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A B S T R A C T   

Al-doped ZnO is well known as an alternative Transparent Conductive Oxide (TCO) to Indium Tin Oxide (ITO). 
Recently, co-doped ZnO with Ti and Al (TAZO) have been explored to improve the conductivity while main-
taining moisture durability and opto-electronic properties. In this context, the structural, morphological, and 
optical properties of TAZO films deposited by reactive magnetron are investigated by experiments and Density 
Functional Theory (DFT) simulations. The results show that TiO2 units substitute Zn atoms in the ZnO wurtzite 
structure and, whatever the concentration of Ti, the formation of Al2O3 is taking place. In addition, a three- 
regime model as a function of Ti content is proposed to explain the evolution of the properties. First, for Ti 
content 〈 2.2 at%, TiO2 is incorporated by substitution of Zn by TiO2 units in the ZnO network leading to a more 
oxidized Zn state and a hybridization between Zn4s and Ti3d orbitals. This opens the bandgap and increases the 
compressive stress of TAZO films. Between 2.2 at% and 7.0 at% of Ti content, cauliflower shape grains appear 
due to the compressive stress induced by small clusters of TiO2. For Ti content 〉 7.0 at%, amorphous TAZO films 
are observed and are composed of TiO2, Al2O3 and ZnO.   

1. Introduction 

Nowadays, most of the new technologies such as transparent tran-
sistors or solar control devices are typically exploiting transparent 
conductive oxides (TCO) deposited by magnetron sputtering [1–7]. 
Among the available TCOs, the one presenting the lower resistivity is 
Indium Tin Oxide (ITO) [8], but due to the high cost and limited 
availability of indium, alternative materials are necessary. For some 
potential applications, ZnO is a good alternative due to its non-toxicity, 
low-cost, abundancy and large bandgap (~3.27 eV). It is often doped 
with small active dopants such as Al to increase the charge carrier 
concentration. When synthetized by RF magnetron sputtering, the O−

bombardment with energy between 5 and 50 eV decreases resistivity 
due to the highly crystalline structure without severe damages in the 
film [9,10]. In spite of this progress, the final product still suffers from 
some physical limitations due to ionized impurities and crystallographic 
defects leading to resistivity currently limited at 1.0 × 10− 4 Ω.cm [11, 
12]. In order to improve the conductivity, metal co-doping of ZnO 
deposited by magnetron sputtering has been proposed, as achieved in In, 
Ga co-doped ZnO (IGZO) [13–15] or Ga, Al co-doped ZnO (GAZO) 

[16–20]. Sol-gel, spray and ALD deposition methods are also used to 
deposit co-doped ZnO [21–26]. 

Nakagawara et al. [27,28] show that the disordered morphology of 
doped ZnO presents the best resistance to moisture. This moisture 
resistance is a primary request for the use of this layer in industrial 
applications. In their work, these authors firstly focused on Ga doped 
ZnO and found that the structural organization is highly disordered 
when exceeding 7 wt% of Ga2O3 content. A similar behavior was also 
observed for GAZO and IGZO. Indeed, the appearance of disordered 
GAZO is observed for Al + Ga content exceeding 8 at% [16] while for 
IGZO, it occurs when In + Ga exceeds 5 at% [13]. 

Ti, Al co-doped ZnO (TAZO) has also been proposed by Jiang and Liu 
[29] and Lin et al. [30,31] as a new trioxide for TCO applications in 
order to increase the conductivity of films thanks to the lower ionic 
radius of Ti4+ compared to Zn2+. However, those studies were limited to 
a small range of Ti content with total Ti + Al content up to 6 at%, leading 
systematically to highly crystalline materials. 

Moreover, the reported theoretical studies on co-doped ZnO per-
formed at the DFT level focused principally on the substitution of Zn2+

by metallic element such as Mn+ without considering interstitial 
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positions and oxide formation [32,33]. 
Thus, the modification of the morphological, structural and opto-

electronic properties of ZnO induced by Ti, Al co-doping (TAZO) is not 
yet fully understood. In this context, our goal is to investigate the in-
fluence of the Ti content on the properties of TAZO films for a large 
range of doping ratio from both an experimental and theoretical point of 
view. 

In this study, deposition takes place by DC reactive magnetron co- 
sputtering of ZnAl and Ti targets at room temperature with Zn/Ti 
ratio as the main variable. Several Ti-doped ZnO model structures were 
considered at the theoretical DFT level in order to shed light on the 
possible structural organization within Ti-doped ZnO and the resulting 
changes in the electronic properties. Moreover, the influence of inter-
stitial versus substitutional position for TiO2 and Ti units has been 
investigated by the DFT calculations. 

The manuscript is organized as the follows: in Section 2, materials 
and methods are described as well as the theoretical methodology. In 
Section 3, experimental results and theoretical simulations are 
compared and discussed. First, compositions and chemical binding en-
ergies are investigated before addressing structures and morphologies as 
a function of the composition. Finally, the opto-electrical properties are 
examined. A three-zone model attempting to rationalize the properties 
as a function of Ti composition is proposed at the end of Section 3. A 
general conclusion is presented in Section 4. 

2. Materials and methods 

2.1. Experimental details 

Depositions were performed in an AJA orion chamber equipped with 
two 2′′ confocal guns as sputtering sources. Process parameters are 
described in Table 1. O2 reactive gas is injected in the chamber through a 
ring near substrates while Ar is introduced near the sputtering sources. 
Ar/O2 gas flow was kept constant during all deposition processes, and 
both targets were operating in fully poisoned mode. Before deposition, 
substrates were cleaned with acetone and isopropanol during 10 min in 
an ultrasound bath and dried with Ar. Various substrates were used for 
optimal characterizations by the different techniques. 

The film composition was determined on polished vitreous carbon 
(Neyco) by Rutherford Backscattering Spectroscopy (RBS) with alpha 
particles impinging the sample at normal incidence; the backscattered 
particles are collected at 135 ◦ and 165 ◦. Particle Induced X-ray Emis-
sion (PIXE) spectra were also recorded during RBS for complementary 
analysis. 

X-ray Photoelectron Spectroscopy (XPS) measurements were per-
formed on the same samples with the aim of analysing state chemical 
bonding of Zn and elemental composition of TAZO films. The spec-
trometer is an ESCALAB 250Xi (by ThermoFisher) and the Thermo 
Avantage software is used for analysis. The base pressure during spectra 

acquisition was better than 10− 10 mbar. The excitation source was Al-Kα 
at 1486.6 eV equipped with a monochromator operated at 13.9 keV and 
5.2 mA. The recorded spectra include Al2p, C1s, O1s, Zn2p and ZnLMM and 
valence band and the total acquisition time was 35 min/sample. The 
spectra were acquired in sequential mode. The calibration and linearity 
of the binding energy scale are determined by Cu2p3/2, Ag3d5/2 and 
Au4f7/2 energies. With the selected scan parameters and passing energy 
of 25 eV, the energy resolution was 0.7 eV compared to the FWHM of the 
Ag3d5/2. The size of the analyzed sample area was 250 × 250 μm2. A 
constant work function of 4.80 eV is used for all samples. The samples 
were stored during days in air prior to loading into the spectrometer. 
The transfer procedure within the spectrometer includes approximately 
45 min in a parking chamber to reach a pressure of less than 10− 7 mbar 
prior transfer to XPS chamber analysis. A flood gun is used to avoid 
charging effect. The sample surface is cleaned by cluster sputtering 
(Ar1000, 2 keV, 120 s). Valence band spectra are referenced from Valence 
Band Minimum (VBM) while high-resolution spectra are referenced 
from adventious carbon assuming it appears at the same BE (284.8 eV 
[34]) for all the samples after the cluster sputtering. A K-alpha spec-
trometer has only been used to analyze elemental composition for the 
first series of sample produced in current regulation in order to compare 
with the composition determined by RBS. The configuration is the same 
as in ESCALAB 250Xi but samples are not cleaned and spot size is 400 ×
400 μm2. 

Diffractograms of TAZO films deposited on soda-lime glass were 
collected with Cu Kα radiation (λ = 1.54184 Å) from 5 to 100 ◦ 2θ angle 
(step size of 0.0167 ◦) on a PANalytical X’PERT PRO Bragg-Brentano 
diffractometer with an X’Celerator linear detector. Tension and cur-
rent of the generator were set to 45 kV and 30 mA for data collection, 
respectively. 

Morphology of TAZO films on silicon substrate was examined by 
Scanning Electron Microscopy (SEM) with a JEOL 7500-F. When sam-
ples were too insulating, a thin film of gold of 10 nm was deposited to 
improve the conductivity. 

The optical properties of the films were determined by UV–Vis-NIR 
spectrophotometry with a LAMBDA™ 750 spectrophotometer (Perkin 
Elmer) operating in transmittance mode using TAZO films deposited on 
soda-lime glass. LABSPHERE SRS-99–020 is used for white reference and 
no transmission light for black reference. 

2.2. Simulations methods 

Quantum-chemical calculations were performed at the density 
functional theory (DFT) level with periodic boundary conditions, using 
the 4.1 version of the SIESTA code [35,36]. The 
Perdew-Burke-Ernzerhof (PBE) functional was used for the description 
of the exchange-correlation [37]. The valence electrons were considered 
through a DZP (double-zeta + polarization) basis set while core elec-
trons were described using Troullier-Martin pseudopotentials. The 
following valence configurations were used : O 2s2 2p4; Ti 4s2 3d2; Zn 
4s2 3d10. A mesh cut-off of 300 Ry was used with a (3 × 3 × 3) k-point 
grid. A full relaxation of the unit cell (lattice vectors and atomic posi-
tions) was achieved using the conjugated gradient scheme until the 
atomic forces were lower than 0.02 eV/Å. Atomic charges were 
computed from the relaxed electronic density using the DDEC/6 parti-
tion scheme [38]. 

A pristine ZnO unit cell was considered as our reference structure. 
From the hexagonal bulk structure, we generated an orthogonal unit cell 
made of 96 atoms (Zn48O48) with its c-axis orientated along the [000-1] 
direction (structures are given in Supporting Information). The size of 
the relaxed ZnO unit cell is a = 10.05 Å; b = 11.58 Å; c = 10.67. 

To consider the effect of Ti-doping on the structural organization and 
electronic structure, we randomly introduced n Ti atoms (or TiO2 units) 
inside the relaxed ZnO unit cell in a substitutional (S) or interstitial (I) 
position. The number of introduced species was chosen to generate Ti 
content between 1.0 and 7.0 at% (n = 1, 2, 4, 7 for Ti and 1, 2, 4, 8 for 

Table 1 
Sputtering parameters of TAZO and ZnO: Al films. Detailed values can be found 
in Table S5 of Supporting Information.  

Vacuum 1.0 × 10− 6 Torr 
Total pressure 5.8 × 10− 3 Torr 
Targets Ø 2 in., Ti / Ø 2 in., ZnAl (98/2) wt% 
DC Ti power/DC ZnAl power (0–250) Watts/ (30–75) Watts 
Ar flow rate 20 SCCM 
O2 flow rate 5 SCCM 
Substrate temperature Room (water-cooled) 
Distance target-substrate 15.3 cm 
Thickness 500–685 nm 
Substrates Glassy carbon 

boron doped silicon (100) 
soda-lime glass 

Configuration Balanced 
Rotation 20 RPM  
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TiO2). More details about the relaxed structures for each doping ratio are 
given in Supporting Information (Table S1 and Section 2). 

The computation of the band structure was done on the fully relaxed 
structures along the Γ-X-M-Γ-Y-M path using 51 k-points per band. A 
projected band structure and density of states (DOS) analysis were done 
in order to investigate the weight contribution of each atomic orbital in 
the DOS and band gap value. 

The change in the properties of the TAZO films is expected to mainly 
arise from the modification of the Ti proportion since the %at of Al is 
constant and small (~ 2%) in each sample. Therefore, in order to keep 
the theoretical approach simple, the inclusion of aluminium atom was 
not considered in this study. 

3. Results and discussion 

3.1. Composition and chemical state 

Fig. 1A presents the composition of the films as measured by RBS as a 
function of applied power ratio on Ti and ZnAl targets for samples 

deposited using current and power regulation. The Ti content increases 
from 0.0 to 17.0 at% with applied power ratio PTi/PZnAl, while the Zn 
content decreases from 45.5 to 20.5 at%. The oxygen content slightly 
increases and no significant change in Zn/Al ratio is observed. More-
over, increasing the power on the Ti target increases the relative Ti 
content until ~44 at% while the relative Zn and Al content decreases 
concomitantly. 

Other sets of experiments have been done with power versus current 
regulation, and the film stoichiometry does not depend on the discharge 
regulation mode (power or current). Assuming that the Ti (Zn + Al) 
concentration is related to the Ti (Zn + Al) deposition rate and therefore 
the power applied on Ti (Zn + Al) target, one should find that: 

[Ti]
[Zn] + [Al]

∝
PTi
PZnAl

. (1) 

Experimental concentration-power relationship has been fitted with 
relation (1) as shown in Fig. 1B. At low Ti content, a slight over-
estimation of Ti content by relation (1) is observed. This may be due to 
the fact that Ti is redeposited on the ZnAl cathode during the deposition. 
Better process control (like OES regulated process) than just power 
regulation should be envisaged if one wants to control very precisely and 
in a reproducible way the Ti concentration in the film. 

Fig. 2 presents the atomic concentration of Zn and O as a function of 
the atomic concentration of Ti in different unit cells of Ti-doped ZnO to 
be used as input for the DFT calculations, when varying the dopant 
position (interstitial versus substitutional) and the nature of the inserted 
species (Ti atom or TiO2 unit). 

Interstitial and substitutional Ti doping does not match the experi-
mental monotonic increase in oxygen with Ti concentration as does 
interstitial and substitutional doping by TiO2 units. Thus, this points to 
the appearance of a TiO2 phase or a new Ti and Zn mixed oxide such as 
Zn2TiO4, as proposed by Dulin and Rase for a binary system like ZnO- 
TiO2 [39]. 

The slight difference between Zn and O composition measured 
(Fig. 1A) and simulated with doping by TiO2 unit (Fig. 2C, D) can be 
explained by the formation of aluminium oxide. Indeed, aluminium is 
expected to form Al2O3 due to its formation enthalpy of - 1657 kJ/mol 
which is very negative compared to TiO2(- 938.57 kJ/mol) and ZnO (- 
350.46 kJ/mol). 

The composition of TAZO films has been investigated by XPS by 
integration on high-resolution spectra of Ti2p, Al2p, O1s, Zn2p and ZnLM2 
using a Shirley background. The metallic relative composition deter-
mined by XPS is similar to that determined by RBS (Table 2). Conse-
quently, the compositions at the surface and in the bulk are very similar, 
pointing to a good film homogeneity. 

High-resolution fit attempt for Al2p, Ti2p, Zn2p and ZnLMM of TAZO 
films with 10.4% of relative Ti content shows chemical binding energies 
corresponding to Al2O3 and TiO2 (Fig. 3). However, due to numerous 
overlapping between binding energies of metallic oxides (TiO2, Al2O3 
and ZnO) on O1s (Fig. S6), it is difficult to provide a quantitative realistic 
fit (Table S2). Moreover, the chemical shift between Zn2+ and Zn0 is very 
small on Zn2p but more pronounced on ZnLMM. 

Although XPS enables to study chemical binding energies, insulating 
films lead to a shift of the binding energies due to charge effects and 
hence require an accurate charge referencing. Recently, Greczynski and 
Hultman shows that adventitious carbon (AdC) at 284.8 eV is not the 
most relevant choice [40,41]. 

To overcome those drawbacks and determine the oxidation state of 
Zn, its Auger parameter (α′) is extracted. Indeed, it gives the most 
relevant information on the chemical environment of the zinc because it 
is completely independent of sample charging and of AdC referencing. 
This parameter is defined as [40,43,44]: 

EFK
(
Zn : L3M45M45,

1G
)
= α′

− EFB
(

Zn : 2p3/2

)
. (2) 

It is related to the total relaxation energies (R) involved in the 

Fig. 1. (A) Composition of TAZO films measured by RBS as a function of the 
ratio of power applied on Ti and ZnAl targets. Filled symbols specify samples 
deposited using power regulation on targets while semi-filled and open symbols 
indicate current regulation for different series during deposition. (B) Ratio of 
metallic composition as a function of the ratio of powers applied; the red solid 
line corresponds to a fit with relation (1). The error bars are computed by taking 
into account the integrated alpha particle charge, the RBS cross section, and the 
number of detected events. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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creation of the core-hole states. The latter depicts the atomic relaxation 
energy relative to the core and the valence electrons and the extra- 
atomic relaxations and is expressed by the following relationship 
[43–45]: 

α′

= const + 2[Ra(core electrons)+Ra(Q+ΔQ)+Rea], (3)  

where Ra(coreelectrons) is a constant independent of the chemical state, 
Q represents the number of valence electrons before emission of the 
electron Rea depends of the polarizability of the environment. When no 
net charge transfer occurs between the environment and valence orbitals 
of the core-ionized atom in the final state (this is the case when s and p 
orbitals are involved, as it is the case for Zn), one can state that ΔQ =
0 [43–45]. 

Generally, the Auger parameter is expressed relative to the metallic 
chemical state of Zn as: 

Δα′

= α′

ZTAO − α′

Zn = 2ΔRa(Q+ΔQ) + 2ΔRea. (4) 

The variation of Auger parameter is shown as a function of the 
relative Ti content in Fig. 4A. A decrease is observed until 6.9% of Ti 
followed by an increase to finally stay at constant values beyond 16.2% 
of Ti. 

The corresponding evolution of the oxidation state of Zn as a function 
of Ti content was also investigated at the theoretical level for the four 
considered approaches. The computed net atomic charge for Zn inside 
the pristine ZnO unit cell (+ 0.953 |e|) is considered as our reference for 
its + 2 oxidation state for the isolated ion. The values of the average net 
atomic charge of Zn atoms upon introduction of Ti atoms and TiO2 units 
(in substitution or interstition) were then converted into a relative 
oxidation state number using this normalization. Fig. 4B presents the 
evolution of the Zn oxidation state with the amount of Ti content for 
each approach. Two trends can be distinguished (independently of the 
doping position): (i) a diminution of the oxidation state of Zn (i.e., 
pointing to a more metallic behavior) when considering the introduction 
of titanium into its atomic form and (ii) an increase in the oxidation state 
when TiO2 units are introduced within the ZnO crystal. 

Considering these results, the initial decrease in the Auger parameter 
(Fig. 4A) at low Ti concentration is attributed to the growing incorpo-
ration of TiO2 units into the wurtzite ZnO network due to the increase in 
the oxidation state (depletion of electron density in the Zn environment) 
and polarizability of the chemical environment (Ti 3d orbitals). When 
that parameter increases back to the original value, the system switches 
to a situation involving probably TiO2 clusters embedded inside ZnO, 
thus implying mesoscopic effects which cannot be caught by our DFT 
simulations. We stress that the calculated relative oxidation state is 
meaningful only below 4.1% at Ti (10.4% of relative Ti content) since, 
the Auger parameter does not evolve anymore since the Ti content 
measured by RBS exceeds 7.0 at% (16.2% of relative Ti content). 

The valence band spectra are shown in Fig. 5 in which binding en-
ergy is set up relative to valence band maximum (VBM). Peaks at 1.6, 3.0 
and 4.4 eV are mostly related to 2p orbitals of oxygen, peaks at 7.7 eV 
and 19.4 eV correspond respectively to Zn3d and O2s orbitals [47–49] 
while peaks at 26.4 eV and 34.3 eV are likely due to hybridized states 
and Ti3p. When the relative Ti content increases, the peak at 3.0 eV 
acquires more intensity compared to those at 1.6 and 4.4 eV while the 
peak at 26.4 eV decreases in intensity and the Ti3p contribution 
increases. 

The decrease in the intensity of Zn3d peaks is correlated to a decay of 

Fig. 2. Composition of zinc and oxygen inside the model unit cells as a function of the % at. of titanium for the four scenarios considered : (A) substitution of zinc 
atoms by titanium atoms; (B) interstition of Ti atoms inside the ZnO network; (C) substitution of zinc atoms by TiO2 units; (D) interstition of TiO2 units inside the 
ZnO network. 

Table 2 
TAZO film composition measured by XPS and RBS.    

Absolute composition Relative 
composition 

Ti[%] = [Ti]/ 
([Ti]+[Al]+

[Zn])   

RBS RBS XPS  

PTi/ 
PZnAl 

O [at 
%] 

Zn [at 
%] 

Al 
[at 
%] 

Ti [at 
%] 

Ti 
[%] 

Ti 
[%] 

Current 
regulation 

series 1 

0.00 52.4 45.5 2.1 0.0 0.0 0.0 
0.55 53.4 43.8 2.1 0.7 1.5 1.2 
1.97 53.3 42.5 2.0 2.2 4.7 4.6 
3.59 54.9 38.6 2.1 4.4 9.8 9.5 

Current 
regulation 

series 2 

0.00 53.0 44.4 2.6 0.0 0.0 0.0 
0.56 53.0 43.8 2.5 0.7 1.4 2.0 
1.33 53.9 42.3 2.3 1.5 3.4 3.5 
1.77 53.9 39.7 2.0 4.4 9.6 9.8 
2.20 54.8 40.3 2.4 2.5 5.6 6.3 
3.18 55.1 38.7 2.1 4.1 9.0 10.4 
3.53 58.7 31.0 1.9 8.4 20.4 18.4 
4.02 55.4 35.6 2.0 7.0 15.7 16.2 

Power regulation 1.50 55.0 39.0 2.5 3.5 7.8 6.9 
2.47 53.7 37.2 2.2 6.9 14.9 14.3 
7.17 61.4 20.5 1.1 17.0 44.0 41.5  
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the hybridization states. Simultaneously, the peak associated to Ti3p and 
O2s are growing as Ti content increases. Thus, the hybridization state 
appears to be associated to the mixing of Zn3d and O2s orbitals. Flat-
tening of the O2p peaks is consistent with the appearance of TiO2 inside 
ZnO since the shape evolution is in good agreement with the density of 
states at the grain boundary calculated by Körner and Elsässer [48,50]. 

Altogether, the composition study suggests that Ti, Al doped ZnO is 
made of TiO2 units inserted in the ZnO network at low Ti content (< 2.2 
at%) doping and of mixture of TiO2, Al2O3 and ZnO phases at a higher 
doping ratio. 

Thus, only TiO2 in substitutional or interstitial position will be 
studied by DFT calculations in the next sections. 

3.2. Structure and morphology 

Fig. 6 presents the X-ray diffraction results as a function of Ti content 
measured by RBS. Titanium free Al:ZnO exhibits an intense (002) peak 
due to a strong texturation along the c-axis perpendicular to the sub-
strate. A small peak from (101) planes is also observed. Increasing the Ti 
content decreases the (002) peak that shifts toward lower diffraction 
angles. At the same time, the signal of the (101) orientation increases in 
intensity. Fig. 6B shows the ratio between the intensity of the (002) and 
(101) peaks. This confirms that the texturation decreases when 
increasing Ti content until 2.2 at% and points additionally to the 
amorphization of TAZO films when Ti content exceeds 7.0 at%. 

Our results are consistent with literature. Indeed, a strong textura-
tion along (002) has also been observed in previous studies on TAZO 
films [29–31] and other metal doped ZnO films deposited by magnetron 
sputtering [14,15,24]. Films grown by chemical method exhibit less 
texturation although a growth along (101) or (100) is also reported [21, 

23,25,26]. 
From these diffractograms, it is possible to derive the crystallite size 

and the stress in the films. Crystallite size is computed from the Debye- 
Scherrer law as: 

g =
Kλ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
w2 − L2

√
cos(θ)

, (5)  

where K is a corrector coefficient (K = 0.9), λ is the Cu-Kα X-ray 
wavelength (λ = 0.15046nm), wis the Full-Width at Half-Maximum 
(FWHM), L is the optical instrumental error (L = 0.0602◦) and θ is the 
diffraction angle. 

The results presented at Fig. 6B clearly show that increasing the Ti 
content (from 0 to 2.2 at%) makes the crystallite size to decrease line-
arly. For values larger than 2.2 at%, the grain size stays constant. 

This reduction of crystallite size and texturation along (002) may be 
explained by Al2O3 and TiO2 acting as impurities in the structure zone 
model proposed by Barna and Adamik [51]. Indeed, TiO2 and Al2O3 act 
as a defect in the ZnO wurtzite structure preventing the growth along 
(002). Similar trends have been found for Ti, H co-doped ZnO for which 
an excessive doping (> 6 at%) at room temperature decreases largely the 
crystallite size [24]. Jin et al. showed that low Ti, Al doping increases 
slightly the crystallite size while at higher doping ratio (> ~ 4 at%), the 
crystallite size decreases when the substrate is heated at 200 ◦C [30]. 

Stress parallel to the surface (σXRD
film ) is computed from a biaxial strain 

model [52]. This model applied to ZnO hexagonal lattice becomes [9]: 

σXRDfilm =
2C2

13 − C33(C11 + C12)

2C13
ε, (6)  

where ε is the strain along the c-axis. 

Fig. 3. High-resolution spectra for ZTAO films with 10.4% of relative Ti content for Al2p (A), Ti2p (B), Zn2p (C) and ZnLMM (D) Long vertical dot lines indicate the 
oxidation state of metallic elements in ZTAO films while short dot corresponds to other oxidation states [34,42]. 
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ε = cfilm − cbulk
cbulk

, (7)  

and Cij are the elastic constants (for a ZnO crystal) and cbulk = 5.2054 Å 
(corresponding to 34.43 ◦) is the lattice parameter for the unit cell of 
ZnO wurtzite along the c-axis [53]. cfilm is the measured lattice param-
eter in the deposited TAZO film. For ZnO, C11 = 208.8, C33 = 213.8, C12 
= 119.7, C13 = 104.2 GPa [9]. 

These stress estimates can be compared with those obtained from our 
DFT calculations using Eq. (6). The elastic constants of ZnO were 
determined on the pristine Zn48O48 bulk by computing the stiffness 
tensor from the stress (σ)-strain (ε) proportionality relation (σ = Cε) 
leading to C11 = 184.6, C33 = 183.5, C12 = 113.4andC13 = 99.5 GPa 
[54]. The cbulk and cfilm values were extracted from our fully relaxed 
structures using the length of the c lattice vectors of pristine ZnO and 
ZTO models, respectively (Table S1). In order to determine whether the 
stress is either in compression or in tension, one can look at the (002) 

peak shift. The shift of the (002) peak toward smaller angler diffractions 
observed on XRD diffractograms (Fig. 6) is due to expansion along the 
c-axis of the unit cell volume of ZnO upon TiO2 doping. This expansion 
results from compressive stress on TAZO films. Fig. 6C shows that the 
compressive stress increases linearly from - 0.7 GPa to - 8.4 GPa when Ti 
content increases from 0.0 at% to 7.0 at%. 

The computed theoretical stress shows that TiO2 in substitutional 
position gives similar slope behavior compared to the experimental data 
measured while TiO2 in interstitial position gives an overestimated 
calculated compressive stress (larger than 10 GPa) for Ti content above 
4.0 at%. 

Moreover, in both doping scenarios, the introduction of TiO2 in-
creases the unit cell volume. The diffractograms simulated from our 
relaxed DFT structures (Fig. 7) confirm that the (002) peak shifts toward 
lower diffraction angles when an increasing number of TiO2 units are 
incorporated, independently of the dopant position. 

These theoretical and computational stress values suggest that TiO2 
doping occurs by substitutional doping. This will be confirmed with the 
optical properties, as discussed in the next section. 

A similar evolution of the compressive stress has been reported by 
Kang et al. for GAZO films deposited by magnetron sputtering with 
increasing Ga/Al ratio [16]. Interestingly, a high compressive stress has 
also been found for films exhibiting a texturation along the a-axis, as 
reported by Mehmood et al. for Ti, Cu co-doped ZnO deposited by a 
sol-gel method [25]. This suggests that the stress is more related to the 
composition than the growth direction. 

The surface morphology of TAZO films measured by SEM is pre-
sented in Fig. 8A–G. The increase in Ti content induces a reduction of the 
grain size from 51.5 ± 14.0 nm to 26.9 ± 6.0 nm, before saturating at 
4.4 at%. A cauliflower shape appears when Ti exceeds 2.2 at% 
(Fig. 8D–F). At 17.0 at% of Ti, the cauliflower shape disappears and a 
morphology involving small grains appears (Fig. 8G). 

TAZO films exhibit a columnar growth, as shown in cross-sectional 
SEM views of Fig. 8H–N. When the content exceeds 2.2 at%, the 
columnar growth is disturbed all over the film (Fig. 8K–M). Noteworthy, 
at 4.4 at% of Ti content, an inverse cone-shape appears (Fig. 8L). At high 
Ti content (17.0 at%), the columnar growth disappears (Fig 8N) and a 
more disordered film is observed without any preferential growth 
direction. 

Similarly to the structure zone model proposed by Barna and Ada-
mik, TAZO films evolve from a columnar morphology to an amorphous 
one [51]. The width of the columns decreases when the Ti content in-
creases until 2.2 at% (Fig. 8I, J) and this occurs together with a lower 
c-axis texturation, a reduction in the crystallite size and an increase in 
the compressive stress (Fig. 6). Interestingly, the cauliflower shape 
appearing after 2.2 at% of Ti is a particular morphology which is not 

Fig. 4. (A) Auger parameter of TAZO films as a function of the relative Ti 
content. Auger parameters for Zn, ZnO and ZnF2 are taken from Gaarenstroom 
and Winograd [46]. The error bars are estimated from the resolution in energy 
of the spectrometer. (B) Relative oxidation state of zinc atoms for each ZTO unit 
cell calculated at the DFT level by comparison to its atomic charge inside the 
pristine ZnO case. 

Fig. 5. Valence band spectra for TAZO films for different relative Ti contents.  
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explained by the structure zone model of Barna and Adamik. One hy-
pothesis is that a large stress pushes up crystallites out of the films, as 
observed in Fig. 8L. If one looks at the top SEM view in Fig. 8D–F, it is 
seen that the cauliflower structure is present as long as the coatings are 
crystalline (grey area on Fig. 6B, C). For Ti content > 7.0 at%, this 
particular feature is not anymore observed and films become amorphous 
with a random orientation growth, as predicted by the structure zone 
model of Barna and Adamik [51]. Noteworthy, this inverse cone-shape 
feature appears at the minimum value of the Auger parameter 
(2009.24 eV) and disappears when the Auger parameter increases, 
which indicates that this particular shape is probably related to more 
oxidized states of Zn. 

3.3. Optical and electrical properties 

Attempts to measure the surface resistivity of the samples with a 
four-point method (Van der Pauw and linear configurations) failed, 
implying that all the samples are largely insulating. This could be due to 
the formation of a highly resistive Al2O3 secondary phase coming from 
the sputtering of the Zn/Al target. According to Sieber et al. [55], this 
additional phase is generally formed at the grain boundaries. 

Optical transmission spectra measured between 250 and 2500 nm 
are shown Fig. 9A. All the curves look similar, with a high transmittance 
in the visible and infrared range. A closer analysis shows that increasing 
Ti content shifts the transmittance shoulder towards lower wavelengths. 
The transmittance in the visible range increases until 2.5 at% of Ti and 
stays in the typical range of [82.5; 85.0]% for larger Ti content until 8.4 
at%, as shown in Fig. 9B. The average transmittance in the visible (be-
tween 380 and 780 nm) and near infrared (780 and 2500 nm) gradually 
decreases beyond this concentration. 

The band structures and projected density of states (PDOS) have 
been computed for pristine ZnO (Fig. 10A), Ti-doped ZnO with 1 and 8 
TiO2 units in interstitial (Fig. 10B, C) or substitutional (Fig. 10D, E) 
position. The band structure of the pristine wurtzite ZnO phase is 
already well described in literature and shows a direct band gap at the Γ 
point [56]. The value of the energy gap computed at the GGA-PBE level 
amounts to 0.84 eV and is fully consistent with other reported DFT 
works [57–59]. This value is very small compared to the experimental 
value measured for the pure ZnO wurtzite phase (3.27 eV); this is a 
well-known effect when using LDA or GGA functionals to describe the 
fundamental gap of semiconductors [60]. This effect is even worse for 
ZnO and results from an upshift of the valence band due to Zn3d/O2p 
electron repulsion [61]. However, this is not a severe issue here since the 
nature of the band states is reliably described and we are mainly 

Fig. 6. (A) Diffractograms of TAZO films for different compositions of Ti 
content. Dot lines indicate peaks associated to the (002) and (101) planes for 
the ZnO wurtzite structure. (B) Intensity ratio between peaks associated to 
(002) and (101) and crystallite size computed from Debye-Scherrer model as a 
function of the Ti content in films. Error bars for the grain size are derived from 
Debye-Scherrer law with the error on the angle of diffraction, FWHM and peak 
intensity. Error bars for the texturation is derived from variations in I(002) and 
I(101) when different θ-ranges are used to determine the peak intensity. (C) 
Theoretical and experimental stress computed from a biaxial strain model 
applied to a hexagonal lattice. Error bars for the stress are computed by taking 
into account the error on the angle of diffraction of the (002) peak in the strain 
measurement by Bragg’s law. 

Fig. 7. Simulated X-ray diffractogram for ZnO doped with TiO2 units in sub-
stitutional and interstitial position as a function of Ti composition. 
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concerned by the relative changes in the oxide band gap when 
increasing the amount of titanium atoms. The band structure calculated 
for 1 and 8 TiO2 in interstitial or substitutional position supports the fact 
that the Zn4s/Ti3d hybridization in ZnO doped by TiO2 units opens the 
bandgap of pristine ZnO. 

In order to a better comparison between the experimental and 
theoretical data, we applied an arbitrary offset of 2.43 eV to the 
computed band gap, hence fixing the DFT value of ZnO to its experi-
mental value of 3.27 eV. 

From transmittance spectra, the electronic gap can be estimated 
using Tauc formula [62,63], 

(αhν)
1
n = hν − Eg, (8)  

where the absorption coefficient α(λ) is linked to T(λ) by the approxi-
mated equation: 

α(λ) =
(

1
d

)

ln
(

1
T2(λ)

)

, (9)  

where d is the film thickness, T(λ) is the transmittance spectrum, λ is the 
wavelength, ν is the associated frequency, h is the Bolztmann constant, 
Eg is the gap and n is a coefficient equal to ½ for a semiconductor with a 
direct gap, as it is the case for TAZO films. 

The experimental shift of transmittance edge reflects a 

Fig. 8. (Left) TAZO films surface captured for (A) 0 at%,(B) 0.7 at%, (C) 2.2 at 
%, (D) 3.5 at%, (E) 4.4 at%, (F) 6.9 at% and (G) 17.0 at% of Ti content; (Right) 
corresponding TAZO films cross-sections. 

Fig. 9. (A) Transmittance spectra of ZnO: TiAl films for different Ti contents. 
(B) Average transmittance in function of Ti content for visible and near- 
infrared. Error bars represent the noise of the spectrophotometer. 
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corresponding shift in the gap, and hence in the absorption edge. 
The evolution of the experimental bandgap and simulated electronic 

gap as a function of the Ti content is shown in Fig. 11. The gap derived 
by the Tauc formula increases with Ti content until 8.4 at% and stays 
constant beyond. The unexpected decrease in bandgap with a Ti content 
exceeding 0.59 at% observed by Lin et al. [30] is not detected in our case 
but reproduces the increase in the bandgap when adding a small amount 
of Ti reported in a previous study [29]. 

The linear increase in the bandgap with the amount of Ti is in 
excellent agreement with the simulations when considering a substitu-
tion of Zn atoms by TiO2 units, while TiO2 in interstitial position leads to 
a smaller opening of the energy gap. Altogether, these results support 
the fact that additional titanium atoms are inserted in the zinc oxide in 
their 5 or 6-fold coordinated form (such as in TiO2); nevertheless, we 
cannot exclude the formation of separated ZnO/TiO2 domains at Ti 

content exceeding 7.0 at%. 
Similarly, works on Ga, Al co-doped ZnO show an increase in the 

bandgap with an increase of Ga and Al content due to occupied Al3s and 
Ga4s lying at the bottom of the conduction band and raising up the Fermi 
level up to the conduction band edge [21,33]. This effect is depicted as a 
Burstein-Moss effect and leads to an increase in the charge carrier con-
centration in the coatings and hence in the conductivity [64,65]. A 
similar phenomenon was also demonstrated when substituting oxygen 
by fluorine in Al, F co-doped ZnO (AFZO) [23]. 

On the other side, Cu, Al co-doped ZnO has been also explored by 
DFT and results show that Cu2+ reduced the bandgap due to hybridi-
zation between Cu3d orbitals and O2p and by generation of impurity 
levels in the bandgap by Cu3d. Moreover, Cu doped ZnO does not exhibit 
a significant modification of the Fermi level [32]. This points principally 
that hybridization of d-orbitals (with O2p in the valence band or Zn4s in 
the conduction band) is another mechanism tailoring the bandgap which 
does not lead necessarily to a conducting material. 

The fact that TAZO films are not conducting films support the fact 
that, in this case, the increase in bandgap is due to hybridization be-
tween Ti3d and Zn4s orbitals. 

3.4. Zone model 

Fig. 12 summarizes our findings for the formation of Ti, Al co-doped 
ZnO. Three zones are involved, and all of them includes the formation of 
Al2O3 leading to the insulating character of the films as shown by XPS 
analysis Fig. 3A. 

Zone I describes the situation for Ti ≤ 2.2 at%. In this regime, TiO2 
units substitute Zn atoms in the ZnO wurtzite structure, as supported by 
the fact that the Auger parameter decreases with Ti content, confirming 
that the zinc atoms are in a more oxidized state upon introduction of 
substitutional TiO2 units in ZnO wurtzite (Fig. 4). Crystallites of ZnO 
growth preferentially along the c-axis giving rise to textured films 
(Fig. 6A). Grain and crystallite sizes as well as texturation decrease 
linearly with the Ti content until 2.2 at% (Fig. 6B). TiO2 doping induces 
low compressive stress (less than 4.0 GPa) as shown in Fig. 6C. Columnar 
growth is observed and width of the columns decreases (Fig. 8H–J). This 
part of the model is similar to Zone T in the structure zone model of 
Barna and Adamik [51]. Hybridization between Zn4s and Ti3d orbitals in 
the conduction band leads to an increase in the bandgap (Fig. 10B) 
which is paralleled by an increase in the transmittance in the visible 

Fig. 10. Band structures and projected density of states (PDOS) of (A) pristine ZnO; (B) ZnO + 1 TiO2 in interstitial position; (C) ZnO + 8 TiO2 in interstitial position; 
(D) ZnO + 1 TiO2 in substitutional position; (E) ZnO + 8 TiO2 in substitutional position. The band structures are coloured as a function of the atomic orbital 
contribution: red (O orbitals), blue (Zn orbitals), green (Ti orbitals). (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 

Fig. 11. Evolution of the bandgap as a function of Ti composition from the 
computed band-structures after renormalization for TiO2 units in interstitial 
(blue square) and substitutional (green circle) position. Experimental bandgaps 
computed from Tauc plot (orange diamond). Error bars are estimated by 
propagating the error over the average of three measurements of bandgap by 
Tauc plots. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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range with the Ti content (Fig. 9B). In this regime, all experimental re-
sults are well supported by DFT simulations. 

In Zone II (2.2 at.% < Ti ≤ 7.0 at.%), the TiO2 units continue to 
substitute Zn atoms with the formation of small clusters of TiO2 as 
revealed by the increase in the Auger parameter indicating that Zn 
regains its chemical state in pristine ZnO (Fig. 4) while the chemical 
state of Ti is unchanged (Fig. S7). TAZO films are in a transition regime 
between a fully crystalline and amorphous film as shown by diffracto-
grams (Fig. 6A). Grain and crystallite size do not decrease anymore and 
films are less texturated (Fig. 6B). The increase in Ti content induces 
high internal compressive stress (more than 4.0 GPa) as exhibited in 
Fig. 6C. At this stage, columnar ZnO are pushed up forming a particular 
cauliflower shape, as shown Fig. 8L. The bandgap keeps increasing due 
to hybridization between Ti3d and Zn4s as shown Fig. 10C. 

Finally, in Zone III (Ti > 7.0 at%), Zn has completely regained its 
initial chemical state of ZnO (Fig. 4) and it is assumed that the film is 
made of ZnO with TiO2 and Al2O3 forming small clusters segregated at 
grain boundaries. TAZO films are amorphous as shown in Fig. 6A and 
show random orientation of growth (Fig. 8N). This part of the zone is 
similar to the structure zone model proposed by Barna and Adamik [51]. 
For this regime, the bandgap is constant (Fig. 11) and DFT simulations 
are unable to depict the mesoscopic/macroscopic effect of formation of 
TiO2 and Al2O3 clusters. 

4. Conclusions 

The morphology, structure and electronic properties of Ti, Al co- 
doped ZnO thin films deposited by reactive magnetron sputtering have 
been studied as a function of Ti content. The content in Ti follows a law 
depending on the power applied on targets, as expected from laws 
governing plasma depositions. 

The substitutional and interstitial position of Ti and TiO2 units has 
been studied by DFT; this systematic and comparative study has never 
been reported previously to the best of our knowledge. It has been 
shown experimentally and supported by DFT simulations that TiO2 
substitutes Zn in TAZO films. Film growth takes place by the incorpo-
ration of TiO2 in a ZnO network with all resulting properties governed 
by the quantity of Ti incorporated. 

TAZO are insulating films under the present experimental condi-
tions, probably due to the presence of Al2O3 at grain boundaries. The 
deposition of conducting films is expected by substrate heating during 
deposition, as evidenced by Lin et al. [30,31]. Addressing the role of 

substrate temperature is beyond the scope of the present paper but 
clearly deserves a major attention. 

The major findings are wrapped up into a three-zone model proposed 
to depict the general morphological/optical behavior of Ti, Al co-doped 
ZnO with the Ti content. At small Ti content (Ti < 2.2 at%), Ti is 
incorporated as substitutional TiO2 in the TAZO films with structure and 
morphology close to Al doped ZnO, i.e., with a high texturation along 
the c-axis and a columnar growth such as proposed by Barna and Adamik 
in its structure zone model [51]. Optical properties are explained by 
hybridization between Ti3d and Zn4s orbitals In this regime, the exper-
imental data are fully supported by our DFT calculations. 

At intermediate content (2.2 at% < Ti < 7.0 at%), substitution leads 
to small TiO2 clusters. TiO2 increases the compressive stress, generating 
first a cauliflower shape based morphology and next a more disordered 
columnar growth. This cauliflower shape has never been encountered 
within magnetron sputtering. The bandgap continues to increase due to 
hybridization between Ti3d and Zn4s orbitals. 

Although some TiO2 clusters can be observed in our simulations for 
unit cells containing ~ 7.0 at%, this clustering was not fully investigated 
in our simulations due to the small size of the unit cell considered for the 
DFT approach (typical length of ~10 Å). The formation of these clusters 
appears as a mesoscopic effect, as confirmed by the data at higher 
doping ratio. 

Indeed, a further increase in TiO2 (Ti exceeding 7.0 at%) causes 
random orientation of growth and amorphization of TAZO films. TiO2 
and Al2O3 clusters thus appear as impurities in the structure zone model 
proposed by Barna and Adamik [51]. 

Associated contents 

Supporting informations include a table of structural parameters of 
the relaxed unit cells of pristine ZnO and Ti/ TiO2 units in interstional/ 
substitutional doping position in ZnO wurtzite structure. Side view of 
these fully relaxed units cells are shown. High resolution spectra of Zn2p, 
Ti2p, Al2p, C1s, O1s photoemitted electrons and ZnLM2 Auger electrons 
after surface cleaning by cluster sputtering (Ar1000, 2 keV, 120 s) are 
shown for different Ti content (pdf). 
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