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Vacancy-mediated migration of Al in single-crystal zinc oxide (ZnO) is investigated using secondary-ion
mass spectrometry (SIMS) combined with hybrid density-functional theory (DFT) calculations. A thin film
of Al-doped ZnO is deposited by sputtering onto the single-crystal bulk material and heat treated at
temperatures in the range of 900 °C—1300 °C. The migration of Al is found to be Zn-vacancy mediated.
In order to elucidate the physical processes involved, an alternative model based on reactive diffusion is
developed. The model includes the time evolution of the concentration of Al atoms on the Zn site (Aly,), Zn
vacancies (vz,), and a complex between the two, where the influence of the charge state of vy, on its
formation energy is incorporated through the free carrier concentration. The modeling results exhibit close
agreement with the experimental data and the Aly, vz, complex is found to diffuse with an activation energy
of 2.6 eV and a preexponential factor of 4 x 1072 cm?s~!. The model is supported by the results from
hybrid DFT calculations combined with thermodynamical modeling, which also suggest that a complex
between Aly, and vy, is promoted in n-doped material. The charge state of this complex is effectively —1,
and it thus acts as a compensating acceptor, limiting full utilization of the shallow Aly, donor. Furthermore,
the DFT calculations also predict a high formation energy for both substitutional Al on the O site (Alp) and
interstitial Al (Al;), and are therefore of minor importance for Al migration in ZnO. The close coupling
between the hybrid DFT calculations and the developed diffusion model enable benchmarking of the
accuracy of several parameters extracted from the DFT calculations. Furthermore, since the diffusion model
hinges strongly on defect concentrations, it couples directly to results from measurements by other
experimental techniques than those used in this paper and provides an opportunity for independent
verification of the estimated values by future studies.

DOI: 10.1103/PhysRevApplied.3.024003

I. INTRODUCTION

Semiconducting and conducting zinc oxide (ZnO) have
in the past decade been studied quite extensively due to
their unique optical and electrical properties. However, the
origin of the “inherent” n-type conductivity has been a
longstanding controversy, and several potential sources of
the n-type conductivity have been proposed. One important
contributor is believed to be Al residing on the Zn site
(Alg,). Al is an abundant residual impurity in single-crystal
bulk material and thin films [1,2] and it is also, together
with Ga and In, among the most commonly exploited
shallow donors in ZnO [3-5]. In fact, one of the most
successful applications of ZnO so far has been as a
transparent conducting oxide (TCO), with typically alumi-
num (AZO), gallium (GZO), and to some extent indium
(IZO) as dopants. ZnO is an environmentally friendly and
abundant alternative to indium tin oxide (ITO). However,
the obtained minimum resistivity of AZO is higher than
that for comparable ITO films, and one of the limiting
factors appears to be deactivation of the Al dopant by a
vacancy-type defect [6]. Thus, there is a need for a deeper
understanding of the general behavior and limitation of
Al as a shallow donor in ZnO, both from fundamental
scientific and technological perspectives.

2331-7019/15/3(2)/024003(12)

024003-1

Surprisingly, fundamental studies related to configura-
tion, solubility, and diffusivity of Al in ZnO are scarce in
the literature. In an early work by Norman, the solubility
and diffusivity of Al and Ga were studied by dissolving
samples in a solution and analyzing the total amount of Al
by monitoring the reduction in dichromate using photom-
etry [7]. The diffusivity was then estimated from Fick’s law
of diffusion with boundary conditions applicable to unre-
stricted diffusion into rods. However, since only the total Al
concentration was measured, this approach obviously does
not reveal any details of the process of migration.
Nevertheless, Norman extracted an activation energy of
2.74 eV and a prefactor of 5.3 x 1072 cm? s~! for the
diffusion constant of Al in ZnO.

More recently, Lin and Bristowe [8] found that Al
doping of ZnO reduces the compressive stress at interfaces
with Ag films. Interestingly, density-functional theory
(DFT) calculations also showed that both the Al on the
substitutional O site (Alp) and Al on the interstitial site
(Al;) have substantially higher formation energies as
compared to Aly,, predicting that Aly, is the dominating
configuration. This is also supported by another first-
principle-calculations study by T-Thienprasert et al. [9],
where it was further suggested, based on combined results
from DFT and synchrotron x-ray absorption measurements,
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that the formation of Alz,nvz, (n =1, 2) complexes is
responsible for a suppressed carrier concentration in
Al-doped samples. Stehr et al. [10] recently presented
firm evidence, based on electron paramagnetic resonance
experiments, for the existence of the Aly,v,, complex in
electron irradiated samples, supporting the predictions by
T-Thienprasert et al. [9].

There are several reports in the literature on diffusion of,
e.g., H and Li in ZnO. For H, it has been shown that a
trap- and solubility-limited process prevails [11]. For Li, it
is found that the amphoteric properties, in which Li can
occupy both the interstitial site (Li;) as a donor and the
substitutional site (Liy,) as an acceptor, are important for
the diffusion process. The conversion between the highly
mobile (Li;) and more stable configuration (Liy,) results
in sharp concentration gradients as a function of depth
[12,13]. Thus, the effective diffusivity of Li depends on
both the position of the Fermi level and the detailed
stoichiometry, i.e., where the material is O or Zn rich.
Both of these H and Li models yield results which deviate
quite drastically from the “ordinary” infinite source model,
implying that dopant or impurity diffusion in ZnO is
generally a complex process.

Steiauf et al. [14], have recently used density-functional
theory with hybrid functionals to calculate the diffusion
activation energies for Al, Ga, and In, assuming a
Zn-vacancy-assisted mechanism. They predict a migration
energy for Aly,-v, of 2.66 eV. This value is in line with the
value obtained by Norman [7] (2.74 eV); however, the
fundamental mechanism for diffusion assumed in Refs. [7]
and [14] differs and calls for further investigation.

In this paper, we study Al diffusion into single-crystal
hydrothermally grown (HT) ZnO bulk samples, by depo-
sition of a thin film of highly doped AZO and subsequent
heat treatment. Concentration versus depth profiles,
obtained by secondary-ion mass spectrometry (SIMS),
are combined with hybrid DFT to unveil the diffusivity
and the prevailing atomistic mechanisms of the diffusion
process. Several models are evaluated with regard to the
experimental data, including an alternative model based on
reaction diffusion with v, mediating the Al diffusion,
emphasizing the importance of the charge state of the
species involved in the migration process.

II. METHODOLOGY

ZnO films (~0.5 um thick) doped with Al to a concen-
tration of 2 x 10?! cm™ are deposited onto single-crystal
hydrothermally grown ZnO bulk samples (Tokyo Denpa),
with a residual Al content of about 1 x 10'® cm™3. The as-
grown resistivity of the bulk samples is 2 k€ cm. Prior
to deposition, the samples are cleaned in acetone, ethanol,
and deionized water using an ultrasonic bath, before being
loaded into a Semicore magnetron sputtering deposition
chamber with a 99.99% pure ZnO ceramic target and a
99.999% Al target mounted in rf and dc cathodes,

respectively. The sample chamber is evacuated to a base
pressure of ~5 x 107 Pa before an argon pressure of
2.2 Pa is established and deposition is undertaken at
400°C. During the 250 min deposition, rotation of the
sample at 12 rpm is maintained. The Al doping is realized
via cosputtering by keeping the Al cathode power and the
ZnO cathode power at a constant density of ~0.18 W cm™
and ~1.1 Wcm™2, respectively.

After deposition, one sample is heat treated, sequentially,
for 30 min in the range from 800 °C up to 1300 °C to realize
diffusion of Al from the sputtered film into the bulk. After
each heat treatment, the concentration-versus-depth pro-
files are acquired in a Cameca IMS7f microanalyzer with
a primary sputtering beam of 10 keV O, ions for the
detection of Al and Li. Crater depths are subsequently
measured with a Dektak 8 stylus profilometer, and a
constant erosion rate is assumed for depth calibration.
The Al and Li concentration calibrations are performed
using implanted reference samples, which result in an
uncertainty in the concentration values of less than 10%.
The depth resolution is estimated to be ~10 nm. In addition
to the isochronal treatment, a series of isothermal treat-
ments is conducted at 1100 °C for durations of 0.5, 2.5, 7.5,
and 17.5 h. The concentration of residual impurities other
than Al and Li in the film or in the bulk material is less
than ~10'7 cm=3.

A. Computational details

First-principles calculations within the DFT formalism
as implemented in the Vienna Ab Initio Simulation Package
VASP [15,16] are utilized to investigate the defect structure
of Al-doped ZnO. The calculations are performed with the
Perdew-Burke-Ernzerhof (PBE) Heyd-Scuseria-Ernzerhof
exchange-correlation functional (with a screening param-
eter of 0.2) [17-19], intermixing 37% exact exchange.
Furthermore, we employed the projector-augmented-wave
(PAW) method [20] and a constant energy cutoff of 400 eV
for the plane waves. All ionic positions are relaxed to
within residual forces of less than 0.03 eV/A and with
an energy convergence criterion of 107% eV, for self-
consistency. The calculations are performed using a 72-
atom supercell of wurtzite-structured ZnO, and by fixing
the lattice shape and volume to that of the pristine supercell.

Defect-formation energies are evaluated according to

i
AGgefect = Egec — Epuic Z Anip; + q(ep + Ae),
T

(1)

where E{% is the electronic total energy, An; is the change
in the number of atoms i with chemical potential y;, g is the
effective charge of the defect, e is the Fermi-level position,
and Ae aligns the core potentials of the perfect and the
defective supercells to remedy shifts in the band edges due
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to the jellium background charge. The 0-K defect-
formation energies presented in the following sections
are only valid for O-rich conditions, where yu,, = ,u%no—
SO, par =13 (W0, —3H0,). Ko =3H, and py =
5 (Y0 —3#0,)- To avoid the large uncertainty arising
from overbinding of the O, molecule in evaluation of
finite temperature formation energies, we obtain ug by
assuming the equilibrium gas mixture H,O + H, in which
Ho is given by o = (Hu,0 — 2pn)-

At finite temperatures (and partial pressures), we include
the temperature dependencies of y;,

) =+ BT = T, + e (). @)

where y; is determined by the total energy of the pure
phases at 0 K as obtained from DFT, whereas the second
and third terms are taken as tabulated values [21].

Finite temperature and partial pressure defect concen-
trations c¢; are obtained through

c; AG!
L—N.. L, 3
LN (k) o)

where c;; is the number of ions per unit volume (e.g.,
concentration of Zn ions) and N_; is the number of
configurations the defect may attain at each site. Finally,
the following relation limits the defect concentrations to
saturation of each regular lattice site:

N

Zci + Csi = Coi» (4)

1

where N is the number of distinct defects formed at
each site while c(; is the number of regular lattice sites
per unit volume. The equilibrium Fermi-level position (ef)
is determined by the weighted concentrations of all M
charged ionic defects, in addition to the electron (n) and
hole (p) concentration,

M
> _4c;+p—n=0, (5)
1
mekBT 3/2 EC — €f
—9 _
" < 212 ) eXp( T ) (6)
mthT 3/2 EL — €f
_> 7
( 217 > P\ T ) @

where m, and m; are the effective electron and electron-
hole masses, respectively, and put as 0.28 and 0.7 relative to
the free electron mass [22]. E,. and E, are the edge of the
conduction and valence band, respectively. The Fermi level
and the individual defect concentrations may thus be
obtained by solving Eq. (5) for each ambient condition.

The FLEXPDE software is employed to numerically solve
the differential equations used in the present work [23]
and the input parameters are manually varied in order to
minimize the difference between the calculated and exper-
imental data.

III. RESULTS

Figure 1 shows the Al concentration as a function of
depth for one sample after the isochronal heat treatments in
the range of 800 °C-1300°C. The surface of the deposited
film degrades after treatment at 1150 °C, and above (Fig. 1),
and to facilitate a comparison between the different
profiles, the interface between the deposited film and the
bulk single crystal is defined as the depth where the
concentration gradient of Al is at maximum (in absolute
values). Hence, the concentration versus depth profiles
obtained for temperatures > 1150 °C are adjusted accord-
ingly. Temperatures in excess of 900°C are required to
observe a significant migration of Al into the bulk, and
the distributions resemble a “box profile” with increasing
concentration and depth as a function of temperature.
However, below 1000°C, the profiles deviate from this
general trend, possibly indicating a more complex migra-
tion process, and these profiles are disregarded in the
following analysis and discussion.

The concentration of Al in the sputtered film is about
2 x 10?! cm™3, more than 1 order of magnitude higher than
the resulting concentration in the single-crystal material.
The Al-doped thin film can thus be regarded as a semi-
infinite source for the Al diffusion. Furthermore, the
increasing concentration of the Al-diffusion shoulder
(or plateau) as a function of temperature reflects the
temperature dependence of the solubility of Al in single-
crystal ZnO.

Figure 2 shows the results of a series of isothermal heat
treatments carried out at 1100 °C, with an extension of Al

— As—deposited
——800°C

——900 °C

——1000 °C
—1050 °C
—1100°C
——1150°C
19 1200 °C
—1250°C
——1300 °C

-
(=
N

20

-
o

Concentration (cm's)

0 1 2 3 4 5
Depth (um)

FIG. 1. Al-diffusion profiles for one sample, which has
been heat treated sequentially for 30 min in the range of
800 °C-1300 °C.
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FIG. 2. The Al concentration vs depth for isothermal diffusion
at 1100 °C. The duration of each stage is indicated in the label and
the accumulated duration is given in parentheses.

~3.5 ym into the bulk ZnO after a total time of 17.5 h.
Figure 3 shows the Al and Li concentration as a function of
depth in the as-deposited sample and in the samples after
the 1100°C and 1200°C heat treatments (30 min). First
of all, these results unveil that the Li concentration in
the sputtered film is minute (< 1 x 10'> cm™) in the as-
deposited state, while the as-grown single crystal contains
2 x 10'7 cm™3. After heat treatment, Li migrates to, and
accumulates in, the deposited film, reaching a concentra-
tion of approximately 3 x 10'® cm™. Interestingly, Li also
accumulates in the Al-doped region of the high-quality
single-crystal material; e.g., after 1200 °C, the concentra-
tion reaches about 4 x 10'® cm™3. In addition, in a region
deeper than the Al-doped layer, an increased concentration
of Li is observed, reaching a concentration of about
5 x 10'7 em™. This latter effect is also clearly pronounced
after 1100 °C, where two distinct steps in the Li profile are

—— Al - As—grown
10 —— Al - 1100 °C 30 min
— Al - 1200 °C 30 min
—Li - As—grown
—Li - 1100 °C 30 min
—Li - 1200 °C 30 min

T

Concentration (cm_3)
S

10"}
10"°}

0 0.5 1 1.5 2 25
Depth (um)

FIG. 3. The Al and Li concentration vs depth profiles for
the as-deposited sample and after the 1100°C and 1200°C
diffusion steps.

visible. The first step at about 1 x 10'® cm™ corresponds

closely with the Al-doped region (0.5-1.2 ym), while the
second at 6 x 10'® ¢cm™3, occurs in a region deeper than the
Al-doped layer (about 1.2-1.5 ym). Beyond the second
step, the Li concentration is only about 1 x 10'¢ cm™3,
which is more than 1 order of magnitude lower than in the
as-grown single-crystal bulk material (2 x 10'7 cm™3). In
general, the amount of Li accumulation, both in the film
and in the Al-doped regions of the bulk material, varies
with the heat-treatment temperature.

IV. DISCUSSION

A. Al-Li interaction

It has recently been found that Li can be used as a probe
for monitoring the defect dynamics in ZnO [24,25] and a
combined SIMS and positron annihilation spectroscopy
(PAS) study of HT samples showed that Li predominately
resides on the Zn site in the as-grown sample state
[26,27]. Furthermore, in air, ambient temperatures of
1200°C-1500°C are required in order to out-diffuse Li
from highly resistive HT-grown samples [28], reflecting the
high thermal stability of Li,,. A similar conclusion was
also drawn in a dedicated study of in-diffusion of Li under
oxygen rich conditions [13]. In contrast, under Zn-rich
conditions, Zn; will kick out Liz, to Li;, which is highly
mobile [12,13].

The observed accumulation of Li in the Al-doped region
can then be attributed to an increase in the Fermi-level
position relative to the valence-band edge caused by the
shallow AL} donor. This will, in turn, lower the formation
energy of Li; leading to a higher concentration, which also
has the effect of compensating the Al}, donor. In other
words, Li; interacts with vz, by forming Li,,. Hence, the
observed increase in Li concentration implies a local
increase of the v, concentration in the Al-doped region
and a depletion of Li deep into the bulk of the material after
treatment at temperatures > 1200 °C.

The accumulation of Li in the second plateau (deeper
than the Al profile), as shown in Fig. 3, is rather weak and
may possibly be due to the Debye tail caused by diffusion
of conduction band electrons out of the Al-doped region.
The increase of the Fermi-level position in this region
relative to the bulk will lead to an increase in the
equilibrium Liy, concentration, in the same manner as
described above for the Al-rich layer. Further studies will
be pursued to confirm (or rule out) this interpretation.

B. Diffusion models

In this section, we will discuss the validity of various
models to describe the observed diffusion behavior of Al,
aiming to gain a physical understanding of the ongoing
atomistic processes. Several models have been proposed in
the literature to predict the diffusion of different impurities
in ZnO, specifically, and for semiconductors in general.
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1300 °C

Concentration (cm'a)

FIG. 4. Experimental Al-diffusion profiles fitted with the
analytical solution of the semi-infinite source model.

The most common approach, which was also utilized by
Norman for Al in ZnO [7], is the semi-infinite source
model.

1. Semi-infinite source model

As shown in Figs. 1 and 2, the Al concentration in the
sputtered film is more than 1 order of magnitude higher
than the apparent solubility limit of Al in the single-crystal
bulk sample for the studied temperature range. Therefore,
as a first approximation, one may assume that the Al
profiles will be described by the semi-infinite source model
with the analytical solution,

X

C(x) = SA]erfC <ﬁ> s (8)
where S is the solubility of Al in ZnO, x is the depth, D,
is the aluminum diffusivity, and ¢ is the diffusion time.
However, profiles can only be fitted up to a certain depth,
e.g., ~1.5 um for 1150 °C; see Fig. 4. At this depth, there is
a sharp decrease in the Al concentration, where the
calculated profiles deviate strongly from the experimental
ones. The semi-infinite source model follows directly from
Fick’s law of diffusion and represents what one can refer
to as free or unrestricted diffusion. One way to view the
comparison in Fig. 4 is that the model describes the
measured profiles correctly where the diffusion is unre-
stricted, until they fall below a threshold. The threshold
increases with temperature and may be attributed to a rise
in the Fermi-level position due to in-diffusion of Al donors,
resembling the situation for Li diffusion [13].

Values extracted for the diffusion and solid solubility
using the semi-infinite source model (above the threshold)
are shown in Figs. 5 and 6. Data from Norman are also
included for comparison [7]. It should be noted that
Norman [7] measured the total concentration of in-diffused
Al (without any information about the depth distribution)
and used a different set of boundary conditions due to
different sample geometry compared to our study.

10 T T T
Semi-infinite source model
E =2.8+0.2eV
11 S -1 2

10} DA\O_ 1.0x10" cm®s
. __13| Reaction-diffusion model
<10 E,=26:0.2eV 1
» 2 2 -
o Dpznovzno = #1077 om™s
g 107 Norman
: Ea:2.74 eV
= _ 2 2
£ . DAI,0_5'3X10 cm®s
3 10 1 Fair's vacancy model
= E =5.1£0.2eV
a a

107" D2 =25x10 cm?s™

107t

0.6 07 7 08 0.9 1.0
1000 T-1(K™")
FIG. 5. Diffusivity of Al in ZnO as extracted from the

semi-infinite source model, Fair’s vacancy model, the reaction-
diffusion model, and the study by Norman [7]. Activation energies
are estimated for the separate data sets. There is a very close
overlap between the data from the semi-infinite source model and
the reaction-diffusion model. These two models are also in line
with the values estimated by Norman. However, values obtained
using Fair’s vacancy model deviate strongly. This deviation arises
from the physical difference in the definition of D in Fair’s vacancy
model as compared to the other models. In principle, the models
cannot be compared, and they are only depicted together here to
emphasize the vast difference between them. The given uncer-
tainties reflect the quality of the data fitting.

2. Trap-limited diffusion

Trap-limited diffusion (TLD) is a process which can lead
to high gradients in the profiles of in-diffused species. It has
previously been found that H diffusion in ZnO can be

Semi-infinite source—/Fairs vacancy model

= 23 -
Spig = 3x107 exp(-1.0 eV/k,T)

23
Sp-per = 1:3x107 exp(-1.06 eV/kET)

tReaction-diffusion model

Al solubility in ZnO (cm_s)
5]

Al -V, -Influx concentration
nzn 24
=1x10“" exp(-1.6 eV/kBT)
s = 1x10%%exp(~1.08 eV/k,T)

'Al-Norman

‘complex

06 0.7 08 0.9 1.0
1000 T (K1)

FIG. 6. Solubility values of Al in ZnO as estimated from the
semi-infinite source model, Fair’s vacancy model, and the reaction-
diffusion model. The values from the semi-infinite source model
and Fair’s vacancy model overlap closely and cannot be distin-
guished from each other. The values extracted from the reaction-
diffusion model reflect the influx concentration of the (Aly,vz,) !
complex. Results from the study by Norman [7] are included for
comparison. The purple line shows the total Al concentration,
obtained by DFT and thermodynamical equilibrium calculations.
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FIG. 7. Results from the trap-limited diffusion model, used
in an attempted fit to the experimental data in the range of
1000°C-1300°C. The deviation between the model and exper-
imental data is clearly increasing as a function of the diffusion
temperature and the model is ruled out.

explained through a solubility- and trap-limited process
[11]. However, it is not possible to properly describe the
experimental Al data with a similar TLD model; see Fig. 7.
The model assumes an initial background of traps with
constant concentration. However, in the given example, the
trap concentration varies as a function of temperature from
about 3 x 10" cm™3 to 1 x 10%° cm—3, while the residual
concentration of impurities measured in these samples is
<1 x 10" cm™3. Moreover, the TLD model predicts that
the gradient of the diffusion front should decrease as a
function of time (and temperature). Such a change in the
gradient is not observed during the isothermal treatment
(Fig. 2), excluding also intrinsic defects as traps. Hence, the
TLD model is, therefore, disregarded as the correct one for
diffusion of Al in ZnO.

3. Fair’s vacancy model

Studies of phosphorus (P) diffusion in silicon (Si) led to
the development of what is known as Fair’s vacancy model
[29]. At the atomistic level, the process can be described in
three steps: (i) substitutional phosphorus (Pg;) attracts and
forms a complex with a vacancy (vg;), (ii) Pg; moves from
its original site to the vacant site, before (iii) the complex
dissociates and the vacancy continues to diffuse and drive
the P migration. In general, the process is limited either by
the diffusivity of the (charged) vacancy or the dissociation
of the complex. In this phenomenological model, the
diffusivity depends on the charge state of the vacancy
and the effective diffusivity is given as the sum over
the different charge states. For the case of a positively
charged donor (like Aly,) and negatively charged vacancies
(like vy,) one obtains

—-q

Deff hZDA+X q (n N ff) s (9)

1050 °C7
1100 °C
1150 °C

Concentration (Atoms/cms)
S

Depth (um)

FIG. 8. Comparison between Fair’s vacancy model and the
experimental data in the temperature range of 1050 °C-1300 °C.
The model has been restricted to only the —2 charge state of the
vz, A good agreement is obtained over the whole diffusion
profiles at all of the different temperatures.

where h is known as the electric-field enhancement
factor, ¢ is the charge state of the diffusing vacancy
(g ==+1,2,3,...), n; is the intrinsic carrier concentration,
n is the free carrier concentration provided by the dopants
and N is the effective residual donor and/or acceptor
concentration (excluding n). Furthermore, assuming com-
plete ionization and activation with no compensation, n
equals the dopant concentration. As will be shown in the
next section, it is sufficient to consider only the —2 charge
state of vy, for the given experimental conditions, and
in Fig. 8 the measured diffusion profiles between 1050 °C
and 1300°C are compared with the simulated ones using
only the —2 charge state of vy,. Furthermore, n; can be
calculated from the relation n; = /NNy exp(— %)
where N- and Ny are the effective density of states in
the conduction and valence-band edge, respectively. E,, is
the band gap and T the temperature in kelvin. It is not trivial
to estimate the band-gap-narrowing effect for ZnO in the
temperature range 1100°C-1300 °C; data in Ref. [30] for
the optical band gap extend up to 500 °C, and for ~100°C
and higher, the data can be described by

AE,(T) = 183.33 — %T(meV). (10)

As a first approximation, E, values of 2.57-2.43 eV are
obtained in the temperature interval of 1100 °C-1300 °C by
extrapolation of Eq. (10). Including this approximation of
the band-gap-narrowing effect, the intrinsic carriers amount
to about 10"°-10'® cm™3 at 1100 °C-1300°C. Assuming an
electron mobility of 100 cm?/V s it can be estimated from
the as-grown resistivity (~2 kQcm) that the effective
residual concentration of donors in the as-grown material
amounts to about 3 x 10'3 cm™ at room temperature and,
if the majority of compensating acceptors (like Liz,) have
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energy levels in the lower part of E,, the effective-donor-
background concentration is substantially lower than n;
at elevated temperatures and its contribution can be
disregarded.

The modeling and experimental results in Fig. 8 are in
good agreement. In Fig. 5, the extracted diffusivities are
plotted as a function of inverse temperature, from which
an activation energy of 5.1 eV with a preexponential factor
of 2.5 x 1073 cm? s7! is deduced. The extracted activation
energy is high and interpreted as a sum of energies for
several mechanisms involved in the diffusion, as will be
further discussed in Sec. IV D. The solubility values
extracted from Fair-Tsai model overlap closely with those
from the semi-infinite source model, as shown in Fig. 6,
and are also in reasonable agreement with those reported
by Norman [7]. Fair’s vacancy model describes the overall
diffusion of Al in a proper manner, however, its phenom-
enological nature does not reveal the details of the
governing processes.

C. Defect structures from DFT in Al-rich ZnO

Hybrid DFT calculations are employed to investigate
possible defect structures in Al-rich ZnO. Figure 9 shows
defect formation energies evaluated at 0 K under
O-rich conditions. The formation energy of Aly, is found
to be considerably lower than those of Al and Al;. The

g/

(eV)

f
defect

AG
N

37% HF
Oxygen-rich, 0 K
ZnO(s)/A1,O,(s)

2 . 1 . 1 . 1
0 1 2 3

e (€V)

FIG. 9. Formation energies of various intrinsic, Al-related
defects and complexes in ZnO evaluated at O K in the oxygen-
rich limit (H,O + O,). The formation energy is shown for the 0,
—1, and —2 charge states of vy, and the -2, +1, 0, and —1 states
for the other defects (when applicable).

high value for Alg, even at low Fermi-level positions,
indicates that the concentration of Aly is insignificant.
Although the formation energy of Al; is low at e close to
the valence-band edge, it surpasses 4 eV in n-type material
such that Al; also can be disregarded under O-rich
conditions.

The Al vz, complex displays deep transition levels
close to those of vz,. However, in n-type material, the
(Alz,vz,)"" is the preferred species, and its formation
energy decreases with increasing ep. The dissociation
energy of the (Alz,vz,)~" complex according to

(Algyvz,)~" = AL + 032 (11)
is found to be 0.75 eV, slightly higher than the value of
0.56 eV reported by T-Thienprasert et al. using a gener-
alized gradient approximation (GGA) PBE functional [9].
It should also be noted that, for low Fermi-level positions,
Aly,v7, becomes positively charged, as also found for the
complex between one interstitial H donor (H;) and vy,
denoted as vz,-H;. This charge state can be viewed as a
neutral v, together with the positively charged Al,, or H;.

Figure 10 shows the thermal-equilibrium concentration
of the most relevant defects in Al-rich ZnO as a function of
inverse temperature, assuming equilibrium with Al,O5(s),
in an ambient with po, =1 atm and py,o = 0.01 atm
(and no frozen-in defects). Throughout major parts of
the temperature interval, the Aly, donor is predicted to
be partially compensated by vy, and vz,-H;, as minority
defects. By neglecting phonon contribution in the calcu-
lations, the concentrations of all defects, and particularly
vz,, are somewhat underestimated. Hence, partial compen-
sation of Aly, by v, is expected, such that a complete 1:1
o ff & o 1O

ZnO(s) / AlLO(s)
p,=1atm 4
P, o= 0.01atm

10"

10"°E

10"

10"

10"

Concentration (cm's)

10"

10"

10"

1000 T'(K™)

FIG. 10. Thermal-equilibrium defect and free electron
concentration in ZnO as a function of inverse absolute temper-
ature. Equilibrium is assumed with Al,O; in 1 atm O, and
0.01 atm H,O.
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charge-carrier-to-dopant ratio upon Al doping of ZnO
will not occur, as discussed in detail in the next section.
The (Alg,vz,)~" complex exists as a minority defect
upon dissolution of Al from Al,Os. In a frozen-in situation
with no Al source, however, v, and Al,, would associate
and (Alz,vz,)"! becomes the dominating Al center at
low temperatures (cf. also Fig. 9 with ey close to E,).
Furthermore, these results show that the concentrations
of Al; and Alg are minute (outside the range of Fig. 10)
under oxidizing conditions, and they are therefore of no
importance for Al dissolution in ZnO.

As illustrated in Fig. 6, there is a reasonably close
correlation between the DFT and the measured values for
the solid solubility of Al, where the latter values are
represented by those extracted from the semi-infinite source
model. The agreement holds for both the prefactor and the
activation energy with values of ~10?* cm™ and ~1 eV,
respectively.

D. Alz,v;, reaction-diffusion model

In the following, the aim is to describe the experimental
results by a physical model based on reaction diffusion and
the actual concentration of the involved species. In analogy
with Fair’s model, a vacancy-mediated process is assumed,
spurred by the redistribution of Li into the Al-doped region
(Fig. 3) and the predictions of our DFT calculations.
Furthermore, we invoke only the strongly prevailing double
negative vy,.

The Fermi-level position is governed by the charge
neutrality, and for the studied system, it can be written as

n = [AL] = 2[vz2] = [(Alzavz,) 7'+ N, (12)

where [Aly,], [v72], [Alzv7)], and NJ' are the concen-
tration of the substitutional Al donor, the Zn vacancy,
Aly,-vz,, and the effective background-donor concentra-
tion (excluding the contribution from Aly,), respectively.
Under the current conditions, we can neglect the contri-
bution of holes (p). As discussed previously, Nj' is in the
1013-10'"* cm™ range, and furthermore, no Fermi-level
pinning is assumed. Two diffusing species are accounted
for: v;2 and (Alg,vz,)~". First, the time evolution of the
Alz, vz, concentration can be described by the reaction-
diffusion equation,

a [AIZm}Zn] _ 82 [AIvaZn]

ot — MAlg,, 8)62 - R( [AIZn DZn] ) ’ ( 1 3)

where D Aly,,, is the diffusivity of the Al,, v, complex and
the term R([Alz,vz,]) can be expressed as

a[AZn}
ot

— K[Aly,][v7,], (14)

R([AlznvZnD = = V[AIZHUZ,,]

where v is the dissociation rate and K is given by

K =4nrD,, . (15)

where r is the capture radius in the trapping process and
D,, is the diffusivity of vz,.

Second, the [v,] is assumed to be controlled by the local
Fermi-level position, i.e., the net electron concentration as
given by Eq. (12), as a function of depth. Thus, [vZ ] for
different charge states g will be governed by their formation
enthalpies [Efymation(¢> €)1, which strongly depend on ef
(except for vY,). This implies instantaneous establishment
of a vy, equilibrium concentration dictated by the local
Fermi-level position in the following manner:

_ Eformation (g.€F)

q 71 _
[UZn] - Nsitese k8T ’
N nl)
Eformation(q >, €F ) - Eformation,O + q€r,

er = E, 4+ kgT x 1n

m.kgT\3/2°
250"
E?ormzninn.()+qEC 7q><ln(m)
q 7 _ —formation.9___ 2(etB])
[UZn] = Nijes€ B e 2z
mekBT 3/274 _Egormation‘oﬂiEC
A = Nges |2 k2 e kpT ,
T
q _ —
[UZn] =An q’ (16)

where N is the total number of Zn sites per unit volume
in the material, m, is the effective electron mass in the
conduction band, and E. is the position of the conduction
band edge at the temperature of diffusion. Efymaion.o 1S the
formation energy of v5, when e = 0, i.e., at the valence-
band edge. The total-vacancy concentration is then in
principle given as a sum over all the relevant charge states,
but Fig. 9 reveals that v is strongly prevailing in n-type
material, and the other charge states will be omitted in the
following.

The model leaves us with the following fitting param-
eters: Day, o, Vs D, , r, and A [ie., (Efaion — 2Ec), in
practice]. In addition, the influx of Aly,v,, from the
deposited Al-doped film is treated as a boundary condition.
There is a strong coupling between the different parameters
and several sets of values are found to give the same quality
of solutions or fit of the experimental data. Hence, a unique
solution does not exist, but several of the exponential
prefactors of the processes involved, e.g., those of D, ,
Dy, » and v, are found to play a decisive role. Using

the constraint that the prefactors should adapt physically
viable values, many of the solutions can be disregarded.
Furthermore, values of reasonable confidence can be
deduced for the activation energies of D, , Dy, ,, , and
v, supporting the validity of the model.

The parameter A is based on the relative electron mass
(m, = 0.28 from Ref. [22]), Efymatono> and Ec(T). The
latter is deduced from Eq. (10), assuming a band gap at RT
of 3.3 eV and a fixed valence-band maximum. Efymagion.o
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TABLE 1. Parameters used to fit the experimental data with the
reaction-diffusion model.

r=1nm
U= 1013-1075(eV)/ksT] =1
Efomlalinn,O =6.44 eV/620 eV
N} =3x10" cm™

is merely treated as a fitting parameter, but guided by values
obtained from our hybrid DFT calculations. Finally, the
trapping radius r is typically found to be in the range of
1-2 nm between charged defects [31] at elevated temper-
atures and in the following r is put to I nm. A background
effective-donor concentration of N} =3 x 10" em™ is
assumed for all the simulations and an overview of the
input parameter values is given in Table I. However, it
should also be mentioned that N; must be higher than
~1 x 10" ¢cm™3 to have any visible effect on the result of
the simulations. Since the isochronal heat treatments are
carried out sequentially at increasing temperature for the
same sample, the simulations are performed accordingly,
where the result from one temperature step is taken as input
for the subsequent one. As input for the initial 1050 °C step,
the result of a 1000 °C simulation is used, where the starting
values of [Aly], [Alz,vz,], and [vz,] are given by a
Gaussian function centered at the thin-film—bulk interface
with a width of 10 nm and peak concentrations of
2% 10" ecm™, 1 x 10" cm™3, and 1 x 10! cm™3, respec-
tively. All the simulations assume the interface
(x = 0.5 um) as the starting position.

In principle, also D,, could have been treated as an
input parameter (and not a fitting one), but literature data
scatter over a quite wide range. Activation-energy values
have been reported from 1.9 eV to 3.3 eV, where the
migration barrier, as estimated by first-principles calcula-
tions, is expected to account for about 1 eV; see, e.g.,
Refs. [32] and [33].

Furthermore, the sputter-deposited Al-doped ZnO films
used are considered as an infinite source of Al, providing
mobile Aly,v,, complexes. The in-flux of [Al,,v,] at the
interface (x = 0.5 um) is treated as a fitting parameter for
each temperature and the obtained values are recognized
as an apparent solubility of the Al,, v, complex, depicted
in Fig. 6. These values should not be confused with those
obtained by Norman [7], and also the ones estimated by us
using the infinite source model, which refer to the total
concentration of Al. However, a comparison between
[Alz,v4,] and the total Al concentration is considered to
be relevant since an intimate relationship between the two
is anticipated.

Figure 11 shows results of the simulations after dif-
fusion at 1200°C (30 min) for the total [Al], [vy,],
[Alz,vz,], and [Alz,] as a function of depth, together
with the predicted electron concentration n, and the

X Total [Al]
K = Simulated Total [Al]
1200 °C, 30 min

n

10%°

Al -V,
n

n zr
— Al

— Yz

o
o_.
3

Concentration (cm‘s)
3,
B

-
O_
S

16

10

0.5 1.0 1.5 2.0 2.5
Depth (um)

FIG. 11. Results for the reaction-diffusion model, which show
the depth distribution of the electron concentration and that of
each of the involved defects after diffusion at 1200 °C (30 min).
The solid lines represent solutions with E¢ymaiono = 6.44 €V,
while the dotted lines represent Egymaiono = 60.20 eV. The total
Al concentration and the measured Al concentration overlap
closely in both cases.

experimental values of [Al]. The mobile species are the
Aly,v4, complex and vz,, while the Aly, donor is practi-
cally immobile, even at these relatively high temperatures.
Two different simulations are undertaken assuming
values for Eynaiono = 6.2 0 Efgimaiono = 6.44 €V, dot-
ted and solid lines, respectively, where the latter value
is predicted by the DFT calculations (Fig. 9). A close
agreement holds between the total measured [Al] and
the total simulated [Al] for both values of Epgyaion.o-
In fact, the only major difference between the two
simulations is [vz,], which is increased by about half
an order of magnitude when decreasing the value from
6.44 eV to 6.2 eV. Figure 12 shows the extracted values

for D,, from the two simulations, where only D, has

107

E, (6.44 eV) = 0.25:0.1 eV
D,=12x 102 cm?s™

W

E,(6.20 eV) = 0.480.1 eV
D =13x102cm?s™

0
@)
G\SNS\O

0.6 0.65 0.7 075 0.8
1000 T~ (K™")

2 -1
D, (cm=s™)
>

FIG. 12. Extracted values for the v, diffusion (migration)
under the assumption of Ef . aiono = 0.44 eV (blue crosses) and
Eformationo = 6.2 €V (red circles).
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1050 °C:

1100 °C
10"} 1150°c4:

1300 °C

Concentration (cm's)

Depth (um)

FIG. 13. The total Al-concentration profiles from the reaction-
diffusion model fitted to the experimental data in the studied
temperature range (1000 °C-1300°C). Each step is sequentially
simulated for a diffusion time of 30 min to comply with the
experimental conditions. The parameter values used in the
simulation are given in Table I. The profiles for Epaion0 =
6.44 eV and Efi0n0 = 6.2 €V are indistinguishable.

been varied to account for the difference in Efomagon.o-
A lower formation energy (higher [vy,]) yields a lower
Dz, and, for both combinations of parameters, fits
of [Al] of similar quality are obtained; see Figs. 12 and
13. Within the accuracy of the comparison, there is a
minor or no change in the prefactor of D, , while the
activation energy increases from 0.25 eV to 0.48 eV,
corresponding directly to the change from 6.44 eV to
6.20 eV. This exemplifies that a change in the vacancy-
formation energy causes an opposite change in the
activation energy for the vacancy migration and their
sum remains constant. This can also be related directly
from Eq. (14), where the reaction term R can remain
unchanged by compensating an increase in [vz,] by a
decrease in D, . Similarly, since there is a direct coupling
between the dissociation rate v and D,,, (through the term
R ([Alz,vz,] in Eq. (13)) an increase (decrease) in the
activation energy for D, could also be reflected by a
corresponding increase (decrease) in the dissociation
energy for Alz,v,,, which has been fixed at 0.75 eV, as
predicted by the DFT calculations.

Using Efomationo = 6.44 €V, the average concentration
of vy, (~[8 x 107 cm™3]) and Al vz, (~[3 x 10" cm™3))
is more than 1 order of magnitude below that of Al,,. The
two deep acceptor defects partly compensate the shallow
Aly, donor and thus reduce the free electron concentration,
although the compensation ratio is low relative to that
experimentally observed for highly Ga-doped ZnO films
[6]. The compensation by v, increases, however, when
decreasing Efymaiono 10 6.2 €V, indicating that the for-
mation energy obtained from the DFT calculations is
slightly overestimated. Here, it should be kept in mind

that the calculations assume O K crystal temperature. The
same conclusion may also be drawn from the estimate of
the activation energy for vy, diffusion, where E;oaiono =
6.44 eV results in a migration barrier of only 0.25 eV.
Alternatively, as discussed, this barrier could also be
increased by increasing the dissociation energy of
Alznl)zn (075 eV)

In Fig. 13, all the simulated profiles of [Al] using the
reaction-diffusion model with the parameter values given in
Table I are compared to measurements in the whole range
of studied temperatures, 1050°C to 1300°C, and a close
agreement is demonstrated. In Fig. 5, the extracted values
for the Al vy, diffusivities are depicted, together with the
diffusivities obtained from the previously discussed models
and an activation energy of 2.6 eV with a prefactor of
4x 1072 cm?s™! is obtained. These values are close to
those from the semi-infinite source model (2.8 eV and
1 x 107! cm? s 1) as well as from Norman [7] (2.74 eV and
5x 1072 cm?s™!), and further supported by the recent
calculations preformed by Steiauf er al. [14]. As men-
tioned, the activation energy extracted from Fair’s vacancy
model, on the other hand, deviates drastically from the
other models, and the D values are about 8 orders of
magnitude lower than those of the other models; see Fig. 5.
However, a direct comparison of the D values in Fig. 5
is not valid; for the reaction-diffusion model and the
semi-infinite source model they represent the migration
for the diffusing Aly,v4, species while, for Fair’s model,
all thermally activated processes (like v, formation and
migration, Aly, vz, formation, migration, and dissociation)
are included in the D parameter. Accordingly, Fair’s model
is beneficial from a technological perspective, requiring
only one fitting parameter, but it provides limited insight
into the physical process governing the diffusivity, in direct
contrast to that of the reaction-diffusion model. For
instance, the reaction diffusion hinges strongly on defect
concentrations, like [v4,], which can be measured and
confirmed by other experimental techniques like PAS.
Thus, both the intrinsic properties of the materials system
studied and the model itself can be corroborated by
independent studies using other experimental and theoreti-
cal techniques, than employed in this study. This model is
obviously not applicable to ZnO only, but to a large range
of materials systems, where vacancy-assisted diffusion
prevails.

V. CONCLUSION

Li is exploited as a marker for studying the interaction
between Al and intrinsic defects in ZnO, and the results
have stimulated the development of an alternative model
for diffusion of Al. The model is based on reaction
diffusion and it unveils the atomistic mechanisms involved
in the diffusion process. A vacancy-mediated process is
found to prevail and the evolution of species like Aly,, v,,
and Aly, vz, can be followed as a function of temperature,
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time, and depth, in contrast to more phenomenological
approaches like Fair’s vacancy model. The migration of Al
occurs via the Aly, vz, complex while Aly, is practically
immobile, and Al; and Aly exhibit negligible concentra-
tions with formation energies in excess of 8 eV in the
studied samples. The formation of Al vz, is promoted by
high Fermi-level positions, giving rise to abrupt changes in
the Al concentration profile in transition regions between
highly and lightly n-doped layers. The model gives support
to the early study by Norman [7] in estimating the
activation energy for migration of Al to approximately
2.6 eV with a preexponentional factor of 4 x 1072 cm?s~!.
These values can now be attributed to the migration of
negatively charged Al vz, complexes, and the strong
presence of these complexes in n-type layers is corrobo-
rated by results from DFT calculations of defect formation
energies. The model developed for Al diffusion in ZnO can
be generalized to all materials systems where vacancy-
mediated impurity diffusion prevails, enabling deep insight
into both the intrinsic properties of the studied materials
system and the diffusion properties of the impurity in
question.
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