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We present a first principles study on the effect of native point defects in Al:ZnO transparent conductive oxide. Our results
indicate that oxygen and zinc vacancies play two completely different roles: the former maintain the electrical properties while
worsening the transparency of native Al:ZnQ. The latter are strong electron acceptors that can destroy the metal-like conductivity
of the system. While the percentage of doping amount is not really relevant, the compensation ratio between Zn vacancy and
Al dopants is crucial for the final electrical properties of the system. H impurities always act as electron donors and generally
improve the characteristics of the transparent conductor. Finally, we show how the chemistry of the defects affect the color of
Al:ZnO samples, in agreement with experimental results. Our results pave the way to defect engineering for the growth of high

performance transparent conductive oxides.

1 Introduction

Transparent conducting oxides (TCOs) are electrical conduc-
tive materials with a low absorption of light in the visible
range.' > The unique combination of metallicity and trans-
parency makes TCOs appealing for a variety of applica-
tions,*” including photovoltaic cells, flat displays, smart win-
dows, invisible electronics and plasmonics. TCOs are ob-
tained by heavily doping wide-bandgap semiconductors with
metal ions; the most common TCOs are Sn-doped InyO3
(ITO) and Al-doped ZnO (AZO), where carrier densities ex-
ceeding 10?' cm™3 and resistivities below 10~* Qcm have
been achieved.® AZO in particular is gaining great interest
as it is an indium-free, low-cost, and easy processable ma-
terial. %12

The optoelectronic performances of TCOs strictly depend
on the quality of the samples and on the growth techniques.>®
For example, several experimental measurements'3~1¢ per-
formed on AZO samples with similar Al contents (~ 3%)
but grown with different methods (e.g. magnetron sputtering,
pulsed laser co-ablation, atomic layer, chemical spray or sol-
gel deposition), reported a large range of values of the electri-
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cal resistivity (3 x 1074 +3 x 1072 Qcm ). A similar variabil-
ity is reported also for the transparency ratio (80-+-90%) 71
and the injected free charge density (5 x 10! +2.0 x 10!
cm—3), 11,15.20

The discrepancy in these results is usually associated to the
presence of defects and impurities in the crystalline host that
may act either as scattering centers, which reduce the mobil-
ity and the injected charge density, or as optical traps, which
absorb light in the visible range. While point and extended
defects, such as vacancies and dislocations, have been longly
studied for undoped-ZnO, both experimentally>'~>* and theo-
retically,>>~%7 almost nothing is known about the effect of na-
tive defects on TCO materials. 2830 In particular, the relative
equilibrium between charge localization and charge compen-
sation in the presence of both point defects and metal dopants
is still an unsolved problem.

Here, we present a first principles study of the effect of na-
tive oxygen and zinc vacancies and H impurities on the elec-
tronic and optical properties of Al-doped ZnO. We demon-
strate that oxygen vacancies hardly modify the properties of
AZO that are instead very sensitive to Zn vacancies. Fur-
thermore, hydrogen impurities always act as electron donors
which increase the free electron density at the bottom of con-
duction band.

2 Methods

We performed first-principles total-energy-and-forces calcu-
lations, based on Density Functional Theory (DFT), as im-
plemented in QUANTUM ESPRESSO.3! All simulations em-
ployed the PBE exchange-correlation functional,?> a plane
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wave basis set with a kinetic energy cutoff of 28 Ry (280
Ry) for the wave functions (charge), and ultrasoft pseudopo-
tentials.>* The DFT bandstructure was corrected by includ-
ing an ad hoc Hubbard potential on both 3d orbitals of zinc
(Uz,=12.0 eV) and 2p orbitals of oxygen (Up=6.5 eV), along
the lines previously described in Ref.3*. Numerical details and
accuracy tests on the effects of the DFT+U approach on the
structural and electronic properties of ZnO are reported else-
where,3* see also Electronic Supplementary Material (EST)
for further details on the effect of U on AZO (Fig. S1). The
AZO bulk crystals were simulated by periodic supercells. We
focused on AZO in the sub-solubility limit (Al < 3.5 %), for
which the Al ions mainly assume a Zn-substitutional position
in the ZnO crystal. AZO cell includes 16 primitive ZnO cells
(i.e. 64 atoms), where two non-consecutive Zn atoms were
substituted with two Al ions; this corresponds to a formal Al
concentration equal to 3.2%. This is the experimental most fa-
vorable doping content for TCO applications.>> Regular grids
(4x4x4) of k-points were used for Brillouin zone (BZ) inte-
gration. All structures are relaxed until forces on all atoms are
lower than 0.03 eV/A. The 3D relaxed structures are reported
in Figure S2 of ESI for completeness.

The electron energy loss (EEL) function is calculated from
the complex dielectric function &(w) = € + ig,, evaluated
using the code epsilon.x, also included in the QUANTUM
ESPRESSO suite. This code implements an independent
particle formulation of the frequency-dependent (w) Drude-
Lorentz model for solids: 73

2 2

o
_1_ n,n l’l”l ]7 ,
ka w2+mw knz;gnfk OF,y— 0> =T

(1

where ®, is the bulk plasma frequency; Ay ,, v = Ex n — Exc
is the vertical band-to-band transition energy between occu-
pied and empty Bloch states, labeled by the quantum numbers
{k,n} and {k,n'}, respectively. f,"" and flf’"/ are the oscilla-
tor strengths for the Drude and Lorentz parts and are related
to the dipole matrix elements between Bloch states.”-3637 n, T
are the Drude-like and Lorentz-like relaxation terms, which
account for the finite lifetime of the electronic excitations
and implicitly include the effects of the dissipative scatter-
ing.3” In the low-energy range relevant for metals (IR-vis),
the adopted value for 11 (50 meV) corresponds to a dephas-
ing time T = 2A/n = 25 fs, in agreement with the values ob-
tained within the Mie theory for metallic systems.>® Once
the imaginary part of the dielectric function (&) is known,
the independent-particle absorption spectra can be straightfor-
wardly obtained using the relation o/(®) < w&(®).

The simulation of the color is based on the tristimulus col-
orimetry theory, 39 which provides a red (R), green (G), and
blue (B) representation of the perceived hue, starting from
the knowledge of an illuminant source (tabulated), the retina
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Fig. 1 Total DOSs of AZO bulk in the presence of (a) no defects,
(b) oxygen vacancies (Vp), (¢) zinc (Vz,) and zinc-oxygen dimer
(Vzu+0) vacancies, (d) hydrogen impurities. Vertical lines mark the
Fermi level of each system. Zero energy reference is set to ZnO
valence band top.

matching functions (tabulated)*® and the absorption spectrum
(calculated). The color of a sample can be expressed by three
color indexes X, Y, and Z, defined as:*!

XYZ=N / Io(A)e *Migyz(L)dA, 2)

where A = ¢/ is the wavelength, Ij(A) is the incident radi-
ation or illuminant. In the present case we used the standard
D65 illuminant, which mimics the solar spectrum in the vis-
ible range; (1) is the calculated absorption spectrum; N is
a normalization constant and ¢ is the effective thickness tra-
versed by the light beam in the sample. The functions Xyz(1)
are the tristimulus color-matching functions, as defined by
the CIE standard (CIE 1931, 2° standard observers*’). They
describe the physiological response of human retina to red,
green and blue colors, respectively. When the XYZ values are
known, other color representations (e.g. RGB or CIELAB)
may be trivially obtained through linear transformations.
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3 Results and Discussion

Starting from the undefective AZO crystal taken as a refer-
ence, we studied three sets of systems: (i) neutral oxygen va-
cancies (Vp), (ii) zinc and zinc-oxygen dimer vacancy (Vz,
and Vz,40, respectively); and (iii) hydrogen impurities (H).
Two different structures were considered for the case of oxy-
gen vacancies: in one case (labeled far) the oxygen is removed
from the ZnO host far away from the Al impurity, in the other
(labeled close) the removed oxygen would be bonded to alu-
minum; in the former case the Al ion is tetra-coordinated,
in the latter it is ter-coordinated with next-neighbor oxygens.
In the Zn-substitutional configuration, Al has not Zn as first-
neighbor, thus for Vz, and Vz,, o cases we considered only
one geometry, equivalent to the far configuration of Vp. Ex-
perimental results *>*3 indicate that the hydrogen penetrates in
ZnO in the dissociated (atomic) form and adsorbs to oxygen
in an interstitial position, we therefore considered two possi-
ble hydrogen adsorption sites, one far and close Al, as for the
Vo case.

The results of the electronic structure calculation for fully
optimized structures are reported in Figure 1. Undefective
AZO (panel a) has the typical character of highly degenerate
n-type conductor: Al fully donates its 3p electron to ZnO, par-
tially filling the bottom of the host conduction band, without
inserting any defect state in the gap, nor changing the effec-
tive mass of ZnO.”!0 The presence of V, (panel b) does not
change this picture: V is a deep defect, which introduces fully
occupied states in the gap, in agreement with previous theoret-
ical and experimental data for un-doped ZnO.*** However,
this does not modify the transport properties of AZO, which
maintains its n-degenerate conductive behavior. Even though
the far vacancy results to be energetically more stable than the
close one by ~ 1.1 eV, from the electronic point of view the
two configurations are almost identical. The final position of
the Fermi level also coincides with the AZO case, implying
a same amount of injected free electron charge (see below).
Rather, the exact position of the Fermi level is strictly depen-
dent on the amount of doping amount. In Figure S3 of ESI,
we compare the DOS plots of both Vy far and close systems
evaluated at 1.6% and 3.2 % of Al content, respectively: The
only observed effect of the reduced dopant dosage is a shift
of the Fermi level towards the bottom of the conduction band
(i.e. lower free electron charge), as expected for intrinsic con-
ductors.

On the contrary, Zn vacancy is a dominant acceptor in ZnO
(panel c): the removal of a Zn atom in ZnO induces a net
depletion of charge, leaving the four first-neighbor oxygens
under-coordinated. This introduces shallow defect states close
to the valence band top of the pristine ZnO.2">* The inclusion
of two Al donors just saturates the Vz, electron unbalance, but
it is not sufficient to transfer charge into the conduction band.
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Fig. 2 Electron energy loss spectra of AZO bulk in the presence of
(a) no defects, (b) oxygen vacancies (Vp), (c) zinc (Vz,) and
zinc-oxygen dimer (Vz,4¢) vacancies, (d) hydrogen impurities.

As a consequence, the system has a semiconducting character,
with the Fermi level lying within the gap, i.e. the presence of
Vzn strongly perturbs the TCO behavior of AZO.

This balance is rigorously true for the present ratio (1:2)
between the Vz, and Al content, i.e. where the p electrons of
the two Al ions in the cell exactly compensate the removal of
the two s electrons associated to one Zn vacancy. In general,
the final electrical character of a real sample would depend on
this ratio: for controlled-growth materials with a low percent-
age of intrinsic defects, Al doping compensates the electron
withdrawing of zinc vacancies, imparting a conducting behav-
ior to the system, albeit with reduced electron densities with
respect to the ideal AZO case. On the contrary for highly de-
fective samples, the electron-acceptor effect of Vz, dominates
canceling the Al contribution to n-doping, restoring a compen-
sated semiconductor material. To demonstrate this statement
in Figure S4 of ESI we report the DOS plots of AZO mate-
rials with different Al and V, amounts. We first considered
a formal doping equal to 1.6%, where we kept fixed the Zn
vacancy-dopant ratio (1:2). In this case the picture remains
qualitatively the same, and the systems maintains a semicon-
ducting behavior as in Figure 2c. Different are instead the
cases where the Zn vacancy-dopant ratio is altered, keeping
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Fig. 3 Absorption spectra of AZO bulk in the presence of (a) no
defects, (b) oxygen vacancies (Vp), (c) zinc (Vz,) and zinc-oxygen
dimer (Vz,40) vacancies, (d) hydrogen impurities. Vertical dashed
lines defines the visible range. Lateral boxes represent the simulated
colors corresponding to each system.

fixed the formal doping dosage (3.2 %). When the number of
vacancy exceeds this ratio (e.g. 3:4) the Fermi moves towards
the top valence band, when the opposite is realized (e.g. 1:4)
the amount of free charge provided by the Al dopant is able
to restore the n-type behavior of the undefective AZO mate-
rial. Thus, the modification of the compensation ratio radi-
cally modifies the electrical character of the system that re-
sults semiconducting in vacancy rich conditions while it gives
back the intrinsic TCO behavior of undefective AZO in Al rich
conditions. This wide range of possibilities shed light on the
plethora of contrasting experimental results, ideally collected
at the same formal doping amount. !3-1°

The removal of a Zn-O dimer (Vz,4¢) is nothing but the
combination of the single atom vacancies. In panel ¢, we iden-
tify both the deep (occupied) levels introduced by the absence
of the O atom and the shallow level due to Zn vacancy. As
in the previous case, the Zn vacancy is the dominant feature,
which perturbs the conducting character of AZO.

Hydrogen impurity is considered the main responsible for
the unintentional n-type doping in ZnO. When added to AZO
(panel d) H maintains its donor activity, increasing the amount
of free electron density in ZnO conduction band (note the
blue-shift of the Fermi level with respect to AZO). From
Figurel it is also evident that the doping effect of H is not

related to the adsorption position with respect to aluminum.
The two structures also result almost degenerate in energy
(AE =~ 15 meV). The combination of Vz, and H impurities
restores the typical n-type conducting behavior to AZO, with
a reduction of the injected charge (note the red-shift of the
Fermi level with respect to undefective AZO). This confirms
also the role of charge compensation effects in the presence of
Zn vacancies.

In order to quantify the effects of defects on charge injec-
tion, we calculated the electron energy loss function. We first
evaluated the complex dielectric function &(®), then the elec-
tron energy loss function can be easily obtained as L(®) =
Im{—1/€}. When both the imaginary and real part of the di-
electric function are zero, L(®) has a peak that corresponds to
the plasma frequency @), of the system (Figure 2). The plasma
frequency lies in the UV region for intrinsic ZnO, while it is
in the visible range for native AZO. This makes AZO an effi-
cient plasmonic material in the near-IR/visible range.®”-1? The
multi-peak structure of panel (a) is related to long-range Al-
Al interaction due to the high doping level.” By inverting the

2

e is the electron charge, & the dielectric permittivity of vac-
uum and m; the electron effective mass), we can extract the
free electron density .. For AZO we obtain n, = 8.7 x 10%°
cm 3. Very similar is the case of oxygen vacancies (panel b)
for which the calculated free electron density is ~ 8.1 x 10%°
cm 3 for both configurations. The broadening of loss function
in the visible range is related instead to interband optical tran-
sitions between the deep gap states and the conduction band.
Thus, even though the oxygen vacancies hardly modify the
electrical properties of AZO, they affect the optical properties,
i.e. the transparency of the material (see below).

Drude definition of the plasma frequency @, = (where

In agreement with the description of the electronic struc-
ture, the presence of zinc vacancies (panel ¢) induces a semi-
conducting behavior to the system that do not exhibit anymore
a plasma-like feature in the IR-visible range (note the differ-
ence in the y-axis scale). The edge of the L(®) function at
~ 3.0 eV (black curve) corresponds to the optical valence-to-
conduction band of ZnO. The optical gap is reduced to 1.9
eV in the V2, o case, because of the in-gap states associated
to the oxygen vacancy. The electron donation of H defects
is confirmed by the loss function (panel d) and the calculated
charge density is 1, ~ 1.2 x 10?! cm™ for both configurations.
The co-existence of Vz, and H impurities gives rise to a plasma
frequency in the visible range, but at lower frequency, which
corresponds to a lower charge injection n, = 5.7 x 1020 cm 3.
The charge redistribution in this case, which completely re-
moves residual charge from Al sites, washes out the internal
structure of the plasmonic peak.

According to the semiclassical picture provided by the
Maxwell equations, the absorption coefficient o(®) can be
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written in terms of the imaginary part (&) of the com-
plex dielectric function: () o< we(w). The results for
independent-particle and dipole approximation® are summa-
rized in Figure 3, where we also delimited the visible range be-
tween two dashed vertical lines. In agreement with the exper-
imental results, !”'® AZO absorbs very weakly in the visible
range resulting almost, but not completely, transparent. The
residual absorption is related to the Al-filled conduction band
states. As the color is associated to the transmitted (i.e. not-
absorbed) radiation, the absorption in the lower energy range
(red region) imparts a very light navy-blue hue to AZO (Fig.
3, right). Infrared and lower energy absorption is associated to
the dc-conductivity of metallic systems.

The deep gap states induced by the oxygen vacancies, while
not perturbing the electrical properties, are optically active and
absorb light in the visible range. This further reduces the
transparency of the sample, as elucidated also by the darker
simulated colors (panel b). The small differences in the ab-
sorption spectra are more evident in the simulated colors, as
the eye-sensitivity to red, green, and blue is not linear in the
visible range.? Thus, the hypsochromic shift of V (close)
spectrum results in a reddish coloration. Vz,-AZO has the typ-
ical wide-bandgap semiconducting behavior dominated by in-
terband transitions in the UV range, this corresponds to an al-
most perfect transparent sample, as the undoped ZnO crystal.
The presence of O-derived states in Vz, o system increases
the absorption in the visible range, reducing the transparency.
The absorption spectra in the presence of H result very similar
to pristine AZO one, the corresponding color is slightly darker
because of the increased free electron DOS at the bottom of
the conduction band.

4 Conclusions

Our first principles results describe the effects of native point
defects on the optical and electronic properties of Al-doped
ZnO. In particular, we show that O-vacancies do not affect
conductivity although reducing transparency, while Zn vacan-
cies may destroy the TCO behavior. We finally demonstrate
that H impurities, often present in experimental samples, not
only passivate defects and dangling bonds, but also improve
the TCO performances, donating extra free charge also in
presence of Zn or O vacancies.

From one side, the chemistry and the density of defects are
strictly dependent on growth techniques and on growth condi-
tions (e.g. temperature, pressure, deposition time, etc); on the
other side the type of defects (e.g. oxygen vs zinc vacancies)
selectively affects the electrical or optical properties of the ma-
terials. Thus, the engineering of native defects along with the
control of the compensation effects, via the proper choice of
the experimental setup, can be an implemented step to opti-
mize either the conduction or the transparency of TCO sys-

tems: this is particularly true for low-dimensional structures,
such as wires, tetrapods and nanoparticles, where vacancies
are most frequent. 192447
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