and MBx have been obtained from the experimen-
tal values using the positron implantation and annihilation
model explained in Sec. II. This is justified since the positron
diffusion length ~20-30 nm is much smaller than the typical
thickness of the sample (~1 um). The thickness of the

{—2ZnObuk 5§ 1 ZnO film
0.90 (1.0/1.0) %0.9—
| Zno0 3 | N2 "
= 0.8 Vv
$ 0.85 = ™ O~
g | — T
© 1.01 1.03 1.05
8 0.80 Vv . S parameter @
z
% : SN N* I|4|p|.
€ 0754 Sapphire “
"E | (o782 ot °
g o RO © MO D‘- 1
0701 ¢ RB1 m MB1 «~  O'lkrad
1 e RB2 m MB2 °.
® MB3
065 T I T I T I T I
1.04 1.06 1.08 1.10

Normalized S parameter

FIG. 3. Normalized W versus S parameters in the ZnCdO film of all the
measured samples. W/S values of the Zn vacancy,'® the vacancy clusters
measured in N* implanted hydrothermal ZnO,*' and O* irradiated MBE
films'® are given for reference. The Zn vacancy line extending between the
Zn vacancy and the ZnO bulk values is drawn and the values of the sapphire
substrate and the ZnO bulk, which lie out of the graph, are indicated by
arrows. The dashed red line joins the W/S values in the ZnCdO film and the
7ZnO bulk value. The inset figure shows the normalized W/S values in the
buffer layer for samples RBx and MBx. The W/S value of the ZnO film is
given for reference in the main graph and the inset.
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samples (film + buffer) has been estimated as twice the
mean implantation depth at the largest implantation energy
before positrons start to annihilate in the substrate'® (see
Table I). The thickness of the ZnCdO film has been esti-
mated subtracting the thickness of the buffer. Finally, the
thickness of the substrate has been assumed to be infinite.
The W/S values (inset of Figure 3) lie over the Zn vacancy
line indicating that within the ZnO buffer, where the Cd con-
centration is several orders of magnitude lower, the main
positron traps are Zn vacancy related defects. Probably, there
are also some vacancy clusters, specially in the region close
to the interface with the ZnCdO film, but at a lower concen-
tration than inside the film. In samples RB1, MB1, and MB2,
where the Cd content is lower, the W/S values lie closer to
the bulk value while the W/S values of samples RB2 and
MB3, which have the highest Cd content, are closer to the
Zn vacancy value and they are comparable to the value in
the ZnO film.

C. Lifetime PAS

The positron lifetime inside the ZnCdO film has been
measured for samples RB2 and MB2 using monoenergetic
positrons with implantation energies between 0.5 and
18keV. The average lifetime of positrons with the lowest
implantation energy is long (>400ps) due to the contribu-
tion from positrons annihilating in surface states and positro-
nium formed in the surface, but it decreases steadily as less
positrons back-diffuse to the surface. At implantation ener-
gies between 5 and 15keV, the average lifetime remains
approximately constant at ~270 ps in both samples. The spec-
tra have been decomposed into three components after sub-
tracting an appropriate source component composed by three
Gaussians.'® The longest lifetime component 73 (1-3ns, not
shown) is related to the pick-off annihilation of positronium
in the surface and positrons in surface states. Its intensity is
maximum for low energy positrons and it decreases till its
background value (~1%-2%) at energies larger than 5keV.

Figure 4 shows the positron lifetime results after sub-
tracting the longest lifetime component from the average
lifetime, v = © — 13/3, the average lifetime of positrons is
~255-260 ps. In the sub-surface region, at depths below
0.1 ym (mean implantation depth z = 0.05 um, E < 3 keV),
7' increases up to 300 ps due to incomplete separation of
the long lifetime. The second lifetime component, t, ~ 350—
400 ps, corresponds to annihilation in the vacancy clusters.

Its lifetime is around 2-2.4 times longer than in the bulk
(170 ps). The ratio to the bulk lifetime is related to the size
of the vacancy clusters. For monovacancies in semiconduc-
tors, its value ranges around 1.2—1.3, while it is higher for
vacancy clusters. Vacancy clusters are estimated to be
formed by 4-5 Vz,-V, missing pairs by comparing to life-
time ratios in SiC, where they were thoroughly studied.****
Vacancy clusters with a lifetime of 340 ps have been previ-
ously observed in bulk ZnO samples.** Its intensity remains
approximately constant in both ZnCdO films (E ~ 5-15keV)
around 40%—60%. On the other side, 7, has a value of ~200—
210 ps and it is a mixture of annihilation in Zn vacancy
related defects (~230 ps) and in the bulk.
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FIG. 4. Slow positron lifetime spectroscopy results for samples RB2 (black
dotted circles) and MB2 (red dotted squares). t' (upper panel), I, (middle
panel), 7, and 7; (lower panel) are shown versus the positron implantation
energy. The top axis shows the corresponding mean implantation depth of
the positrons.

The concentration of Zn vacancies [Vz,] and vacancy
clusters [V in the ZnCdO films has been estimated using
the two defect trapping model of Eqgs. (1) and (2). For the
trapping coefficient of the Zn vacancy, a typical value for
semiconductors at room temperature g, =2 x 10> cm™3
(Ref. 14) has been used while for the vacancy clusters is
larger ., ~ N x u, = 10! ecm™3. The trapping rates fitted
from the experimental data are x, ~2 x 10" s=! and
i ~ 10'% =1 The corresponding concentration of vacancy
clusters ([V;] ~ 10'7 cm™3) is one order of magnitude lower
than the concentration of vacancies ([Vz,] ~ 10" cm~3)
inside the ZnCdO film, and around 4 orders of magnitude
lower than the concentration of Cd. Still, the fraction of
positrons trapped in the vacancy clusters remains high due to
their large trapping coefficient.

IV. DISCUSSION

Figure 5 shows that the S parameter within the ZnCdO
film, a good measure of the content of vacancy clusters, cor-
relates well with the Cd content. The content of vacancy
clusters is maximum within the ZnCdO film where the con-
centration of Cd is ~10*' cm . When the concentration of
Cd decreases below 107! cm73, smaller Zn vacancy related
defects become the main positron trap. In the buffer, where
[Cd] is more than 2 orders of magnitude smaller than within
the plateau, the Zn vacancy related complexes are the main
positron traps.

The scheme of Figure 6 shows that the depth distribu-
tions of the high [Cd] plateau (the region above the red full
line) and the positrons annihilating with high S parameter
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FIG. 5. Normalized S parameter in the ZnCdO film versus the Cd content.
The line represents a linear fit to the data. The corresponding concentration
of vacancy clusters is represented in the right axis.

(dark blue region) agree in the samples with buffer (RBx and
MBx). The [Cd] plateau finishes about 0.4 um before the end
of the m-ZnCdO film while in a-ZnCdO reaches till the end
of the film. The high stability of the surface of m-ZnO*
makes more difficult the incorporation of Cd into the m-ZnO
buffer. On the other side, the length of the Cd tail is propor-
tional to the thickness of the ZnCdO film, and its growth
time, in both m-ZnCdO and a-ZnCdO. The Cd tail is formed
by diffusion of Cd towards the substrate during the growth
of the film and no differences have been observed in the dif-
fusion of Cd in m-ZnO and a-ZnO.

In samples MO and RO, the spatial distribution of the
vacancy clusters does not follow the same trend. In RO, the

3.0
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= (Cd Plateau
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o
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FIG. 6. Schematics of Cd, vacancy clusters, and Zn vacancy depth distribu-
tion in all samples. The zero value of the height corresponds to the position
of the interface between the substrate and the buffer (RBx and MBx) or the
substrate and the film (RO and MO). The dark blue region represents the
region where the concentration of vacancy clusters is the largest. In the light
blue region, the Zn vacancy related defects are the main positron trap. The
point-dashed orange line marks the limit of the Cd distribution. The red full
line marks the limit between the high Cd region near the surface and the Cd
tail region. The dashed green line at 0.8 um marks the interface between the
ZnCdO film and the ZnO buffer in samples RBx and MBx.
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Cd plateau is ~1 um and it reaches the interface with the
substrate, but the region with the highest vacancy clusters is
restricted to a region ~0.4 um near the surface. At longer
depths, the content of vacancy clusters decreases although
the S (W) parameter remains higher (lower) than the value of
the isolated Zn vacancy(S > 1.05, W < 0.78). Distinctly, in
sample MO, the content of vacancy clusters remains high
(~10"7cm™) in the whole ZnCdO film while the plateau
with high [Cd] is confined to the first 0.5 um. Differences in
the distribution of acceptor type vacancies near the interface
with the substrate have been observed in films of ZnO*® and
GaN? depending on the growth polarity and the lattice mis-
match. In the samples with a buffer layer, the strain is
absorbed near the interface with the substrate and the defects
do not propagate into the ZnCdO layer. On the other side, in
the samples without buffer, the defects created near the inter-
face effects near the substrate affect the distribution of va-
cancy clusters within the film.

A. Zn vacancies

The concentration of Zn vacancy related defects
increases from ~10"7cm™ inside the buffer up to
~10"cm ™ inside the ZnCdO film when the concentration
of Cd is ~10%' cm ™. The background value in the buffer is
comparable to the concentration in the non-polar a-ZnO
grown over r-sapphire.

It should be noted that the isolated Zn vacancies are mo-
bile already at 600K.*® The Zn vacancies measured in
as-grown samples must form complexes®*** with another
intrinsic defect or impurity or they must be stabilized at dis-
locations or grain/domain boundaries. The lifetime and the
Doppler broadening parameters of the resulting complex are
typically similar to the isolated Zn vacancy. The main candi-
date to form complexes with Zn vacancies are O vacancies.
The O vacancy has a very small open volume and it has a do-
nor nature so it does not trap positrons when it is isolated.
But, Vz,-nV,, can form stable complexes similar to the ones
observed in InN.*° The positron annihilation properties of
the resulting defect complex would be similar to the isolated
Zn vacancy.

B. Vacancy clusters

The concentration of vacancy clusters within the Cd pla-
teau (NlO17 cm 2, 1074 % [Cd]) is proportional to the Cd
content. Doppler broadening results show that they are the
same type in all films independently of the Cd concentration
being above or below the 2% thermodynamical limit and
they are composed by 4-5 V,-V, vacancy pairs. Beyond
the Cd plateau, their concentrations decrease fast and smaller
Zn vacancy related defects remain as the main positron trap.
The local distortion of the ZnO crystal around the Cd, ion
can induce the formation of Zn and O vacancies which can
merge and form vacancy complexes. The aggregation of Zn
vacancy related defects has been observed in irradiated sam-
ples when the concentration of Zn vacancies is
~2x10%cem 318

Doppler results show that the as-grown vacancy clusters
in ZnCdO films differ from the vacancy clusters introduced
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after irradiating ZnO with O ions'® or N ions®' specially in
the W parameter. The S and W parameters for positrons
annihilating in the vacancy clusters (saturated trapping) have
been estimated using the annihilation fractions (17, = 0.49,
fy., = 0.35) obtained from the lifetime experiments. The S
parameter S =1.14-1.16 is 15% larger than in the bulk and
10% than in Zn vacancies, while the W parameter W = 0.38-
0.47 is 50%-60% lower than in the bulk and 40%-50% lower
than in the Zn vacancies. It is also lower than the W parame-
ter in other vacancy clusters formed in irradiated samples
and N implanted samples. This is in apparent contradiction
with the high atomic number of Cd and indicates that a
strong local rearrangement must occur when forming the va-
cancy clusters around the Cd atom which avoids that the
positron annihilates with electrons from Cd. The Doppler
broadening results suggest that the chemical environment is
similar to the Zn vacancy related defects measured in as-
grown samples, and the higher (lower) S(W) parameter is
related to an increase of the open volume.

C. Interplay of defects and Cd

The equilibrium concentration of Zn vacancy type
defects in as-grown ZnO films is typically one order of mag-
nitude lower than in the ZnCdO films. They are mobile at
relatively low temperature (600 K) and in as-grown samples
they form complexes with other point defects, extended
defects or impurities. The high concentration of Zn vacan-
cies in ZnCdO shows that samples have a high concentration
of other point(O vacancies) or extended defects (disloca-
tions, grain/domain boundaries). The vacancy cluster is
introduced, at least partly, by the agglomeration of smaller
Zn vacancy related defects. They are created only when [Cd]
is ~10*"cm >, an indication that the vacancy clusters are
created when the strain of the material is large. It should be
noted that the vacancy clusters are created even when the
concentration of Cd is below the thermodynamical limit.

Cd is preferentially incorporated to ZnO in substitu-
tional position of Zn (Cdy,). It has a large ionic radius
(92 pm) compared to Zn (74 pm) and its oxide (CdO) crystal-
lizes in the cubic rocksalt structure (coordination number 6),
instead of the hexagonal wurtzite of ZnO (coordination num-
ber 4). This increases the elastic and electrostatic energy and
induces a strain in the ZnO crystal which is accommodated
by the creation of structural defects or the creation of nano-
domains with different Cd concentrations.” The accumulated
strain will end up in the sample not being homogeneous any
more when the Cd concentration increases above 8.5%.

V. CONCLUSIONS

Homogeneous non-polar ZnCdO films with Cd concen-
tration ranging between 0.8%, below the thermodynamical
saturation limit of 2%, and 5% have been studied by means
of slow positron annihilation spectroscopy combined with
chemical depth profiling by SIMS/RBS. Most Cd stays
inside the ZnCdO film but while the high Cd concentration
plateau reaches the interface with the buffer and the substrate
in a-ZnO, it ends ~0.4 um before in m-ZnO. This difference
has been linked to the high stability of the surface in m-ZnO.
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On the other side, Cd diffuses up to 1.3 um towards the ZnO
buffer during the growth of the film but no differences have
been found for the diffusion of Cd in a-ZnO and m-ZnO.
The dominant vacancy type acceptor is vacancy clusters
with a concentration up to 10'” cm ™ and Zn vacancies with
concentrations of 10'®cm ™. A correlation has been meas-
ured between the content of Cd and vacancy clusters within
the ZnCdO film when the concentration is ~10*'cm™>.
When [Cd] decreases, the concentration of vacancy clusters
decreases strongly and smaller Zn vacancy related defects
become the main positron trap. Within the buffer, when [Cd]
<10" cm 3, the concentration of vacancy clusters is negligi-
ble and the concentration of Zn vacancy related defects is
similar to the values measured in non-polar ZnO films. The
vacancy clusters are composed by 4-5 missing V,-V, va-
cancy pairs and they are created, partially at least, by
agglomeration of smaller Zn vacancy related defects. They
show a strong rearrangement of the open volume around the
Cd atom. Zn vacancy related defects are stable complexes
involving probably a single Zn vacancy and, at least, one O
vacancy. The high concentration of Zn vacancy related
defects and vacancy clusters is linked to the strain induced
by Cd in ZnO crystal. It is an indication of the existence of a
high concentration of dislocations or nanodomains in non-
polar ZnCdO even when [Cd] is below the thermodynamical
saturation limit.
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