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Abstract:

A combined experimental and first-principles study is performed to study the origin of the
conductivity in ZnO:Al nanoparticles synthesized under controlled conditions by a reflux
route using benzylamine as a solvent. The experimental characterization of the samples by
Raman, nuclear magnetic resonance (NMR) and conductivity measurements indicate that
upon annealing in nitrogen, the Al at interstitial positions migrates to the substitutional
positions, creating at the same time Zn interstitials. We give evidence for the fact that the
formed complex of Alz, and Zn; is the origin of the Knight shifted peak (KS) we observe in
27Al NMR. As far as we know, the role of this complex has not been discussed in literature
until now. However, our first-principles calculations show that such a complex is indeed
energetically favoured over the isolated Al interstitial positions. In our calculations we also
address the charge state of the Al interstitials. Further, the Zn interstitials can migrate from

the Alz, and possibly also form Zn clusters, leading to the observed increased conductivity.

INTRODUCTION

Aluminum doped zinc oxide (AZO or ZnO:Al) is a transparent conductive oxide (TCO) that in
recent years 12 has attracted attention as a potential replacement for indium tin oxide (ITO),
given its low resistivity (~10“Qcm) and high transparency up to 90% 2. Moreover, ZnO is a
favorable material due to its low toxicity and high abundance. Also, it can be used in the
form of thin films or nanoparticles in various fields, such as antistatic coatings, electrodes
for photovoltaics, or gas sensors 22, In order to achieve this, AZO films and particles have
been synthesized by various methods, optimally providing the desired low resistivity, high

transparency, flexibility and tunable infrared absorption 212,



Often, an effect of processing conditions on the ZnO conductivity has been observed 1&23, |n
many cases, annealing in vacuum, hydrogen or inert conditions is applied to enhance the
conductivity. However, the mechanisms behind the increased conductivity in the different
processing conditions are not yet fully understood. For example, C. Guillen and J. Herrero 12
report that they achieve an increased conductivity of a magnetron sputtered material after
annealing in vacuum. They establish a relation between the carrier concentration and
mobility, but not the reason for the increased carrier concentration. Similarly, Hartner et al.
13 have shown a way of successfully synthesizing aluminum-doped zinc oxide nanoparticles
by means of chemical vapor deposition, and have shown that incorporation of Al into the
crystalline lattice is possible up to 7% upon synthesis. However, they do not give an

explanation why the conductivity increases subsequently to annealing.

On the other hand, many theoretical studies provide ideas of how different defects can
affect the conductivity in ZnO. Many defects are found to affect the conductivity, for
instance the influence of aluminum itself, but also hydrogen impurities, oxygen vacancies,
and Zn interstitials have been reported ¥ 1L 2426 Ajthough native point defects are
unavoidable in ZnO, it is often assumed that they have only a minor effect on the
conductivity of ZnO. An overview of native point defects in zinc oxide and their contribution
to the n-type conductivity in zinc oxide is reviewed in 22, Oxygen vacancies, although often
used as an explanation to the inherent n-type conductivity in zinc oxide, are deep donors
and have high formation energies in n-type ZnO 2L, They are believed to be mostly present in
p-type ZnO as compensating defects. Oxygen interstitials are deep acceptors, with high
formation energies and thus also cannot be responsible for n-type conductivity in zinc oxide.
Another widely discussed defect is interstitial zinc. Although potentially able to be the cause

of n-type conductivity since it is a shallow donor, interstitial Zn has a high formation energy,
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and is claimed to be thermally unstable as an isolated point defect 2. Zinc vacancies on the

other hand are acceptors and only decrease the conductivity in n-type ZnO.

In contrast to these defects, it has been shown that hydrogen impurities can be the cause of
n-type conductivity in zinc oxide, since a hydrogen impurity has a low formation energy in
zinc oxide and acts exclusively as a donor. Moreover, it can form a complex with an oxygen

vacancy, which will also act as a shallow donor 28,

Besides, it has been reported that Zn interstitial clusters can also be responsible for n-type
conductivity in zinc oxide, as shown by Gluba et al. 2. The proposed theory suggests that
zinc atoms occupy neighboring interstitial spaces in the ZnO crystalline lattice and form

clusters of 5-8 atoms. Such a cluster is then stable, as opposed to single Zn atom defects.

By using extrinsic dopants, such as aluminum, the n-type conductivity can be increased even
further. Aluminum can occupy three different positions in the wurzite structure of zinc
oxide: the substitutional position Alz, the tetrahedral interstitial position Altg and the
octahedral interstitial position Alon. To this day, the charge of the Al interstitial defects is
debated between being 1+ or 3+. It is only widely recognized that substitutional Al is
effective as a stable n-type shallow donor in a 1+ charge state. 2222 On the other hand, the
contribution of interstitial Al dopants to the conductivity in AZO is still highly questioned.
For example, Kemmitt et al. 3 suggest that the Al ions behave as an acceptor in both
octahedral and tetrahedral interstitial positions, and decrease conductivity, which is
contradicted by theoretical predictions, claiming that Al in the octahedral and tetrahedral
interstitial positions is in a 3+ charge state, and thus should increase the charge carrier

concentration 3L,



Many studies have been carried out to characterize AZO samples, applying, among others,
techniques such as NMR, Raman spectroscopy and Rutherford backscattering 3228, They
have confirmed that incorporation of aluminum into the crystalline lattice can occur at
different sites, as mentioned above. Oga and Kaida 3% 37 have shown that, in implantation
experiments, also the displacement of zinc from its position in the crystalline lattice is

possible, and that it can have a strong effect on the conductivity.

Characterization by the NMR technique is in particular useful to study the oxygen
coordination around the Al atoms in the sample, and allows to determine the relative
concentration between the three possible Al positions in the ZnO lattice. Apart from the
peaks indicating this coordination, some studies 2% 38 have also reported the observation of
a Knight shifted (KS) signal in their NMR results. While the mechanism of appearance of this
signal in metals has been explained 32 49, the exact origin of this signal in zinc oxide samples

is not yet understood.

Previous works show that different synthesis conditions yield a different Al distribution in
the crystalline lattice, which in turn leads to different conductivities 2% 22, H, Damm et al.
have shown that the formation of conductive layers of aluminum-doped zinc oxide is a
complicated process involving many factors. For instance it has been shown that reductive
annealing not only induces morphological changes, but also contributes to redistribution of

aluminum in the crystalline lattice and a change of the oxygen stoichiometry in the layers 23,

Finally, Russo et al. # have shown that the incorporation of Al into zinc oxide under different
oxygen pressures yields significantly different results in terms of Raman spectra, which can
be related to the electronic properties of ZnO. They particularly notice that while the zinc

sub-lattice is less sensitive to oxygen pressure and reaches order at low oxygen pressures,



the oxygen sub-lattice gives significantly different results in terms of order with varying
oxygen pressures. Also they noticed that the presence of aluminum favors the formation of

oxygen vacancies.

All these findings suggest that the doping mechanism for aluminum-doped zinc oxide is hard
to study in experimental conditions, since various properties of zinc oxide change with
addition of the dopant and change of synthesis conditions. This is further emphasized by the
difficulty of characterizing local defects in the crystalline lattice. To gain a better
understanding of the origin of the conductivity in AZO, we report in this manuscript a
combined theoretical and experimental study in which ZnO:Al nanoparticles, synthesized
under controlled conditions by a reflux route using benzylamine as a solvent, are used as a
model system. The experimental characterization of the samples by Raman, NMR and
conductivity measurements indicate that upon annealing, the Al at interstitial positions
migrate to the substitutional positions, creating at the same time Zn interstitials. We give
evidence for the fact that the formed complex of Alz, and Zn; is the origin of the observed KS
peak in the NMR spectrum. Alz, as well as Zn; are both shallow donors, therefore their
complex might have a very high formation energy. However, our calculations show that such
a complex is energetically favoured over the isolated Al interstitial. The Zn interstitials can
also form Zn clusters, leading to the observed increased conductivity. In our calculations we

also address the charge state of the Al interstitials.

Experimental details

SYNTHESIS

AZO nanoparticles were synthesized using a method previously described by Kelchtermans

et al. 22, In order to obtain 0.5 mol% aluminum doped zinc oxide nanospheres by a solvolysis



reaction in a reflux setup, 1g of Zn(acac); hydrate was mixed with 0.0057g of Al(acac)
hydrate in 40 ml of benzyl amine and heated to boiling point (nominal temperature 185°C).
After reaching the boiling point the mixture was refluxed for 4 hours while stirring. After
cooling down to room temperature, the mixture was centrifuged to precipitate the particles,
and the particles were then washed three times with ethanol and twice with water. After
washing, the obtained powder was dried in an oven at 60°C. The dried powder was divided
into two parts allowing the same starting material to be used in subsequent experiments
and analysis. One part of the powder was analyzed as-synthesized, and the rest underwent
the following thermal treatment. This second part of the powder was annealed in dynamic
nitrogen atmosphere (100 ml/min) for 10 minutes at 400°C in a tube furnace. During the
annealing procedure the temperature ramp was 10°C per minute, and after the annealing

time was over, the furnace was left to cool down naturally.

CHARACTERIZATION

The Al/Zn ratio in the powders was determined by inductively-coupled plasma atomic
emission spectrometry (ICP-AES) using a Perkin Elmer Optima 8300 DV. The sample
preparation was performed by making a stock solution of with a concentration of
1g/L of AZO in 5% nitric acid, and subsequently diluting it so that the concentration
of Zn or Al would be in the range of 1 to 10 ppm. Calibration was made using stock

solutions of Zn and Al.

X-Ray diffraction (XRD) was carried out in a Siemens D5000 X-Ray powder diffractometer.

Particle size and shape analysis was carried out using transmission electron microscopy

(TEM), carried out on FEI Tecnai Spirit at an acceleration voltage of 120 kV. The sample was



prepared by dispersing a small amount of nanopowder in ethanol, and deposited on

a carbon-film coated copper mesh and dried.

Using Fourier-transform infrared spectroscopy (FT-IR Bruker Vertex 70 FT-IR spectrometer)

the presence of charge carriers was analyzed. The transmittance of the KBr pellets

containing 0,5% AZO was measured in the interval of 4000 — 400 cm™.

Aluminum-27 solid-state MAS NMR spectra were acquired on an Agilent VNMRS DirectDrive
400MHz spectrometer (9.4 T wide bore magnet) equipped with a T3HX 3.2mm probe
dedicated for small sample volumes and high decoupling powers. Magic angle spinning
(MAS) was performed at 18 kHz in ceramic rotors of 3.2mm (22 ul). AlICls was used to
calibrate the aluminum chemical shift scale (0 ppm). The T1a relaxation decay times were

measured by using the inverse recovery method.

A resonant microwave cavity perturbation technique (MCPT) was used to determine the
microwave conductivity of the samples. To this end, a quartz tube filled with the sample was
inserted into an aluminum TMo10 mode resonant cavity. The measurements were carried out

as described in %.

Raman spectra were obtained using a Horiba Jobin Yvon T64000 Raman
spectrometer in subtractive mode, equipped with a BXFM Olympus 9/128

microscope and a Horiba JY Symphony CCD detector and a 488 nm Lexell SHG laser.

Computational details

FIRST-PRINCIPLES CALCULATIONS



The calculations are performed using first-principles density functional theory (DFT) using
the Perdew—Burke—Ernzerhof functional (PBE) 2¢ and the screened hybrid functional of
Heyd, Scuseria, and Ernzerhof (HSE06) 4Z, as implemented in the Vienna ab initio simulation
package % %, The hybrid functional has shown to yield rather accurate band gaps and
reliable defect formation energies in semiconductors 22 31, This is important, since the
introduction of defects can involve the occupation of levels in the band gap and a correct
value of the formation energy depends sensitively on the position of these defect levels and
thus on the value of the band gap. Thus the structural optimizations, band gap calculation,
and formation energy calculations throughout the work are performed with the HSE06
functional. Electron-ion interactions are treated using projector augmented wave potentials
2234 A |arge supercell of wurtzite ZnO consisting of 108 atoms is used (3x3x3 unit cells). The
Zn (4s%3d%0), O (2s%2p°®), and Al (3s23p?) electrons are treated as valence electrons. We have
used an optimized 37.5% mixing of Hartree-Fock exchange mixing in the HSEO6 functional to
obtain the experimental band gap 22. Proper convergence of the formation energy is
reached when the energy cutoff for the plane wave basis is set to 400 eV, and a k-mesh of
2x2x2 based on the Monkhorst-Pack scheme228 is used to sample the Brillouin zone of the
supercell. The convergence of the self-consistent iterations is assumed when the total
energy difference between cycles is less than 10* eV, and all atoms in the supercell are
allowed to relax until the residual forces per atom are less than 0.05 eV A, which is
sufficient for the purposes of the present work. The charge correction scheme proposed in
57 and utilized in 28 has been applied to correct for the spurious interaction between a

charged defect and its periodic images.

DEFECT FORMATION ENERGIES



The formation energy of a point defect or impurity plays an essential role in the
determination of its thermodynamic stability and its equilibrium concentration. The
formation energy of a defect or impurity D in charge state q is calculated as the difference
between the total energy of the stable pure supercell E;,;[bulk] and the relaxed defect

supercell E;,;[D?] at constant volume, and is defined in a standard way > &,
Ef[D?] = E¢ot[D?] — Epor[bulk] + Xinp; + qlEp + Ey + AV] + AEZZ- (D

Where n; specifies the number of atoms of typei that have been added (n; < 0) or
removed (n; > 0) from the supercell, and u; are the chemical potentials of matching
species. Er is the Fermi level with respect to the top of the valence band, Ey, . AV aligns the
potentials in the perfect and doped supercells in a region far from the defect & 82, and AEZI

is the charge correction term for the energy.

Equation (1) indicates that the defect formation energy depends on the chemical potentials
of the atomic species, which are determined by the experimental growth conditions and can
be either Zn-rich, O-rich, or anything in between. These chemical potentials are limited by
the formation of bulk ZnO and Al,O3 through the thermodynamic stability condition. For
instance, Zn-rich (O-poor) conditions place an upper limit on pzn by pzn=E[Znpuk]. This
upper limit for zinc leads to a lower limit on po given by the thermodynamic stability
condition for ZnO : po=E[0:]/2 + AH¢[ZnO], with AH{ZnO]=-3.12eV the enthalpy of
formation of bulk ZnO. As a result pai is pa=E[Albu] + AH{[Al,03]/2 — 3AH{[Zn0]/2, with

AH¢Al,03]=-17.19 eV the enthalpy of formation of bulk Al,0s.

RESULTS AND DISCUSSIONS
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ICP-AES results show that the dopant concentration in the acquired powders is 0.45 mol%
for both the as-synthesized and annealed samples. This means that the dopant
concentration does not change during the annealing procedure. XRD analysis (not shown)
confirmed that both powders were of wurtzite structure, and no side phases were present.
TEM micrographs are shown in Figure 1 and indicate that quasi-spherical elongated particles
were obtained after synthesis, with a narrow size distribution, which does not change after

annealing.

Figure 1. TEM images of ZnO:Al nanoparticles. Left: before anneal. Right: after annealing.

The particles appear to be about 40 nm in size, and no secondary phase is observed in
electron diffraction nor bright field images. FT-IR spectra presented in Figure 2 show an
absorption band around 400-500 cm™ which can be attributed to the Zn-O stretching mode,
and a broad band around 3500 cm, attributed to adsorbed water as reported in other
studies 8. No signals corresponding to organic materials are identified. Both spectra indicate
the presence of free charge carriers as identified by the surface plasmon resonance (SPR)

absorption band located between 600 and 3000 cm™ 2, We observe this band immediately
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after synthesis, indicating that shallow donors are already present in the as-synthesized

samples.
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Figure 2. FT-IR spectra of as-synthesized (bottom) and annealed (top).

In order to attain semi-quantitative information on the conductivity of the nanoparticles,
MCPT measurements, shown in Figure 3, were carried out that determine the complex
permittivity of the sample. For reference purposes, also MCPT measurements were
performed for pure ZnO samples in the same way as for ZnO:Al samples. The results are
listed in Table 1 and demonstrate that as-synthesized AZO samples have a higher imaginary
permittivity €” than pure ZnO samples due to doping with Al, corresponding to a higher
sample conductivity as given by &" = g/gyw, where ¢ is the conductivity of the AZO, ¢, is
the permittivity of free space and w is the angular frequency at which the sample is

measured 8. Annealed ZnO and AZO samples have higher imaginary permittivity, compared
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to as-synthesized samples, but a much higher imaginary permittivity is obtained in the AZO

samples.

0.5

Permittivity &"

o
N
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0.1 1

0.0 -
ZnO AZO

Figure 3. MCPT measurements result at 2.4GHz. Blue (horizontal lines) - as-synthesized, red (empty) — annealed, with
standard deviation bars.

Table 1. MCPT measurements results.

SAMPLE PERMITTIVITY PERMITTIVITY
AS-SYNTHESYZED AFTER ANNEAL

PURE ZnO 0.05 0.10

AZO 0.17 (0.01) 0.43 (£0.04)

Next, the AZO and pure ZnO samples (the as-synthesized as well as the annealed ones) were
characterized by Raman spectroscopy. The measured Raman modes shown in Figure 4 and 5
are assigned based on a study by Russo %4, For ease of interpretation, the Raman spectra

were first normalized with respect to the E;'°" peak, which is attributed to the zinc
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sublattice. First, we consider the Raman measurement results for the AZO samples in Figure
4. After annealing, there is a decrease in intensity of the E;M&" peak, and simultaneous
increase in intensity of E1(LO) peak. The ratio between two peaks is associated with the
amount of oxygen vacancies in the lattice??. After de-convolution (Supplementary data S1
and S2) the ratios of peaks E;"&"to E1(LO) are 2.42 for the as-synthesized sample, and 1.87
for the annealed sample, indicating increased amount of oxygen vacancies. Indeed, a
change of color is observed from white to yellow in the annealed samples, usually
associated with oxygen vacancies that form under nitrogen rich conditions & €, These
results confirm that the oxygen sub-lattice is more sensitive to the annealing conditions
than the zinc sub-lattice 2. The mode detected at 500 cm™ exhibits A1 symmetry and is
assigned to longitudinal acoustical (LA) overtones &. The spectrum also shows an
anomalous mode (AM) at 275 cm™ that, according to Gluba et al. 2, is related to interstitial
zinc clusters, in which the contributing Zn atoms are located in neighbouring interstitial

sites.

These authors speculate that such clusters might be responsible for unintentional zinc oxide
n-type conductivity. In this work, the intensity of this AM is seen to increase after annealing,
which indicates that the amount of zinc interstitials is increased. Also, it is evident that the
signal to noise ratio decreases after annealing, meaning that the crystallinity of the sample
decreases, which we link to the increased number of oxygen vacancies. The increase in
oxygen vacancies after annealing, should lead to oxygen interstitials, which are electron
traps in an n-type material. Nevertheless, the MCPT measurements indicated an increase in
conductivity associated with the measured imaginary permittivity, so the overall effect of

the annealing procedure is still a strong increase in free charge carriers.
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Figure 4. Raman spectra of aluminum doped zinc oxide, as-synthesized (black) and after annealing (red). After annealing,

increase of oxygen vacancies (E2 high decreases), and increase of Zn interstitial clusters (AM) is shown. Spectra have been

normalized based on the E;°¥ peak.

The change in intensity of the Ex"8" mode in the case of pure ZnO, as shown in Figure 5, is
much less pronounced compared to AZO. This might indicate that there are less oxygen
vacancies created during the annealing of the pure ZnO sample, on the other hand it might
be that the presence of aluminum in the AZO sample has an influence on the signal strength

of this mode.
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Figure 5.Raman spectra of pure zinc oxide. As-synthesized (black) and after annealing (red).

With the AI’-NMR technique, the oxygen coordination of the Al atoms in ZnO can be
determined. Therefore the technique is widely used to study the position of aluminum in
the crystalline lattice 8870, We use it to determine the influence of annealing on the
migration of aluminum. From the spectrum for the as-synthesized AZO sample, shown in
Figure 6 (left figure), we observe that most of the aluminum atoms are in the octahedral
position (corresponding to the peak at 15 ppm), and a smaller fraction of the aluminum
atoms is in a tetrahedral position (corresponding to the peak around 80 ppm)ZL. One can
also observe a peak at 188 ppm. At this position, the side band of the octahedral peak can
be expected, but it can also be a weak knight shift (KS) signal. In this case, we have two
indications to fully attribute the peak at 188 ppm to a side band of the octahedral aluminum
peak. First, because we observe such a strong peak at 15 ppm related to the octahedrally
coordinated Al atoms, a significant side band can indeed be expected Z2. Second, the shape

of the observed peak at 188 ppm, is typical for a side band. From the area under the NMR
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peaks, we deduce that 80 % of the Al atoms is in an octahedral interstitial position before
annealing. To be able to distinguish between Al atoms in substitutional or interstitial
tetrahedral positions, T1 relaxation measurements were carried out 22 30, From the results,
presented in Table 2, it is evident that the amount of substitutional Al with a long decaying
time of 2.7 seconds in as-synthesized powders is as low as 5%, while there is 15% of the

total Al atoms in an interstitial tetrahedral position with a decay time as short as 0,035 s.

From the NMR spectrum for the annealed sample shown in Figure 6 (right figure) it is clear
that most aluminum atoms change their position into a tetrahedral position after annealing.
Remarkably, also the peak at 188 ppm has increased significantly in intensity. Since the

signal of octahedral Al has become now rather small, its side band should not interfere with

the KS signal.

82 ppm

188 ppm

Figure 6. NMR spectra of aluminium doped zinc oxide. As-synthesized (left) and after annealing (right).

Also notable is the change in peak shape with respect to the as-synthesized case. Therefore,
we interpret this peak at 188 ppm for the annealed sample as a KS peak and include it in the

determination/quantification of the different Al fractions (Table 2). Considering again the
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area under the Raman peaks together with T; relaxation time measurements, we find that in
the annealed sample the amount of substitutional Al increases up to 22%, while the
interstitial tetrahedral Al decreases down to 10%. Also the amount of interstitial Al at the
octahedral position decreases down to 10% of the total Al atoms. Also a much stronger KS
signal can be seen, which accounts for 58% of the total number of Al atoms. Typically, such
KS signal is associated with Al in the close neighbourhood to some extended, mobile
electrons 2. The assignment of this KS to metallic aluminium in the sample can be excluded,
as literature states that the KS signal of the metallic state should appear at much higher
ppm (namely around 1640 ppm) 24 than in the current case. Also, previous studies have not
found any evidence for the presence of metallic zinc or aluminum in AZO even after a
reductive annealing 22. Such a KS peak was also never observed in as-synthesized samples
with a large amount of substitutional Al atoms. Therefore its origin must lie in the way
substitutional Al atoms were created upon annealing. As an interstitial Al atom that
migrates to a substitutional position must also create a Zn interstitial, our experimental
observations suggest that the KS signal originates from substitutional Al atoms with Zn
interstitials in their close neighbourhood, which are then responsible for the extended,
mobile electrons around the substitutional Al. Attributing the KS signal to Alz,, we find that

almost 80% of Al is now in a substitutional position.

Table 2.Results of 27Al NMR T; measurements corresponding peak-area fraction before annealing, and after annealing
taking into account KS area

Alon/T1(s)  Alm/T1(s) Alz/T1(s)
As-synthesized ‘ 80%/1.05 15%/0.035 5%/2.7
Annealed ([nc/_ KS) ‘ 12%/- 12%/0.088  24%/6.69+52%(KS)/0.56

Thus, NMR and Raman spectra suggest that during annealing, interstitial Ali moves to the

substitutional position and the amount of interstitial Zn increases, coinciding with an
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enhanced conductivity, as measured by the MCPT measurements. Isolated substitutional Al
as well as interstitial Zn are both shallow donors, substitutional Al in the 1+ charge state, Zn
interstitial in the 2+ charge state. Therefore, it might be questionable if such two shallow
donors can be created close to each other. This transition can only occur if it leads to a more
stable state (thermodynamic aspect) and has a reasonable energy barrier (kinetic aspect).
Therefore, to support the interpretation of the experimental data, we performed first-
principles calculations to assess the defect type, charge state and formation energy of the Al
interstitial defects, both at the octahedral (Alon) and the tetrahedral (Al ) position, and the
complex of a substitutional Al atom with a Zn interstitial close to it (Alzn-Zni). As the created

Zn interstitials might migrate, also the Zni-Zn; complex is considered.

Figure 7 presents our hybrid functional based defect formation energies, including the
tetrahedral as well as octahedral Aliin the ZnO supercell as a function of the Fermi level E¢.
The calculations are performed considering a bulk-like system, since the TEM results
indicate that the particles have a width of approximately 40 nm which is large enough to
show ZnO bulk characteristics. Both interstitials act as shallow donors and are in the 1+
charge state for Fermi levels close to the conduction band. So we predict that the Al
interstitial provides one charge carrier in n-type ZnO, and not three, as claimed in3. The
tetrahedral interstitial has a slightly lower formation energy. For completeness, Figure 7 also
shows that Alz, has a much lower formation energy for Fermi levels close to the conduction
band, and, as expected, acts as a shallow donor that contributes one electron to the charge

carriers in ZnO.
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Figure 7. Calculated formation energies as a function of Fermi energy for several defects in ZnO under O-poor conditions.

Figure 8. The structural transition from the relaxed Al defect towards the Alz,-Zn; complex, all in the 1+ charge state.

Our experimental results suggest that an interstitial Al can move to a substitutional position
by pushing away a Zn atom that becomes a Zn. It is known that an isolated Zn; occupies an
octahedral position and behaves as a shallow donor in charge state 2+, which is also
confirmed by our hybrid functional first-principles calculations as shown in Figure 7. This
would result in two shallow donors, next to each other, which could lead to a large Coulomb
repulsion, and thus a high energy configuration. Therefore we compared the formation
energy of the Alzn-Zni complex with that of the interstitial Ali. The obtained results in Figure

7 show that the Alz-Zn; complex in ZnO in which Zn; is located in the “cage” next to Alz,
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(called configuration D1) has a lower formation energy than the interstitial Al; and is stable
in the 1+ charge state. This confirms that the complex is indeed energetically favored over
the isolated interstitial defects. The distance between the Alz, and Zn; dopants in this D1

configuration is 2.57 A. When the Zn; is moved one “cage” further away (into configuration
called D2), this distance increases to 4.37 A, and the energy is reduced. Figure 7 also shows

the sum of the formation energies of both isolated Alz, and Zn; defects, corresponding to

two infinitely separated defects, further reducing the energy.

To gain more insight in this transition and in the required energy barrier, we used the
nudged elastic band (NEB) method to calculate the path between the interstitial Al; and the
Alz-Zn; complex. These calculations are done with the PBE functional to reduce the
computational cost, as similar results can be expected for the hybrid functional > 78, Figure
8 shows the relaxed start configuration around the Alrg, the relaxed end configuration of the
Alzn-Zn; complex (which we called the D1 configuration), and an intermediate structure, all in
the 1+ charge state. Note that the interstitial Al is indeed tetrahedrally coordinated by four
oxygen atoms, but that also a nearby Zn atom is already considerably pushed away from its

equilibrium position (the Zn atom has moved a distance of 1.17 A for the system in the 1+

charge state with respect to its position in a pure ZnO system). It is therefore also not
surprising that it is indeed possible that the Alrg can push the Zn atom further away. Figure
9(a) shows the total energies for some intermediate configurations between the initial Alrg
and final Alz,-Zni complex obtained by the NEB method, for the 1+ charge state. The initial
energy barrier is very small. A local minimum is reached at structure 6. This is the point

where the Al atom reaches the substitutional position and the interstitial Zn atom the
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octahedral position in the middle of the “cage”. Finally the Zn atom has to overcome an

extra barrier of ~0.1 eV in order to reach the final Alzn-Znj structure.

We performed a similar study with the NEB method to calculate the path of the transition
between the Alon dopant and the Alz-Zni complex. Figure 9(b) shows total energies for
some configurations along this path for the system, again in the 1+ charge state. It is clear
that now a much higher barrier of ~0.53 eV has to be overcome. After this barrier, the same
path as for the Alyq is followed, which shows that the Alop, first moves to Alrg position before
it converts to the Alz;-Zni complex. Based on the temperature dependent measured

diffusion coefficient of Al in ZnO Z, we estimate the diffusion constant to be

E
D=53x%x10"2cm?s Lexp (— —a), (2)
kT

with E; the energy barrier and kg Boltzmann's constant. An annealing temperature of 400°C,
energy barriers of the order of 0.53 eV, lead to a diffusion coefficient of 5.72 X

107 cm?s~1. The barrier is thus not too high
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Figure 9. Barrier energy between (a) Alrq and (b) Alon dopants and the Alz-Zn; complex in ZnO, system in the 1+ charge

state.

While an isolated substitutional Al atom is in the 1+ charge state, and an isolated Zn
interstitial in the 2+ charge state, the Alz,-Zn; complex is in the 1+ state for Fermi levels close
to the conduction band. This is caused by the interaction between two atomic defect levels
located in the conduction band of ZnO that interact and form an occupied bonding level
with an energy located in the band gap. The density of these two bonding levels in the Alz,-
Zn; complex is shown in Figure 10. Isolated substitutional Al atoms were never observed to
lead to a KS signal. However, in our samples the substitutional atoms are created mainly
after annealing, which thus also includes the creation of Zn interstitials. Therefore, we
attribute the observed KS signal to the presence of these extra bonding electrons interacting

with the substitutional Al atoms.
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Figure 10. Density of the bonding in the Alz,-Zn; complex.
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Figure 11. Barrier energy between Alz,-Zn; (D1) complex and the Alz-Zn; (D2) complex in ZnO, system in the 1+ charge

state.

As mentioned above, the Alz-Zni complex in the D1 configuration is not the lowest energy
state. If the Zni moves one cage further, the energy decreases with approximately 0.61 eV.
The NEB calculation for this transition, shown in Figure 11, indicates that an energy barrier
of ~0.2 eV has to be overcome in this transition. Finally the Zn interstitial can become an
isolated defect, in the 2+ charge state. If this happens, the total number of charge carriers
has increased from 1 to 3 by going from the interstitial Al to the isolated substitutional Al

atom and Zn interstitial.

Additional experiments have shown, that after prolonged anneal the KS signal (188ppm)
loses its intensity. This indicates that after prolonged anneal a Zn interstitial can become an
isolated defect, migrating away from the Al substitutional. However, as shown is Figure 12,
this process is not instantaneous, since even after two hour anneal at 400°C in nitrogen, the

KS signal still can be clearly seen, although substantially smaller.
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Figure 12. NMR spectra of AZO. Left to right: as-synthesized, 10min anneal, 30min anneal, 2 hour anneal.

Another possibility is that the Zn interstitials form a cluster, which might lead to a more

thermally stable defect. Figure 13 shows the formation energies for different charge states
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of such a Zni-Zn; cluster in ZnO. For Fermi levels close to the conduction band, the 2+ charge
state of the Zni-Zn; cluster is the most stable charge, similar to the conclusions obtained in 2
based on calculations for the neutral Zni-Zn; cluster. Also note that the total formation
energy is lower than the formation energy of two independent Zn; defects, which is also
shown in Figure 12 (it is just twice the formation energy of the Zn; defect shown in Figure 7).
In such a Zni-Zn; cluster, the Zn [4s?] orbitals create a bonding (Zn, &) and an antibonding
(Zn2 o*) orbital which are fully occupied. The o orbital hybridizes with O [2p] orbitals in ZnO
forming a bonding (Zn; o+ O 2p) and an antibonding (Zn2 o+ O 2p)* orbital. The antibonding
(Zn2 o*) orbital which is located in the conduction band transfers two electrons to the
conduction band minimum and yields a shallow donor complex 22. Again the total number
of charge carriers has increased with respect to the initial interstitial situation.

Figure 13. Calculated formation energies as a function of Fermi energy for different charge states of Zn; — Zn; cluster in

ZnO (blue line). For completeness also the formation energy of a single (green line) and two non-interacting Zni defects

(dotted red line) are shown. All results are for O-poor conditions.
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A combined study involving an experimental and theoretical approach has been carried out
to gain better understanding of the effect of annealing on aluminum doped zinc oxide
nanoparticles. Analysis has shown that during the annealing there is a significant migration
of aluminum from interstitial positions into the substitutional position, accompanied by the
creation of zinc interstitials. Our first-principles calculations indeed show that the transition
from an Al interstital towards a substitutional position together with the creation of a zinc
interstitial lowers the defect energy. The charge state of the Al interstitial as well as of the
Alzn-Zn; complex is both 1+, for Fermi levels close to the conduction band minimum. When
the zinc interstitial migrates further away, its charge state turns into 2+. Also Zn clusters can
be formed. In both cases the number of charge carriers has increased with respect to the Al
interstitial, explaining the increased conductivity. Further, after annealing, a Knight shifted
peak in 2’Al NMR is observed. Our combined experimental and theoretical study suggests
that this signal originates from substitutional Al atoms with such Zn interstitials in their close
neighbourhood, which are then responsible for the extended, mobile electrons around the

substitutional Al.
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