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a b s t r a c t   

Transparent undoped ZnO and additionally doped with Ga and Bi thin films were produced by magnetron 
sputtering. The thin films were comprehensively characterized by X-ray absorption, X-ray diffraction (XRD), 
X-ray photoelectron spectroscopy (XPS), transmission and scanning transmission electron (TEM, STEM) 
microscopy and Raman spectroscopy. All undoped and doped films crystallise in a ZnO phase with the 
hexagonal wurtzite crystal structure. The local structure of the thin films was investigated by temperature- 
dependent X-ray absorption spectroscopy at the Zn and Ga K-edges, as well as at the Bi L3-edge. It was found 
that the doping of Ga3+ and Bi3+ ions in the ZnO wurtzite structure produces distinct effects on the thin film 
microstructure. The substitution of Zn2+ ions by smaller Ga3+ ions introduces a static disorder to the thin 
film structure, which is evidenced by an increase in the mean-square relative displacements σ2(Zn‒O) and 
σ2(Zn‒Zn). At the same time, large Bi3+ ions do not substitute zinc ions, but are likely located in the 
disordered environment at the ZnO grain boundaries. This conclusion was directly supported by 
energy-dispersive X-ray spectroscopy combined with TEM and STEM observations as well as by resonant 
and non-resonant μ-Raman experiments at room temperature, where the ZnO and ZnO:Bi spectra are 
similar, suggesting a lack of structural disorder in the wurtzite cell. On the other hand, the Raman disorder- 
activated phonon is pronounced for Ga-doping of the ZnO lattice, confirming the compositional disorder. 
Both XRD and XPS ruled out Ga2O3 phase in Ga-doped ZnO; conversely, Bi2O3 and a small amount of 
Bi‒metal phases are clearly discerned by XPS experiments, further suggesting that Bi is not incorporated in 
the ZnO wurtzite cell, but segregated to grain boundaries. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Zinc oxide (ZnO) is a direct band-gap semiconductor (~3.4 eV, at 
room temperature (RT)) well known for its applications in photo-
detectors, light-emitting diodes, photovoltaics, gas sensing and thin- 
film transistors [1–6], amongst other applications. ZnO thin films are 
commonly deposited by pulsed laser deposition, molecular beam 
epitaxy, atomic layer deposition, chemical synthesis and magnetron 
sputtering [7–9]. One of the most interesting applications of ZnO is 

for thermal energy harvesting, in the form of transparent thermo-
electric thin films [10–13]. ZnO crystallizes in the hexagonal wurtzite 
structure and displays an intrinsic n-type conductivity that can be 
further enhanced to lower the electrical resistivity for use in 
optoelectronic devices. Typically, as in all undoped semiconductors 
at RT, ZnO thin films have a high electrical resistivity due to a low 
carrier concentration (~1016–1017 cm−3) [2,14]. Hence, it is most 
common to improve the ZnO electrical properties by doping, espe-
cially with elements of the III-B group (Ga, Al). In particular, the 
thermoelectric properties of ZnO can be affected by doping with 
Al3+, Ga3+, Bi3+ and other ions [13,15,16]. Since Bi3+ is a heavier ion 
with a very large ionic radius (1.03 Å), in comparison with Zn2+ 

(0.60 Å), the addition of bismuth to ZnO was proposed in several 
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works [11–14] to modify its properties by creating thermal phonon 
scattering centres in the lattice. Thereby, one could expect a decrease 
in the thermal conductivity and, subsequently, an enhancement in 
the thermoelectric figure of merit, as in the case of Nb-doping in 
TiO2, as reported elsewhere by the authors [17]. However, while the 
effect of Bi doping on the ZnO properties has been observed in  
[11–14], the way how bismuth ions are incorporated into the oxide 
matrix is still unclear. 

Information on the atomic environment of ZnO:Ga,Bi thin films is 
scarce or non-existent in the literature. In particular, it has been 
challenging to discriminate between point defects (oxygen vacancies 
and Zn interstitials) and unintentional impurity doping. Hence, an 
in-depth study on the local order in these films was endured using 
highly sensitive characterization techniques such as temperature- 
dependent X-ray absorption spectroscopy, X-ray photoelectron 
spectroscopy, high-resolution electron microscopy, X-ray diffraction 
and Raman spectroscopy. The electric and thermoelectric properties 
of these ZnO:Ga,Bi thin films have been published elsewhere [13]. 
Hereafter, the focus of this manuscript is on the atomic environment 
and structural information, indispensable for the comprehension of 
the inherent and desired thermal transport and thermoelectric 
properties. 

2. Experimental and data analysis 

Undoped zinc oxide (ZnO) thin films and doped with Ga and Bi 
were prepared by magnetron sputtering. A confocal geometry was 
used with two circular magnetrons (10 cm diameter) in a home- 
made d.c. magnetron sputtering system. A 99.95% purity bismuth 
target was used for Bi doping (FHR Anlagenbau GmbH), while for the 
base ZnO films undoped and intrinsically doped ZnO targets were 
used: for ZnO, 99.95% purity; for ZnO:Ga, ZnO(95.5)Ga2O3(4.5)wt%, 
99.95% purity; FHR Anlagenbau GmbH. These films were deposited 
on 10 mm × 10 mm Si substrates with < 100 > orientation (SIEGERT 
WAFER GmbH, Part-No: L14016) and 10 mm × 10 mm Kapton® film. 
All substrates were previously cleaned with isopropanol in an ul-
trasound bath for 15 min. Prior to deposition, the substrates were 
etched in an Ar+ plasma at 2 Pa to further clean the exposed surfaces. 
The samples were fixed to a sample holder in the middle of the 
chamber with Kapton tape, radially symmetrical to the centre of 
the sample holder, fixed at 9 cm (vertically) from the normal to the 
centre of the targets, in a spinning platform to assure a homo-
geneous deposition. Several parameters were kept constant 
throughout all depositions, such as deposition time (20 min), current 
density on the intrinsically doped targets (5.0 mA cm−2), substrate 
rotation speed (18 r.p.m), deposition temperature (200 °C), argon 
flow (40 sccm), which corresponds to a working pressure of 0.37 Pa, 
and an isolated substrate bias of − 60 V. The vacuum deposition 
chamber was baked with external sleeves for an hour before the 
deposition, in order to reduce the base pressure for each deposition 
(~10−4 Pa). The current density applied to the Bi target, JBi, was set to 
0.19 mA cm−2. 

High-resolution transmission electron microscopy (HRTEM), high 
angle annular dark-field scanning transmission electron microscopy 
(HAADF-STEM), bright field scanning transmission electron micro-
scopy (BF-STEM) and energy-dispersive X-ray spectroscopy (EDX) 
observations were carried on for ZnO:Ga,Bi thin film deposited on Si 
substrate, out at the International Iberian Nanotechnology 
Laboratory (INL), Braga, Portugal. For this, a FEI Model Titan 
ChemiSTEM 80–200 and a FEI Model Titan Themis 60–300 electron 
microscopes were used, both equipped with a field emission gun 
(X-FEG), Cs probe corrector, and super X EDX detectors, operating at 
200 kV. Lamellae preparation was performed with a FEI Helios 
NanoLab 450S Focus Ion Beam equipment, operating with a Ga gun. 
Due to this type of gun, Ga could not be atomically quantified in the 
analysed films. 

Temperature-dependent (18–300 K) X-ray absorption spectroscopy 
study of ZnO:Bi,Ga thin films was performed with the goal to determine 
the coordination environment of the dopant ions (Bi, Ga) and their 
influence on ZnO film structure. X-ray absorption experiments were 
done in transmission and fluorescence modes at P65 Applied XAFS 
beamline [18] of the HASYLAB/DESY PETRA III storage ring, operated at 
energy E = 6.08 GeV and current I = 95 mA in top-up 40 bunch mode. 
Commercial polycrystalline oxide powders (hex-ZnO, β-Ga2O3 and 
α-Bi2O3) were used for reference. Uncoated and Rh-coated silicon plane 
mirrors were employed for the harmonic rejection. A fixed-exit Si(111) 
and Si(311) monochromators were used for the K-Zn/Ga and L3-Bi 
edges, respectively. X-ray absorption spectra were collected in trans-
mission mode using two ionization chambers, whereas passivated 
implanted planar silicon (PIPS) detector was used in fluorescence mode. 
The Oxford Instruments liquid helium flow cryostat was used to 
maintain the required sample temperature in the range of 10–300 K. 
The reference samples for transmission measurements were prepared 
from powders, which were gently milled in an agate mortar and de-
posited on a Millipore membrane with a thickness to get the absorption 
edge jump Δµ ≈ 1. Thin-film samples deposited on Kapton were packed 
in stacks with the optimized number of layers and measured in trans-
mission (Zn K-edge) and fluorescence (Ga K-edge and Bi L3-edge) 
modes. At the Bi L3-edge, a nickel-containing filter was used to reduce 
strong background fluorescence originating from zinc. 

Experimental X-ray absorption spectra were analyzed using a 
conventional procedure [19]. Temperature-dependent extended 
X-ray absorption fine structures (EXAFS) χ(k)k2 were extracted and 
their Fourier transforms (FTs) were calculated using the 10% Gaus-
sian window-function. The contributions from the first (or first and 
second for ZnO) coordination shell(s) were isolated by back-FT and 
analyzed within the single-scattering harmonic approximation using 
the conventional EXAFS equation [19]. The required backscattering 
amplitude and phase shift functions for Zn‒O (Ga‒O, Bi‒O) and 
Zn‒Zn (Ga—Zn) atom pairs were calculated using ab initio self- 
consistent real-space multiple-scattering FEFF8.50L code [20,21]. 
The scattering potential and partial phase shifts were calculated 
within the muffin-tin (MT) approximation [20,21] for the clusters 
constructed based on ZnO and α-Bi2O3 crystallographic structure 
with a radius of 8 Å, centred at the absorbing Zn (Ga, Bi) atom. The 
photoelectron inelastic losses were accounted for within the one- 
plasmon approximation using the complex exchange-correlation 
Hedin-Lundqvist potential [22]. The amplitude reduction factor S0

2 is 
included in the scattering amplitude [20,21], calculated by the FEFF 
code, and no additional correction of the EXAFS amplitude was 
performed. The analysis yielded a set of structural parameters, such 
as coordination numbers (N), interatomic distances (R) and mean- 
square relative displacements (MSRDs) (σ2), also known as the 
Debye-Waller factors. 

A Bruker AXS D8 Discover system equipped with the copper 
anode X-ray tube (CuKα radiation) was used for X-ray diffraction 
experiments (XRD) in the grazing incidence geometry to probe the 
crystallinity, texture and phase composition of the films grown on Si 
substrates. 

The X-ray photoelectron spectroscopy measurements were car-
ried out for all films deposited on Si substrates using monochromatic 
Al-Kα radiation (1486.6 eV) from a Kratos Axis-Supra instrument, 
from 3Bs Group, University of Minho. Photoelectrons were collected 
from a take-off angle of 90° relative to the sample surface. The 
measurement was done in a Constant Analyser Energy mode (CAE) 
with a 160 eV pass energy and 15 mA of emission current for survey 
spectra and 40 eV pass energy for high-resolution spectra, using an 
emission current of 15 mA. Charge referencing was done by setting 
the lower binding energy of the C1s hydrocarbon peak at 284.8 eV; 
an electron flood gun was used to minimize surface charging. 

μ-Raman spectra for all samples deposited on Si substrates were 
measured at RT using a Jobin-Yvon LabRaman HR spectrometer 
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equipped with a grating of 600 grooves/mm and a multi-channel 
air-cooled (−70 °C) CCD detector, in the backscattering geometry, 
using the 442 nm (2.805 eV) and 325 nm (3.815 eV) excitation line of 
a He–Cd laser. The excitation laser was focused with a 50 × objective 
(NA = 0.5; WD = 10.6 mm) onto the sample surface. The spectra were 
acquired with an experimental error of ±2 cm−1. 

3. Results and discussion 

3.1. X-ray absorption experiments 

3.1.1. Zn K-edge 
The experimental Zn K-edge EXAFS χ(k)k2 spectra measured at 

18 K are compared for all samples in Fig. 1. A particular focus is 
regarded on the analysis of the first two peaks in FTs. The detailed 
analysis of the full Zn K-edge EXAFS spectrum for the crystalline 
hex-ZnO can be found in [23]. The first peak, at approximately 1.5 Å 
distance from the main Zn2+ cation, corresponds to the first co-
ordination shell of zinc composed of oxygen atoms, whereas the 
second peak at about 3 Å corresponds mainly to the second co-
ordination shell composed of zinc atoms. Note that the EXAFS 
spectra for all samples have similar overall shapes. However, when 
comparing to hex-ZnO reference powder, all ZnO-based thin films 
have slightly stronger disorder leading to the damping of the EXAFS 
oscillations at high k-values and to a reduction of the peak ampli-
tudes in FTs, which is more noticeable for outer coordination shells 
of zinc located at distances above 2 Å. Additionally, the FTs for ZnO 
films doped with gallium have slightly different shapes of the first 
shell peak located at ~1.5 Å. 

The contributions from the first two coordination shells around 
Zn atoms were isolated by Fourier filtering procedure in the R-range 
of 0.8–3.5 Å and fitted using the two-component model within the 
single-scattering harmonic approximation [19]. During the fit, the 
values of coordination numbers were fixed at the crystallographic 
ones for hex-ZnO [23], whereas the interatomic distances and the 
MSRDs were free parameters. The obtained MSRDs for Zn‒O and 

Zn‒Zn atom pairs in the first and second coordination shells 
of zinc, respectively, are shown in Fig. 2. The difference in the 
interatomic distances between various samples turned out to be 
small with the average values of R(Zn‒O) = 1.97  ±  0.02 Å and 
R(Zn‒Zn) = 3.24  ±  0.02 Å. 

As one can see in Fig. 2, the MSRDs for all samples have close 
temperature dependences, but those related to the thin films are 
larger than the MSRDs of polycrystalline hex-ZnO powder due to the 
presence of static disorder. For pure ZnO and ZnO:Bi thin films the 
static disorder is present in the coordination shells of zinc, starting 
from the second one. However, all coordination shells of zinc are 
affected by the static disorder in ZnO:Ga and ZnO:Ga,Bi films, where 
the largest difference in the second coordination shell reaches 
Δσ2 ≈0.003–0.004 Å2, compared to the first shell Δσ2 ≈ 0.001 Å2. 
Thus, according to the MSRD values, the thin films can be separated 
into two groups, with the largest MSRD values for the films doped 
with gallium. This means that gallium doping produces the strongest 
effect on the zinc oxide structure. 

3.1.2. Ga K-edge 
The analysis of the Ga K-edge EXAFS in ZnO films is a challenging 

task due to a short distance (about 700 eV) between the Zn and Ga 
K-edges. As a result, the EXAFS oscillations from the Zn K-edge in-
terfere with those from the Ga K-edge (Fig. 3). The effect is especially 
pronounced at low temperatures (18 K), where thermal disorder is 
less strong, and the EXAFS oscillations have larger amplitude at 
high-k values. Upon increasing temperature, the thermal disorder 
becomes sufficiently large to significantly damp the Zn K-edge 
EXAFS oscillations before the Ga K-edge, thus allowing their se-
paration and making the analysis more reliable. Therefore, only ex-
perimental data measured at 300 K were analyzed at the Ga K-edge. 

The normalized Ga and Zn K-edges XANES spectra for β-Ga2O3 

powder and doped ZnO:Ga and ZnO:Ga,Bi thin films measured at 
300 K are compared in Fig. 4. The similarity of the XANES spectra at 
two edges for the film suggests that gallium atoms substitute zinc. 
The main difference between Ga and Zn K-edge XANES spectra is 

Fig. 1. (a) Zn K-edges EXAFS χ(k)k2 spectra and (b) respective Fourier transforms (FTs) 
for hex-ZnO powder and undoped (ZnO) and doped (ZnO:Bi, ZnO:Ga, ZnO:Ga,Bi) thin 
films at 18 K. 

Fig. 2. Temperature-dependence of the mean-square relative displacements (MSRDs), 
for (a) Zn–O and (b) Zn–Zn atom pairs in the first and second coordination shells of 
zinc, respectively, for hex-ZnO powder, undoped (ZnO) and doped (ZnO:Bi, ZnO:Ga, 
ZnO:Ga,Bi) thin films. 
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attributed to the local structure relaxation occurring around gallium 
atoms. This conclusion is well supported by a comparison of the Ga 
and Zn K-edges EXAFS spectra (Fig. 5(a)), which are rather similar, 
taking into account the smaller signal-to-noise ratio of the Ga K- 
edge EXAFS measured in the fluorescence mode. Also, their FTs 
match at least up to 4.5 Å (Fig. 5(b)). Note that the Ga K-edge XANES 
and EXAFS spectra of ZnO:Ga and ZnO:Ga,Bi thin films are very close, 
which indicates the similarity of the gallium environment in the 
two films. 

The best-fit analysis of the Ga K-edge EXAFS contributions from the 
first two coordination shells of gallium in ZnO:Ga and ZnO:Ga,Bi thin 
films were performed within the single-scattering harmonic approx-
imation [19]. The values of the obtained structural parameters in both 
films coincide within the error of fitting. The interatomic distances are 
R(Ga‒O) = 1.87  ±  0.03 Å and R(Ga—Zn) = 3.26  ±  0.02 Å. The distance R 
(Ga‒O) is typical for tetrahedrally coordinated gallium atoms [24] and 
is shorter by about 0.1 Å than R(Zn‒O) = 1.97 Å, suggesting that some 
relaxation of the local environment occurs in the films around the 
substituting gallium atoms due to their smaller ionic radius. In tetra-
hedral coordination, Zn2+ has an ionic radius of 0.60 Å, whereas the 
ionic radius of Ga3+ is 0.47 Å [25]. At the same time, the distances R 
(Ga—Zn) and R(Zn‒Zn) in the second coordination shell are close 
within the error bars. The MSRD value for the Ga‒O bonds is equal to 
σ2(Ga‒O) ≈ 0.0026  ±  0.0004 Å2. This value is slightly smaller than that 
for the Zn‒O bonds σ2(Zn‒O) ≈ 0.0038  ±  0.0004 Å2 in polycrystalline 
hex-ZnO, indicating stronger Ga‒O bonding. 

Thus, one can conclude that the doping of ZnO with gallium results 
in additional structural disorder caused by the relaxation of the local 
environment around gallium ions, which have a smaller size than 
zinc ions. 

3.1.3. Bi L3-edge 
The study of ZnO thin films weakly doped with bismuth at the Bi 

L3-edge (13,419 eV) is a complex task in fluorescence mode due to 
the strong background coming from the zinc fluorescence. This 
phenomenon was partially attenuated in the present study by using 
nickel-containing filter. However, the quality of the experimental 
data is worse at the Bi L3-edge than at the Ga K-edge. The Bi L3-edge 
XANES spectra of α-Bi2O3 powder and ZnO:Ga,Bi thin film are 
compared in Fig. 6. The positions of the shoulder A and the main 
edge B coincide well in both compounds, suggesting 3 + oxidation 
state for bismuth ions in the film. 

To understand the origin of all features in the Bi L3-edge XANES, 
the ab initio real-space FDMNES code [26,27] implementing the fi-
nite difference method (FDM) was used. The relativistic FDM cal-
culations were performed with self-consistent potential within the 
dipole approximation using the energy-dependent real Hedin- 
Lundqvist exchange-correlation potential [26,27]. Calculated XANES 
spectra were broadened to account for the core-hole level widths 
(Γ(L3-Bi) = 5.6 eV [28]) and other multielectronic phenomena. The 
energy origin was set at the Fermi level EF. The clusters of different 
size (radius) were constructed from the crystallographic α-Bi2O3 

structure [29], centred at the absorbing Bi atom. Besides this, the 
structural model based on the hex-ZnO structure with Bi atom 
substituting Zn was also evaluated. 

The calculated Bi L3-edge XANES spectra are compared with the 
experimental ones in Fig. 6. Selected partial densities of states (DOS) for 
s(Bi), p(Bi), d(Bi) and p(O) contributions in α-Bi2O3 are also shown. They 
were evaluated for all non-equivalent Bi and O atoms in α-Bi2O3 

structure [29]. Note that the smallest α-Bi2O3 cluster with a radius of 
3.42 Å includes only oxygen atoms in the first coordination shell of 
bismuth. The α-Bi2O3 cluster with a radius of 6 Å including 57 atoms is 
large enough to reproduce all experimentally observed features. At the 
same time, the substitutional model based on the hex-ZnO structure 
(upper curve in Fig. 6) deviates strongly from the experimental data, 
suggesting that Bi ions do not enter the ZnO wurtzite cell. 

Fig. 3. Zn (9659 eV) and Ga (10367 eV) K-edges X-ray absorption spectra of ZnO:Ga,Bi 
thin film at 18 and 300 K. The insert shows an enlarged range close to the Ga K-edge. 
Arrow indicates a large amplitude of the EXAFS oscillations from the Zn K-edge 
at 18 K. 

Fig. 4. Comparison of the normalized Ga and Zn K-edges XANES for β-Ga2O3 powder 
and doped ZnO:Ga and ZnO:Ga,Bi thin films at 300 K. Energy scale is relative to the 
Fermi level EF. 

Fig. 5. (a) Ga and Zn K-edges EXAFS χ(k)k2 spectra and (b) their Fourier transforms 
(FTs) for β-Ga2O3 powder and doped ZnO:Ga and ZnO:Ga,Bi thin films at 300 K. 
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Bismuth ion has a ground-state electron configuration of [Xe] 
4f145d106s26p3 and, depending on the oxidation state, the valence 
electrons are situated either at the 6s or 6p orbitals. The Bi L3-edge 
XANES allows one to probe the s and d empty electron states, 
however, the large value of the core-hole level width Γ at the Bi L3- 
edge results in a strong broadening of XANES. Better experimental 
resolution can be obtained using high energy resolution X-ray ab-
sorption spectroscopy, which was employed recently to study sev-
eral bismuth compounds including α-Bi2O3 [30]. The Bi L3-edge 
XANES of ZnO:Ga,Bi thin film has no pre-edge peak due to the 2p → 
6s transition, which was observed in NaBiO3 in [30], meaning 6s(Bi) 
states are occupied, and, thus, bismuth ions have oxidation state 3 + 
in the film. Therefore, similar to Bi2O3 [30], the Bi L3-edge XANES in 
ZnO:Ga,Bi thin film is due to 2p3/2 → ns (n ≥ 7) and 2p3/2 → nd (n ≥ 6) 
transitions, with the d(Bi)-states producing major contribution and 
the s(Bi)-states giving minor contribution. The shoulder A has also a 
strong admixture of the O and Bi p-states. The Bi d-states dominate 
at the main edge B and above it (peak C). Note that the peak C is split 
into two components in high energy resolution XANES measured in  
[31]. This splitting of the d(Bi)-DOS (the peaks at 20 and 27 eV above 
the Fermi level EF in Fig. 6) is well reproduced in our calculations. 

The Bi L3-edge EXAFS spectra of α-Bi2O3 powder and ZnO:Ga,Bi thin 
film are reported in Fig. 7. The EXAFS oscillations from both samples 
have some similarities. However, they have slightly different main fre-
quency and deviate also in high-frequency contributions. The FTs for 
both samples are dominated by the peak at 1.6 Å, while a few small 
peaks above 2.4 Å are also visible. These FTs differ significantly from 
those at the Zn and Ga K-edges in Figs. 1(b) and 5(b): the first peak is 
located at a longer distance, whereas the next peaks are at much lower 
distances, indicating that Bi ions are located in an environment that is 
different from that of Zn and Ga ions. 

The first peak contribution was isolated by the Fourier filtering 
procedure in the R-space range of 0.9–2.2 Å and analyzed within the 
single-scattering harmonic approximation [19]. Note that, due to the 
strongly distorted local environment of Bi in α-Bi2O3 [29], this R- 
range includes mainly the contribution from the nearest 3 oxygen 
atoms located between 2.1 and 2.3 Å. The obtained value of the 
average Bi‒O distance in the film R(Bi‒O) = 2.11  ±  0.02 Å is slightly 
shorter than in α-Bi2O3 R(Bi‒O) = 2.19  ±  0.02 Å, in agreement with 
the difference in the frequency of the first shell EXAFS spectra shown 
in Fig. 7(a). The MSRDs σ2(Bi‒O) is equal to 0.006  ±  0.001 Å2 for both 
α-Bi2O3 and ZnO:Ga,Bi thin film. The larger value of the MSRDs for 
Bi‒O bonds than for Zn‒O and Ga‒O bonds can be attributed to a 
spread of the Bi‒O bond lengths. 

Thus, it is concluded that Bi3+ ions do not substitute zinc and are 
likely located at the ZnO grain boundaries. Such conclusion agrees 
also with the fact that the ionic radius of Bi3+ is about 1.03 Å, being 
nearly twice larger than that of Zn2+ (0.60 Å) [25], making the in-
corporation of Bi3+ ions into ZnO film difficult [31,32]. Segregation of 
bismuth oxide at ZnO grain boundaries has also been observed by 
scanning electron microscopy and energy-dispersive X-ray analysis 
in [33]. 

3.2. X-ray diffraction 

Fig. 8 shows the grazing incidence X-ray diffraction (GIXRD) 
patterns of undoped ZnO, ZnO:Bi; ZnO:Ga and ZnO:Ga:Bi thin films, 
for 20°  <  2θ  <  60°, with an incidence angle of 1.5°. For undoped ZnO 
and ZnO:Ga, all diffraction peaks were assigned to a ZnO phase with 
the hexagonal wurtzite crystal structure, P63mc (186). The vertical 
dot lines indicate the peak position from this phase (ICDD card 
01-089-0510). Under the resolution of GIXRD, no other phases were 
detected. The introduction of Ga onto the film decreases the relative 
diffraction peak intensity of (002) planes compared to the (100) and 
(101) planes, as already observed by J. Hu and R. Gordon [34]. 
However, Bi doping produces a larger effect. 

Fig. 6. Comparison of the experimental Bi L3-edge XANES spectra for α-Bi2O3 powder 
(black solid curve) and ZnO:Ga,Bi thin film (dashed orange curve) at 300 K with the 
results of ab initio XANES calculations by the FDMNES code. Theoretical models in-
clude Bi-doped ZnO with the cluster radius R = 6.0 Å (upper curve) and α-Bi2O3 with 
the cluster radii R = 3.42, 4.0, 6.0 and 8.0 Å. Selected partial densities of states (DOS) 
are also shown for non-equivalent Bi and O atoms in α-Bi2O3. The energy scale is 
relative to the Fermi level EF. 

Fig. 7. (a) Bi L3-edge EXAFS χ(k)k2 spectra and (b) their Fourier transforms (FTs) for α- 
Bi2O3 powder and doped ZnO:Ga,Bi thin film at 300 K. The EXAFS contribution from 
the first peak, indicated in (b), is also shown in (a). 
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ZnO:Bi and ZnO:Ga:Bi films present a different behaviour. Firstly, 
the intensity of the main peak at 34.43º, corresponding to the (002) 
reflection, is more than five times larger than in the case of ZnO and 
ZnO:Ga thin films. This enhancement in texture was already re-
ported by Krongarrom et al. [35]. In symmetric θ-2θ X-ray diffrac-
tion, the observed reflections are associated with lattice planes 
parallel to the film surface, and the preferential growth direction can 
be correlated with surface energy, which is lowest for (002) hex-
agonal crystal planes [35]. However, GIXRD probes randomly or-
ientated crystals in the film bulk. Hence, it can be inferred that, as 
well as having a preferred orientation, the grains are elongated along 
[001] direction. A possible explanation for this can be related to 
evidence of Bi segregation at grain boundaries, as observed by Jood 
et al. [32]. On the other hand, other authors have reported on the 
effect of edge dislocations distributed in specific interfacial crystal 
planes between Bi segregation at grain boundaries and specific 
crystal planes of SnTe phases [36,37]. An unassigned peak (marked 
with an asterisk in Fig. 8) is present at 31.2  ±  0.4° for the Bi-doped 
films. None of the known Zn, ZnO, Ga2O3, ZnGa2O4, Bi, Bi2O3 or Bi2O 
phases reported in the literature phase include a reflection at that 
position. These phases were tentatively included in the Rietveld fits 
although lacking structural match. Table 1 includes the lattice 
parameters (a, c), crystallite size (g) and nearest neighbour Zn–O 
bond distance (b1) derived from the Rietveld fits to the XRD patterns 
for undoped ZnO, ZnO:Bi, ZnO:Ga and ZnO:Ga,Bi films. The bond 
distance was estimated from: 

= +u
a
c

1
3

1
4

2

2 (1)  

= +b a c u
1
3

1
21

2 2
2

(2)  

From these parameters, it is not possible to conclude if Ga or Bi is 
introduced in the ZnO structure, since the bond length variation is 
within the experimental error (1.98  ±  0.20 Å to 1.99  ±  0.20 Å), albeit 
close to the obtained value of 1.97 Å from the EXAFS results obtained 
for the Zn K-edge in Section 3.1. The grain size varies between 30 and 
44 for all films, being the largest for ZnO:Ga,Bi. 

3.3. Electron microscopy 

In the HAADF-STEM micrograph seen in Fig. 9, the ZnO:Ga,Bi thin 
film is viewed down the [001] zone of the wurzite crystal structure 
of ZnO. From the fast Fourier transforms (FFTs) in three different 
grains, the ZnO wurtzite structure is established, as confirmed from 
the XRD experiments in Section 3.2. Bismuth is clearly seen in the 
grain boundaries, and is far brighter than the zinc oxide, as expected 
for its higher atomic number (Z) contrast. 

From the EDX maps in Fig. 10, it is possible to discern the loca-
tions of Zn and Bi atoms in a zone of the ZnO:Ga,Bi film. Bi atoms are 
clearly situated at the ZnO grain boundaries. A magnification of one 
of these grain boundaries is observed in the HAADF-STEM micro-
graph in Fig. 11. From the FFTs of the TEM micrographs and direct 
measurement of the lattice spacings, it can be inferred that the 
diffraction arises from crystals with 2.8 Å and 3.2 Å plane spacing, 
either from α-Bi2O3 (monoclinic, P-21/c) or β-Bi2O3 (tetragonal, 
P-421c). The observed crystals in the grain boundary are not fully 
crystalline, and thus it leads to difficulty in analysing the crystal 
structure, also due to its size. Upon analysing with detail these 
grains, and others (not shown) in the lamellae, there is a good 
chance that in some of the observed grain boundaries, ZnO is forcing 
Bi2O3 into a matching (templating) crystal structure. 

3.4. X-ray photoelectron spectroscopy 

The XPS spectra and respective fits to main photoelectron lines 
(Zn 2p, O 1s, Ga 2p and Bi 4f) for a ZnO:Ga,Bi thin film are presented 
in Fig. 12. The Zn 2p3/2 core line was fitted with one component 
(1021.5 eV; FWHM = 1.8 eV), which is ascribed to Zn‒O bonds [38] is 
shown in Fig. 12(a). The spin-orbit energy separation of 2p3/2-2p1/2 is 
23.1 eV, with a peak area ratio A2p3/2/A2p1/2 = 0.5. It can be found in 
the literature that the binding energy ascribed to the Zn 2p3/2 core 
line lies in the ranges of 1021.7–1022.0 eV and 1021.4–1021.7 eV for 
bulk ZnO and Zn metal, respectively [39,40]. The reduction in 
binding energy can be associated with Ga3+ substitution in the ZnO 
cell, as confirmed in a previous study for ZnO:Ga thin films [41]. The 
parameters from this XPS refinement (Unifit Scientific Software 
GmbH, Germany) are reported in Tables 2 and 3. 

The O 1s core line in Fig. 12(b), for the ZnO:Ga,Bi thin film, was 
fitted with three components (C1, C2 and C3): the main component 
at 530.3 eV (C1) is credited to Zn‒O bonds (FWHM of 1.3 eV); the 
second component (C2) centred at 531.3 eV (FWHM of 1.1 eV) is 
ascribed with defective oxygen (vacancies) and with Bi‒O bonds; 
and at higher binding energies, 532.4 eV (FWHM of 1.2 eV), C3, 
corresponds to surface-adsorbed oxygen and hydroxides impurities  
[40,42]. The relative areas of C1 and C2 contributions are 60% and 
40%, respectively, when disregarding surface impurities (C3). Com-
ponent C2 of the O 1s photoelectron line, related to oxygen va-
cancies, discloses the prominence of the defective oxygen sites in the 
improvement of the electrical conductivity. The Ga 2p3/2 core line, in  
Fig. 12(c), was fitted with one contribution (1117.8 eV; FWHM =  
1.9 eV) related to the Ga‒O bonds in the ZnO matrix. No evidence of 

Fig. 8. GIXRD patterns for ZnO, ZnO:Bi, ZnO:Ga and ZnO:Ga:Bi thin films. The same 
vertical scale is used for all patterns. 

Table 1 
Lattice parameters (a, c), crystallite size (g) and nearest neighbour Zn–O bond distance 
(b1) derived from the Rietveld fits of the XRD patterns for undoped ZnO, ZnO:Bi, 
ZnO:Ga and ZnO:Ga,Bi films.       

Film a c g b1  

(Å) (Å) (nm) (Å)  

ZnO 3.26  ±  0.10 5.23  ±  0.10 41 1.98  ±  0.20 
ZnO:Bi 3.26  ±  0.10 5.22  ±  0.10 32 1.98  ±  0.20 
ZnO:Ga 3.26  ±  0.10 5.24  ±  0.10 30 1.99  ±  0.20 
ZnO:Ga,Bi 3.26  ±  0.10 5.22  ±  0.10 44 1.98  ±  0.20 
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gallium oxide phases were discerned in the Ga-doped ZnO films. 
Finally, the Bi 4f core level, shown in Fig. 12(d), was fitted into peak 
doublets with a spin-orbit energy separation of 4f5/2-4f7/2 = 5.3 eV 
and a peak area ratio A4f5/2/A4f7/2 = 0.75. Two contributions were 
fitted, with Bi 4f7/2 binding energies of 156.9 (FWHM = 1.2 eV) and 
159.1 eV (FWHM = 1.1 eV), which correspond to the metallic bismuth 
(8%) and oxidation state of Bi3+ in Bi2O3 (92%), respectively. From the 
quantification of these findings, it was possible to reach a compo-
sition close to the surface of 50.1 at% for Zn, 46.1 at% for O, 2.2 at% for 
Ga and 1.6 at% for Bi, for the ZnO:Ga,Bi thin film. Similarly, XPS re-
finements were produced for the undoped ZnO, ZnO:Ga and ZnO:Bi 
thin films, being the composition and other refinement parameters 
listed in Tables 2 and 3. 

From the observation of Tables 2 and 3 it can be concluded that the 
undoped ZnO thin film is slightly sub stoichiometric in zinc (49.1 at%), 
in respect to oxygen (50.9 at%). This Zn deficiency is more prominent 
in the ZnO:Bi film, where the concentrations of Zn and O are 44.6 at% 
and 53.4 at%, respectively. The excess of oxygen is related to the ex-
istence of Bi2O3 at the grain boundaries, as seen from the STEM mi-
crographs. The resulting Bi content is 2.0 at%. Contrariwise, for the 
ZnO:Ga film, oxygen is deficient (46.9 at%) in comparison to zinc 
(51.6 at%). In this film, the combination of efficient Ga doping (1.5 at%) 
and the enhancement of the O 1s C2 XPS peak ascribed to oxygen 
deficiency and vacancies, leads to the enhancement of the charge 
carrier concentration from ~1016 cm3 (undoped ZnO) to ~1021 cm3 

(ZnO:Ga), and concomitantly the electrical conductivity, as reported 
elsewhere by the authors [43,44]. In fact, in Table 3, C2 component is 
highest (40%) for ZnO:Ga, when comparing to undoped ZnO (26%) and 
ZnO:Bi (30%), albeit being the same for the ZnO:Ga,Bi film. The Bi 
content in both ZnO:Bi and ZnO:Ga,Bi lies in the range of 1.6 – 2.0 at%, 
being slightly highest for the former. As for the relative amount of 
Bi‒metal bonds and Bi‒O bonds, according to Table 3 for ZnO:Bi and 
ZnO:Ga,Bi, the latter has a higher level of Bi‒O bonds (92%) and lower 
amount of Bi‒metal bonds (8%), when comparing to ZnO:Bi (85% and 
15% respectively). The Zn 2p and Bi 4f doublet separation is constant in 
all films, 23.1 eV and 5.3 eV, respectively. 

3.5. μ-Raman spectroscopy 

μ-Raman scattering (non-resonant and resonant) proven to be an 
important tool to assess information about structural properties of 
ZnO thin films and nanostructures [45–48], carrier concentration  
[49], microscopic environment of doping species in ZnO lattice,  
[50–53], as well as to analyse more specific aspects of lattice dy-
namics, such as isotopic effects [54] and phonon lifetimes [55], 
among others. Direct connections between the chemical environ-
ment of constituent atoms, the phonon-phonon and phonon-elec-
tron scattering properties of materials are valuable knowledge that 
can guide the search for disruptive solutions with the desired 
thermal transport and thermoelectric properties. 

Fig. 13(a) compares the Raman spectra measured upon excitation 
above (325 nm = 3.8 eV) and below (442 nm = 2.8 eV) the ZnO, 
ZnO:Ga, ZnO:Bi, and ZnO:Ga,Bi films band gap at room temperature. 
For the (undoped) ZnO film, when exciting with 442 nm, three 
modes located in the vicinity of 439 cm−1, 580 cm−1 and 1158 cm−1 

are observed in the Raman spectrum. The mode at 439 cm−1 is as-
signed to the E2 (high) phonon frequency [56] and is allowed by 
symmetry selection rules of wurtzite structure crystals in back-
scattering geometry [57]. The mode measured at 580 cm−1 is in be-
tween the A1(LO) (574 cm−1) and the E1 (LO) (584–591 cm−1) modes  
[46,55,58]. This registered intermediate-valued frequency can be 
analyzed in terms of its quasi-nature considering the polycrystalline 
nature of the ZnO films, as confirmed by the X-ray diffraction 
measurements (see Fig. 8). Raman scattering from crystal or nano-
crystal axes that are not the crystal-symmetry axes (i.e., not the a or 
c axes) result in what is known as quasi-modes, according to Lou-
don’s model [59]. For small, but finite, phonon wavevector, those 
modes comprise mixed symmetry modes due to phonons propa-
gating between the a and the c axes. The angular dispersion of the LO 
quasi-mode in the wurtzite structure predicted by Loudon’s model is 
given by: 

= +LO cos sin( ) ( ) ( )A E
2 2 2 2

LO LO1( ) 1( ) (3) 

Fig. 9. HAADF-STEM and FFTs for the ZnO:Ga,Bi thin film along [001], with each of the three FFTs in a coloured box coming from the corresponding box on the main micrograph. 
Bi atoms are located at the grain boundaries (higher contrast) that delimit ZnO:Ga grains. 
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where θ is the angle measured between the wave vectors of created 
phonons and the c-axis of the wurtzite structure that are in the laser 
spot probed size. Thus, the frequency of the LO mode measured with 
the 442 nm laser line should be representative of the LO frequencies 
possible over the crystallites having the orientation determined by 
the angle and probed within the laser spot size. 

In order to distinguish between Raman bands related to the 
wurtzite ZnO network and local vibrations (impurity modes) asso-
ciated with the doping atoms it is essential to compare the Raman 
experimental spectra with the phonon density of states (DOS). The 
DOS reflects the influence of Raman disorder-activated phonons 
from the entire Brillouin zone centre and the second order process, 
as well as the influence of the nanocrystalline nature of the undoped 
ZnO film on momentum relaxation rule (k = 0) of the first order 
Raman spectrum. Serrano et al. [55] used first-principles calcula-
tions based on density-functional theory to investigate the lattice 
dynamics of the three ZnO crystalline phases. For comparison 

purposes, the DOS data obtained by Serrano et al. [55] is inserted in  
Fig. 13, for one phonon [ ( )]1 , two sum phonon [ + ( )]2 and two 
subtract phonon [ ( )]2 , for the wurtzite phase. Comparing the 
shape of the Raman spectrum measured at 442 nm with the phonon 
DOS of [ ( )]1 , [ + ( )]2 and [ ( )],2 it can be concluded that, apart 
from the asymmetry of the LO band, the Raman disorder activation 
of DOS does not represent the major Raman processes that occur in 
the ZnO film, indicating a good crystallinity of the sample. The 
asymmetry of the LO band towards lower Raman shift values can be 
explained by the momentum relaxation rule (k = 0) of first order 
Raman spectrum due to the nanocrystalline nature of the sample. 
Nevertheless, and contrary to what would be expected under no 
incoming resonant excitation conditions [61], the LO mode is sig-
nificantly more intense than the non-polar mode E2 (high). More-
over, its overtone at about twice the LO frequency is detected at 
1158 cm−1. Both facts highlight the possibility of an outcoming re-
sonant Raman process, which takes place when the energy of the 

Fig. 10. (clockwise from top) HAADF-STEM along [001] and respective Zn and Bi EDX maps for a ZnO:Ga grain of the ZnO:Ga,Bi thin film.  
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scattered photon (Es,photon = 2.73 eV) matches real electronic states. 
When the ZnO film is excited with 325 nm (3.81 eV) the Raman 
spectrum is dominated by the LO multiphonon and a photo-
luminescence tail is detected, which is related with the ZnO near 
band edge emission (NBE); as expected, when the laser energy is in 

resonance with an interband electronic transitions (incoming 
resonance). The multiphonon scattering process has been very 
scrutinized in ZnO, in either bulk [58,62], thin films [45] or nanos-
tructures [46,47]. Using the ZnO absorption coefficient, α, reported 
by J.F Muth [63] the penetration depth (δ) attained in backscattering 
geometry =( 1/2 ) is of ~ 31 nm and ~800 nm for the 325 nm and 
442 nm HeCd laser lines, respectively. Thus, bearing in mind the 
difference in the penetration depth attained by changing the 
excitation wavelength from 325 nm to 442 nm, the experimental 
results show that, independent of the wavelength of excitation, the 
LO and 2LO are located at the same Raman shift values, meaning that 
the structure of ZnO film is very homogeneous in-depth up to 
800 nm. 

The same analysis is conducted for the doped ZnO films, samples 
ZnO:Bi (Fig. 13(b)) and ZnO:Ga (Fig. 13(c)). In the case of Bi-doping, 
the Raman spectrum measured with 442 nm and 325 nm laser lines 
closely matches the one obtained from the undoped ZnO sample in 
similar conditions. This fact indicates that if Bi atoms are in-
corporated in the ZnO wurtzite lattice, its level of doping is very low 
as the ZnO lattice dynamic remains the same, without presenting 
evidence of any additional disorder effect when compared with the 
ZnO sample. The peak position of the LO and 2LO coincides with the 

Fig. 11. HAADF-STEM along [001] and an inset of the FFT of the area in the red box on 
the image, showing the crystal spacings of the Bi oxide in the grain boundary deli-
miting ZnO:Ga grains of a ZnO:Ga,Bi thin film, also seen in the other particle by direct 
measurements. 

Fig. 12. XPS spectra and respective fits to main photoelectron lines (Zn 2p, O 1s, Ga 2p and Bi 4f) for a ZnO:Ga,Bi thin film.  

Table 2 
Atomic quantification derived from the XPS fits.       

Film Composition (at%)  

Zn O Ga Bi  

ZnO  49.1  50.9 – – 
ZnO:Bi  44.6  53.4 – 2.0 
ZnO:Ga  51.6  46.9 1.5 – 
ZnO:Ga,Bi  50.1  46.1 2.2 1.6 
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values obtained with the 442 nm laser line, showing the homo-
geneity of the ZnO:Bi film up to 800 nm. 

For Ga-doping in ZnO (Fig. 13(c)), it is evident the importance of 
the disorder activation of the phonon DOS, specially one phonon 
DOS [ ( )]1 , in the Raman spectrum shape obtained upon excitation 
with the 442 nm laser line. With the introduction of Ga in ZnO lat-
tice, the translational invariance of the crystal lattice is weakened 
and scattering events from the whole Brillouin zone are viable, 
making possible the participation of phonons from the entire Bril-
louin zone. Apart from the Raman peaks located at 439 cm−1 and 
565 cm−1

, another peak at 277 cm−1 is clearly observed. The latter 
mode at 277 cm−1 registered for the Ga-doped ZnO thin film sample 
has also been reported for Fe, Al, Ga [51], Sb [52] and N [53] doped 
films and is related with the disorder activation of the zone centre 
Raman forbidden B1(low) mode [64] or a local vibrational mode in 
N implanted ZnO films [53]. However, since this mode has been 
detected for different type of dopants, its assignment to a local mode 
vibration seems less plausible. The peak at 439 cm−1 is located at the 
position expected for the zone centre ZnO E2(high) mode, but the 
peak at 565 cm−1 has a lower frequency than the range of values 

expected for A1 (LO) and E1 (LO), if the angular dispersion of the LO 
quasi-mode above mentioned is considered. The non-polar E2(high) 
mode involves mainly oxygen displacements in the plane perpen-
dicular to the c-axis, while the quasi-LO modes involves both Zn and 
O displacements along c-axis. Thus, it is expected that the softening 
of the LO frequency might be related with the substitution of the Zn 
by the Ga atoms. Another aspect to point out is the huge difference 
observed in the Raman spectral shape when the laser line is changed 
for the UV line (325 nm). Under this experimental condition, a 
broadband with a maximum close to 500 cm−1 is observed and it is 
also evident a shoulder at about 1100 cm−1 with a rather small in-
tensity, which appears on the tail of the luminescence, indicating 
Raman scattering under incoming resonance conditions. The broad 
Raman band at 500 cm−1 is between the LO and the E2 (high) modes 
detected under off resonance conditions. The red shift is too high to 
be due to the effect of angular dispersion of the LO quasi-mode due 
to the nanocrystalline nature of the sample. Upon a more detailed 
inspection of the spectrum obtained with the 442 nm line in the 
spectral region between the LO and E2 modes (high) it is verified 
that, contrary to the curve of the DOS [ ( )]1 , the Raman intensity 

Table 3 
Fitting parameters derived from the XPS peak refinements.         

Film Binding energy (FWHM) (eV) Relative areas (%) 

Zn C1/C2 Ga Bi‒Bi/Bi‒O C1/C2 Bi‒Bi/Bi‒O  

ZnO 1021.6 (1.8) 530.0 (1.2)/531.0 (1.3) – – 74/26 – 
ZnO:Bi 1021.8 (1.7) 530.4 (1.3) / 530.9 (1.1) – 157.2 (1.3)/159.1 (1.0) 70/30 15/85 
ZnO:Ga 1021.7 (1.9) 530.4 (1.4)/531.4 (1.0) 1117.9 (1.7) – 60/40 – 
ZnO:Ga,Bi 1021.5 (1.8) 530.3 (1.3)/531.3 (1.1) 1117.8 (1.9) 156.9 (1.2)/159.1 (1.1) 60/40 8/92 

C1 and C2 are the lower binding energies components in the O 1s core level spectra (Fig. 12b); Bi—Bi refers to metallic bismuth peaks, Bi—O to bismuth oxide peaks, in the Bi 4f 
core level (‒‒Fig. 12d).  

Fig. 13. Comparison of RT μ-Raman spectra measured using the He:Cd laser line excitation of 442 nm (blue) and 325 nm (purple) for (a) undoped ZnO, (b) ZnO:Bi, (c) ZnO:Ga, and 
(d) ZnO:Ga,Bi thin films. The [ ( )]1 one- phonon DOS (red), +[ ( )]2 two-phonon sum DOS (black), [ ( )]2 two-phonon subtract DOS (green) from Serrano et al. [60] are include for 
comparison purposes. 
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does not drop to zero close to 500 cm−1, which may be due to the 
overlapping with the broadband at ~500 cm−1 detected with the 
325 nm line. One explanation could be related with the composi-
tional and in-depth strain inhomogeneity, only identified under in-
coming scattering resonant conditions. Another very strong 
hypothesis for this broad band could be due to a superposition of the 
LO mode and a Fröhlich-type vibrational mode that has been re-
ported in resonant Raman scattering spectra of ZnO nanostructured 
layers [46], which participate in the multiphonon scattering as well. 
These Fröhlich-type vibrational modes are not present in bulk ma-
terial, and have frequencies located in the frequency gap between TO 
and LO optical phonons. These specific frequencies are originated 
when the electromagnetic radiation propagates through nanos-
tructures of polar materials, which results in electric dipole oscilla-
tions formed due the polarization of the nanostructure entities in 
the electric field of radiation [65]. The efficiency of Raman scattering 
caused by the Fröhlich-type vibrational modes (surface-related 
modes) is comparable with that of bulk LO and TO, only if the na-
nocrystalline diameters are less than 100 nm [65]. The spectra ob-
tained with the 325 nm laser line for the ZnO:Ga film consists also of 
multiphonon resonant scattering superimposed on the photo-
luminescence tail, which in comparison to undoped ZnO and ZnO:Bi 
films is shifted to higher energies. This shift observed in the lumi-
nescence tail is a strong indication of the changes on the ZnO elec-
tronic bands as a result of Ga doping. 

In the case of Ga, Bi-doping in ZnO (Fig. 13(d)), the measured 
µ-Raman spectra are very close to the obtained ones for the ZnO:Ga 
sample (Fig. 13(c)). Compared to the ZnO:Ga sample, under 442 nm 
excitation, there is a slight deviation of the Raman bands towards 
lower frequencies and an enlargement of these bands, which is 
compatible with a slight increase in the degree of disorder. Fur-
thermore, considering the experimental results observed in the 
ZnO:Bi sample (Fig. 13(b)), it is very likely that these small differ-
ences are mainly associated with an increase of compositional dis-
order ascribed to the incorporation of Ga into the ZnO network. 

4. Conclusions 

The influence of Ga and Bi doping on the local structure of ZnO 
thin films was studied by several experimental techniques such as 
X-ray absorption spectroscopy, X-ray photoelectron spectroscopy, 
X-ray diffraction, transmission electron microscopy and Raman 
spectroscopy. It was found that the two dopants differently affect 
ZnO film structure. Small Ga3+ ions substitute zinc ions and in-
troduce static disorder to the film structure, as is evidenced by the 
larger values of the MSRD σ2(Zn‒O) and σ2(Zn‒Zn) in Ga-doped ZnO 
films. On the contrary, large Bi3+ ions do not enter ZnO lattice, as 
verified from the similarity of the Bi L3-edge EXAFS in the film and 
α-Bi2O3 powder, but are likely located in the disordered environment 
at the ZnO grain boundaries. Hence, the Bi-induced disorder does 
not have a prominent effect in hindering phonon propagation and on 
concomitantly decreasing thermal conductivity, as expected in a 
previous publication [13]. This conclusion is supported by energy- 
dispersive X-ray spectroscopy combined with TEM and Raman ex-
periments. The fact that Bi ions do not substitute Zn ions in the 
wurtzite lattice enables the understanding on why in a previous 
report from the authors [13] the Seebeck coefficient of ZnO:Ga,Bi 
films actually decreases in absolute value from 40 µV K−1 to 25 µV K−1 

with increase in Bi composition from 0.1 to 1.2 at%, despite a de-
crease in electrical resistivity for these films in that Bi composition 
range. From XRD data it is concluded that all undoped and doped 
films crystallise in a ZnO phase with the hexagonal wurtzite crystal 
structure. Ga-doping decreases the relative diffraction peak intensity 
of (002) planes compared to the (100) and (101) planes, as already 
reported in the literature, without evidence of Ga2O3 phases. 
However, Bi doping and co-doping produces a greater effect, 

suggesting that Bi is not incorporated in the ZnO wurtzite cell, but 
segregates to the grain boundaries, mainly as Bi2O3 and small 
amount of Bi metal phases, which promotes a texturizing effect on 
the diffraction from the wurtzite phase. From high resolution elec-
tron microscopy it was verified that for the ZnO:Ga,Bi film the 
ZnO:Ga grains are delimited by Bi-enriched grain boundaries, pro-
viding further evidence that Bi is not incorporated in the ZnO 
wurtzite cell. From XPS analysis, no traces of Ga2O3 phases were 
discerned. Conversely, both Bi‒metal and Bi2O3 binding energies 
were assigned from the Bi 4f core line analysis. The chemical com-
position was derived from the quantification analysis from XPS fits, 
where it was determined that the ZnO:Ga,Bi films are defective in 
oxygen content (46.1 at%), arising primarily from oxygen vacancies, 
being the levels of Ga and Bi doping 2.2 and 1.6 at%, respectively. The 
study of μ-Raman showed that the activation of the density of 
phonon states potentiated by structural/composition disorder is 
responsible for the Raman spectrum observed in Ga-doped ZnO 
films, corroborating the substitution of Zn by Ga. Contrarily, 
Bi-doped and undoped ZnO films reveal a similar crystalline lattice 
dynamic, confirming that Bi does not replace Ga in wurtzite cell. 
Moreover, Raman attest that chemical composition stated above is 
in-depth homogenous. 
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