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ARTICLE INFO ABSTRACT

Keywords: Rutherford backscattering spectrometry, X-ray photoelectron and X-ray energy dispersive spectroscopies were
ZnO employed to analyse Bi incorporation into ZnO:Al and ZnO:Ga transparent and electrically conductive thin films

Bismuth deposited by d.c. magnetron sputtering, with thickness in the range of 300-400 nm. Sputtering was performed in
RBS an argon atmosphere from two targets in confocal geometry being one composed of either ZnO:Al,O3 or
?F(Ezrmoelecmc Zn0:Ga,05 composites and the other a Bi metal target. The content of bismuth dopant in the ZnO matrix was
TCO controlled by the respective target current density (Jg;) in order to attain a high optical transparency (> 80%) in
PIXE the visible region. For ZnO:AlLBi films Bi content varied from 0.1 to a maximum of 1.5 at.% when varying Jg;
Al from 0.06 to 0.26 mA cm ~ 2. However, for Zn0:Ga,Bi films, deposited in similar conditions, Bi reached a max-
Ga imum overall layer content of 2.4 at.%, with a surface enrichment content that varied from 1.3 to 8.8 at.%. It was
Doping also observed that the Bi content in the topmost layers of the films is slightly depleted due to thermal eva-

poration upon thermal annealing in vacuum at 350 °C. It is envisaged applications for these films as transparent

photoelectrodes and thermoelectric materials.

1. Introduction

Zinc oxide is a semiconductor with interesting physical-chemical
properties that have drawn consideration to several fields of research
and applications. In particular, as a transparent conductive oxide (TCO)
has a direct band-gap of ~3.4eV at room temperature, which grants
optoelectronic applicability in the near-UV range, such as in photo-
detectors, light-emitting diodes, photovoltaics, gas sensing and thin-
film transistors [1-6], to name a few. ZnO versatility concerning the
deposition technique is very attractive. Pulsed laser deposition (PLD),
molecular beam epitaxy (MBD), atomic layer deposition (ALD), che-
mical synthesis and magnetron sputtering have been extensively ap-
plied in the research community [7-10]. The ZnO compound crystal-
lizes in the hexagonal wurtzite structure and displays an intrinsic n-type
conductivity that can be further enhanced to lower the electrical re-
sistivity for the use in optoelectronic devices. By doping ZnO with
Group IIIB elements, such as Ga and Al, n-type carrier concentration
and electrical conductivity can be increased by more than 3-4 orders of
magnitude [11-13]. Furthermore, besides the fact that doped ZnO films
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are prominent candidates for applications as TCOs, some authors have
reported interesting thermoelectric properties as well [14-16]. In this
work, Zn0:Ga,Bi and ZnO:AlBi thin films were produced by magnetron
sputtering in confocal geometry with the aim to produce high quality
thermoelectric cells, with high optical transparency and a power factor
that envisages these materials for industrial applications. Since Bi** is a
heavier ion with a very large ionic radius (1.03 A), in comparison to
that of Zn®" (0.60 [o\), it is expected that when the former substitutes
the latter in the ZnO wurtzite structure it will hinder phonon vibrations
throughout the lattice, hence contributing to the decrease of the
thermal conductivity and subsequently enhancing the thermoelectric
figure of merit and, indirectly, the thermoelectric power, as reported
elsewhere by the authors [16]. Composition information on ZnO:Ga,Bi
and ZnO:AlBi thin films is scarce or non-existent in the literature.
Hence, an in-depth study on the Bi dopant concentration on these films
was endured by the authors, using highly-sensitive characterization
techniques such as Rutherford backscattering spectrometry (RBS),
Particle-induced X-ray emission (PIXE), X-ray photoelectron spectro-
scopy (XPS) and Energy dispersive X-ray spectroscopy (EDX).
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2. Experimental details

In order to dope the ZnO with Bi, Ga and Al, confocal geometry was
used with two circular magnetrons (10 cm diameter) in a home-made
d.c. magnetron sputtering system (Fig. 1). A 99.95% purity bismuth
target was used for Bi doping (FHR Anlagenbau GmbH) and two in-
trinsically doped ZnO targets were used for the ZnO:Ga (GZO) and
ZnO:Al (AZO) matrixes (Zn0(95.5)Ga,03(4.5) wt.% target, 99.95
purity; ZnO(98)Al;03(2) wt.%, 99.95% purity; FHR Anlagenbau
GmbH); respectively. ZnO:Ga,Bi and ZnO:ALBi thin films were de-
posited on Si substrates (SIEGERT WAFER GmbH, Part-No: L14016)
with <100> orientation. All substrates were previously cleaned with
isopropanol in an ultrasound bath for 15 min. Prior to deposition, the
substrates were etched in an Ar* plasma at 2Pa 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 (5.0mA cm™2), substrate rotation speed
(18r.p.m), deposition temperature (200 °C), argon flow (40 sccm),
which corresponds to a working pressure of 0.37 Pa, and a substrate
bias of —60V. The vacuum deposition chamber was baked with ex-
ternal sleeves for an hour prior to the deposition, in order to reduce the
base pressure for each deposition (~10~*Pa). The current density
applied to the Bi target, Jp;, was varied throughout the series of samples
from 0 to 0.26 mA cm™2. Post-deposition three-staged thermal treat-
ments were performed at 350 °C for ZnO:AlLBi and ZnO:Ga,Bi films;
these consisted in a 90 min ramp to the desired temperature, followed
by a 120 min stage and cooling to room temperature, corresponding to
approximately 6 h for all thermal treatments. The thicknesses of all
films are in the range of 300-400 nm.

Rutherford backscattering spectrometry and Particle-induced X-
ray emission measurements were performed at the Laboratory of
Accelerators and Radiation Technologies of Instituto Superior
Técnico (Lisbon), using a Van de Graaff accelerator. In this mea-
surement, a small chamber was used where three detectors are in-
stalled: standard at 140°, and two pin-diode detectors located sym-
metrical to each other, both at 165°. Spectra were collected for
2.0 MeV “He™*. Normal incidence was used in the experiments. The
RBS data were analysed with the NDF code [17]. X-ray photoelectron
spectroscopy experiments were carried out using monochromatic Al-
K, 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 measure-
ment was done in a Constant Analyser Energy mode (CAE) with a
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Fig. 1. Custom confocal sputtering system used for the deposition of ZnO:Al,Bi
and ZnO:Ga,Bi films.
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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 Cl1s hydrocarbon peak at 248.8 eV; an electron
flood gun was used to minimize surface charging. Energy-dispersive
X-ray spectroscopy was performed with an equipment from EDAX
incorporated in a FEI NOVA NanoSEM 200 scanning electron mi-
croscope, at SEMAT/UM, University of Minho. X-ray diffraction
(XRD) grazing incidence (1.5°) experiments were carried out using
Cu K, radiation in a Bruker AXS D8 diffractometer, at SEMAT/UM,
University of Minho.

3. Results and discussion
3.1. ZnO:ALBi films

Fig. 2 contains information on the dopant Bi content in ZnO:Al,Bi
films as function of the Bi target current density, Jg;, measured by
different analytical techniques. In this figure, blue symbols represent as-
deposited (AD) samples, while red ones represent samples after a
thermal annealing in vacuum at 350 °C (TA). Note that the RBS mea-
surements were performed in-depth analyzing the whole film thickness
(~300nm), and the presented data is an average from this. Starting
with the EDX data, it can be observed an exponential tendency in the
increase of the Bi content with Jp;, as expected. The Bi content starts at
0.1 at.% for Jg; = 0.06 mA cm ~ 2, passes through an average of 0.6 at. %
for Jg; of 0.19 mA cm ™ 2 and finally reaches a maximum with an average
of 1.3 at.% for J5; = 0.26 mA cm ™ 2. Both RBS and XPS data confirm this
tendency in Bi content, as represented in Fig. 2. With RBS, values of
0.1 at.% of Bi in ZnO:Al,Bi films were obtained for samples deposited
with Jg; = 0.13mAcm ™2 and ~0.7at.% for both as-deposited and
thermal annealed (in vacuum at 350°C) films deposited with
Jgi = 0.22mAcm ™2 With XPS, one measurement was taken for
Jpi = 0.26 mA cm ~ 2 and the corresponding Bi content stands for 1.0 at.
%. Error bars for Bi atomic composition are represented in this figure,
being an average of 3% for RBS values and an average of 5% for XPS
and EDX findings.

From Fig. 2 it can be seen a slight decrease in Bi content was re-
gistered in some thermal annealed samples, when compared to as-
deposited, possibly due to Bi diffusion to the surface, resulting in a
lower concentration in the bulk. Moreover, when comparing Bi
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Fig. 2. Bi at. % content of ZnO:AlLBi thin films as function of Bi target current
density, Jp;, from EXD, RBS and XPS analyses. Data is represented for as-de-
posited (AD) and thermal annealed in vacuum at 350 °C (TA) films.
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content for Jz; = 0.26 mA cm 2 it can be observed that the EDX data
registers a maximum of 1.3at.% (for both AD and TA samples),
whereas from XPS analysis on the same TA sample registers a value
slightly lower of 1.0 at.% is registered. The melting temperature of Bi
is lower (~271 °C; at ambient temperature and pressure) than that of
the thermal annealing (350 °C) in vacuum, hence some of the Bi
content at the surface evaporated during this treatment. Nevertheless,
the results obtained from different characterization techniques show a
good agreement, even taking into account that different film thick-
nesses were probed: for RBS and EDX, ~300nm; for XPS 5-7 nm
below the sample surface. This means that, for the ZnO:Al.Bi films, the
analysed Bi concentration near the surface is similar to the Bi con-
centration across the film deposit. A certain amount of Bi evaporation
during sputtering cannot be discarded since the data trends in Fig. 2
deviate from linearity, in particular for lower amounts of Bi doping,
albeit the authors perception that most of the Bi content results from
sputtering. Previous experiments at lower deposition rates suggests
this, as well as the race track wear on the target corroborates this line
of thought.

In comparison to the current density applied to the AZO target
(5.0mA cm ), very low current densities are required for the Bi target
because: first, as previously mentioned, Bi has a very low melting
temperature; second, in order to retain the film optical transparency,
finite amounts of Bi atoms are incorporated in the ZnO:Al structure.
Hence, the slow evolution of Bi content with Jg; reveals that the sput-
tering yield of Bi is initially very low, as is the energy of the Bi adatoms
on the growing film front, and after a certain threshold at
~0.15mA cm ™2 the incorporation of Bi is substantially enhanced. In
particular, the Bi cathode target potential was very low (~ 30 V) for the
smallest Jg; = 0.03mA cm ™2, increasing around the aforementioned
threshold to ~230V, and reaching a plateau at ~250V for the highest
Jpi = 0.26mAcm ™2

In Fig. 3 is presented the RBS spectra of a ZnO:Al,Bi film de-
posited with the Jz; = 0.22mA cm ™2 after thermal annealing in va-
cuum at 350 °C. The concentration profile of the heavier elements
can be easily obtained with a good accuracy from the spectrum using
the NDF code. For better understanding, the front edges of the ele-
ments are indicated in this figure. These edges correspond to scat-
tering from different elements at the sample surface, where the only
energy loss is due to momentum transfer to the target atom. Bi is the
heaviest element present, and the corresponding signal from layers
closer to the surface is clearly observed at high backscattering en-
ergies, separated from the other signals. The high energy edge of the
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Fig. 3.RBS spectra of a ZnO:ALBi thin film deposited with the

Jpi = 0.22mA cm 2 after thermal annealing in vacuum at 350 °C.
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Table 1

Average concentration (at.%) of the elements of the host matrix: ZnO:Al
Element Zn (0] Al
Concentration (at.%) 51.2 = 1.0 447 = 1.3 3.6 = 0.4

bismuth signal near 1.88 MeV corresponds to backscattering from Bi
at the surface. The high energy edge of the zinc peak near 1.6 MeV
corresponds to backscattering from Zn at the surface and the low
energy edge of the Zn peak (about 1.3 MeV) corresponds to scattering
from Zn at the film/Si interface. By measuring the energy width of
the Zn peak, the thickness of the layer can be calculated. Given that
quantification is made from first principles, that is, knowledge of
Rutherford scattering cross sections, Bi concentration can be de-
termined with low uncertainty. At deeper layers, Bi signal is super-
imposed with Zn signal, and the uncertainty in the concentration
becomes somewhat larger. Nevertheless, as the entire spectrum is
fitted with all elements, included adding to 100 at.%, Bi concentra-
tion is rather well defined. In case of the sample shown in Fig. 3, the
RBS spectrum indicates a decrease of Bi content near the film/Si
substrate interface. However, no significant changes were seen after
thermal annealing.

The average concentration of the elements of the host matrix
(ZnO:Al) was thus determined from the RBS fits of all samples and is
given in Table 1; the Bi dopant concentration is given in Fig. 2. It can be
derived from Table 1 that the ZnO:Al,Bi films are deficient in oxygen.
This oxygen sub stoichiometry has been already observed by other
authors for the case of Al-doped ZnO transparent and electrically con-
ductive thin films, being attributed to the oxygen vacancy generation in
the wurtzite cell due to the trivalent AI** dopant [18]. A similar effect
was observed in TiO5:Nb TCO films [19]. The Al content 3.6 + 0.4 at.
% is considered high when comparing to the composition of the
Zn0:Al,03 sputtering target (1.6 at.%). This resulted in the enhance-
ment of the electrical properties of these thin films, as previously re-
ported [16].

In Fig. 4 is displayed the XPS spectra and respective fits to the
main photoelectron lines of the thermal-annealed ZnO:ALBi thin
film with highest Bi incorporation (1.0at.%) corresponding to
Jpi = 0.26 mA cm ~ 2. From Fig. 4a) the Zn 2p3,» core line was fitted
with one component (1021.7 eV; FWHM = 1.7 eV), which is as-
cribed to Zn—O bonds [20]. Regarding the O 1s core line in Fig. 4b),
this was fitted with three components (I, IT and III): the main com-
ponent at 528.1eV (I) is ascribed with Zn—O bonds; the second
component (II) centred at 529.3eV is associated with defective
oxygen (vacancies) and with Bi—O bonds; the third component (III)
centred at 530.0 eV is associated with adsorbed oxygen [21,22]. The
relative areas of these three contributions is 49%, 31% and 20%,
respectively. Component II of the O 1s photoelectron line, related
with oxygen vacancies, has a FWHM of 1.2 eV, which reveals the
importance of the defective oxygen sites in the enhancement of the
electrical conductivity, as reported by the authors elsewhere [16]. In
Fig. 4c) the Al 2ps3,, core line was fitted with one contribution
(74.2eV; FWHM = 1.7 eV) related with either AI-O bonds in the
ZnO matrix or with Al,O3 (which cannot be excluded). Lastly, the Bi
4f core level, shown in Fig. 4d), was fitted into peak doublets with a
spin-orbit energy separation of 4fs,»-4f;,» = 5.3 eV and a peak ratio
Augs/2/A4e7,2 = 0.75. Two contributions were fitted, with Bi 4f,,,
binding energies of 156.6 eV (FWHM = 1.4eV) and 158.9eV
(FWHM = 1.3 eV), which correspond to the metallic bismuth and
oxidation state of Bi** in Bi,Og, respectively [23]. The ratio of this
oxide/metal oxidation in this particular sample is ~ 3.
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Fig. 4. XPS spectra and respective fits to main photoelectron lines (Zn 2p, O 1S, Al 2p and Bi 4f) for the ZnO:ALBi thin film deposited with the highest

Jpi = 0.26 mA cm ~ 2, after thermal annealing in vacuum at 350 °C.

3.2. ZnO:Ga,Bi films

Fig. 5a) shows the evolution of Bi content in ZnO:Ga,Bi films, mea-
sured by different analytical techniques. Blue symbols are ascribed to data
from as-deposited (AD) samples, while the red ones refer to samples after a
thermal annealing in vacuum at 350 °C (TA). Starting with both EDX and
RBS data, again one can observe the same increasing tendency of Bi
atomic content with Jg; for ZnO:Al,Bi films, albeit within a different values
range. Between 0.13 < Jp; < 0.26 mA cm 2 the Bi content increases from
0.1 to 2.4 at.%. The Bi content is thus higher for ZnO:Ga,Bi films when
compared with ZnO:ALBi films. As for the XPS measurements, the data
shows the same exponential tendency but with higher Bi content, varying
between 0.7 and 8.8 at.% in the same Jg; range. Error bars for Bi atomic
composition are represented in this figure, being an average of 3% for RBS
values and an average of 5% for XPS and EDX findings.

The ionic radii of Ga®>* and AI** are respectively 0.47 A and 0.39 A;
when compared with that of the Zn**, 0.60 A, one can assume that the
Ga®" can easily substitute Zn** in the ZnO wurtzite structure with less
lattice distortion than that caused by Al**. Moreover, it is likely that Ga
ions only occupy substitutional sites in the ZnO crystal, whereas Al ions

occupy both substitutional and interstitial sites. Such lattice
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Table 2
Average concentration (at.%) of the elements of the host matrix: ZnO:Ga, cal-
culated from PIXE and RBS measurements.

Element Zn Ga

Concentration (at.%) 50.8 + 1.4 45.4 + 2.4 2.3 = 0.2

deformations and defects caused by the Al in the ZnO structure are
expected to inhibit Bi doping [24]. It is very important to stress that
XPS measurements are performed in the first surface layers, between 5
and 7 nm below the film surface, while EDS integrate all layer content
without any depth resolution. With RBS it is possible to get an ele-
mental depth profile, although usually with lower surface sensitivity
than one obtained with XPS. Thus, the use of different chemical com-
position characterization techniques may result in a disparity of results
due to the intrinsic physical nature of the techniques themselves. The
Ga/Zn atomic composition ratio obtained with RBS and XPS is very
similar, being between 0.04 and 0.05 for the majority of the ZnO:Ga,Bi
films. However, the Bi/Zn atomic composition ratio has a distinct be-
haviour, as shown in Fig. 5b). From Table 2, Zn content has a small
variation (50.8 = 1.4at.%) for ZnO:Ga,Bi films with varying Jg;.
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Fig. 5. a) Bi at. % content and b) Bi/Zn atomic composition ratio of ZnO:Ga,Bi thin films as a function of Bi target current density, Jp;, from EXD, RBS and XPS
analyses. Data is represented for as-deposited (AD) and thermal annealed in vacuum at 350 °C (TA) films.
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Fig. 6. Elemental composition derived from XPS fits as a function of the Bi
target current density of the ZnO:Ga,Bi thin films.

Hence, the discrepancy in results shown in Fig. 5b) suggests Bi segre-
gation to the surface of film deposit. This segregation of Bi in ZnO films
has already been reported in the literature [25].

XPS was performed on four as-deposited ZnO:Ga,Bi films with
varying Jg; in order to determine the atomic concentration of the con-
stituent elements; this is presented in Fig. 6. Again, as discussed in the
previous section for the RBS results of ZnO:Al,Bi films, oxygen is de-
fective varying in the range of 42-45 at.% (average: 43.3 + 1.2at.%).
There is a noticeable decrease in Zn content from 53 to 46 at.%
(average: 50.3 = 2.5 at.%) with increasing Jg;, which is ascribed to the
increased incorporation of Bi in the wurtzite structure. Ga average
content derived from XPS fits (2.6 *+ 0.4 at.%) matches that obtained
from RBS analysis (2.3 * 0.2 at.%), within the margin of error, as seen
in Table 2. As for the dopant Bi content, with the increase of Jp; from
0.03 to 0.26 mA cm ™2 it increases concomitantly from 0.7 to 8.8 at.%
(as already observed in Fig. 5), which indicates the existence of Bi
segregation to the film surface. This is supported by the Bi concentra-
tion and Bi/Zn atomic concentration ratio obtained with other techni-
ques, which analyse the whole film thickness and give Bi concentrations
and Bi/Zn atomic concentration ratios about 4 times lower.

In order to study the effect of Bi doping into the ZnO wurtzite lattice
(hexagonal, P63mc) the lattice parameters were determined from
Rietveld refinements on the XRD patterns corresponding to ZnO:Ga,Bi
films with increasing Bi content (measured from XPS fits). For ZnO:Ga
films without Bi the lattice parameters are a = 3.190 A and ¢ = 5.112A.
As a comparison, from the ICDD crystallographic card 01-070-8070 the
lattice parameters for bulk ZnO are a = 3.248 A and ¢ = 5.205 A, with a
cell volume of 47.58 A%, Hence, the films are in compression residual
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Fig. 7. Variation of the wurtzite unit cell volume with Bi doping for ZnO:Ga,Bi
thin films after thermal annealing in vacuum.
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stress state, resulting from defects in the microstructure inherent from
film growth. From Fig. 7 it can be seen that the wurtzite unit cell volume
(%azc) increases with Bi doping to a maximum of 45.28 A3 for
Jpi~0.2mA cm ™2, corresponding to ~4at.% of Bi doping (measured
from XPS fits). Above this value the cell volume decreases, possibly due
to the aforementioned Bi segregation from the lattice.

In Fig. 8 is displayed the XPS spectra and respective fits to the main
photoelectron lines of the as-deposited ZnO:Ga,Bi thin film with highest
Bi incorporation (8.8at.%) corresponding to Jg; = 0.26 mA cm ™ 2. Re-
garding the host cation (Zn®") in the wurtzite cell and the dopant under
study (Bi®"), both metals are retaining the valency in their known
variety of Zn—O and Bi—O polymorphs [23]. From Fig. 8a) the Zn 2p3»
core line was fitted with one component (1021.3 eV; FWHM = 1.7 eV),
which is ascribed to Zn—O bonds [20]. The binding energy ascribed to
the Zn 2p3,, core line is 1022 eV and 1021.7 eV for bulk ZnO and Zn
metal, respectively [26]. Reports in the literature confirm that for Bi
doping in the ZnO wurtzite cell it was possible to resolve a slight decrease
in this binding energy (2021.5 eV) when compared to undoped ZnO [23].
Also, it was reported that this Zn 2p3,, core line may have some degree of
asymmetry when compared to that of bulk ZnO [23]. With this in mind,
in Fig. 9 is presented the experimental Zn 2ps,, core lines shapes for
undoped ZnO (FWHM = 1.8 eV; center: 2022.0 eV; asymmetry: —0.02),
ZnO:AlBi (FWHM = 1.7 eV; center: 2021.7 eV; asymmetry: —0.04) and
Zn0:Ga,Bi (FWHM = 1.7 eV; center: 2021.3eV; asymmetry: —0.07)
films, where it can be perceived a shift to lower binding energies. For
both ZnO:Al,Bi and ZnO:Ga,Bi films the corresponding Al and Ga con-
centration is similar (~2 at.%), while Bi is ~1at.% and ~9at.%, re-
spectively, derived from XPS fits. The registered asymmetry of the Zn
2ps,» core lines shapes displayed in Fig. 9, with absolute values given
above, was determined from the respective fits using a mixture of Lor-
entzian/Gaussian functions with a mix ratio of 1:3, with automatic re-
moval of both background [27]. The observed asymmetry in the line
shape of the doped films is towards lower binding energies and increases
with Bi content, being more prominent in the doped films in respect to
undoped ZnO. It can be suggested that Bi doping into the wurtzite lattice
increases the asymmetry of the Zn 2ps3,» core lines. From previous
grazing incidence XRD experiments on both ZnO:AlBi and ZnO:Ga,Bi
films [16] neither Bi>O3 or Bi-metal crystalline phases were discerned in
the diffractograms; only diffraction peaks associated with the wurtzite
structure, which, with the previous discussion, provides strong evidence
Bi is in the wurtzite cell.

Regarding the O 1s core line in Fig. 8b), this was fitted with three
components (I, IT and III): the main component at 528.7 eV (I) is as-
cribed with Zn—O bonds; the second component (II) centred at 529.9 eV
is associated with defective oxygen (vacancies) and with Bi—O bonds;
the third component (III) centred at 530.9eV is associated with ad-
sorbed oxygen [21,22], as well as with oxygen in Ga,O3 [28]. The re-
lative areas of these three contributions is 50%, 31% and 19%, re-
spectively. Component II of the O 1s photoelectron line, related with
oxygen vacancies, has a FWHM of 1.1 eV, which reveals the importance
of the defective oxygen sites in the enhancement of the electrical con-
ductivity. In Fig. 8c) the Ga 2p3,, core line was fitted with one con-
tribution (1117.5 eV; FWHM = 1.8 eV) related with either Ga—O bonds
in the ZnO matrix or with Ga,0O3 (which cannot be excluded). Lastly,
the Bi 4f core level, shown in Fig. 8d), was fitted into peak doublets
with a spin-orbit energy separation of 4fs,»-4f;,» = 5.3eV and a peak
ratio A4gs,o/As7,2 = 0.75. Two contributions were fitted, with Bi 4f,,
binding energies of 156.9 and 158.7 eV, which correspond to the me-
tallic bismuth and oxidation state of Bi®>* in Bi,Os, respectively [23].
The ratio of this oxide/metal oxidation state varies from 3 to 4 in most
of these samples, with the exception of the ZnO:Ga,Bi film that was
deposited with the highest value of Jg; = 0.26 mA cm ™2, where the
metal state is absent, as observed in Fig. 8d). Moreover, from Fig. 8d) it
can be observed that each of the aforementioned 4fs,, and 4f;,, doublet
peaks have symmetrical line shapes, which is indicative of Bi—O bonds
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Fig. 8. XPS spectra and respective fits to main photoelectron lines (Zn 2p, O 1S, Ga 2p and Bi 4f) for the as-deposited ZnO:Ga, Bi thin film grown with the highest

Jpi = 0.26 mA cm ™~ 2.
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Fig. 9. XPS experimental Zn 2p3/2 core lines shapes for ZnO (FWHM = 1.8 eV;
center: 2022.0eV; asymmetry: —0.02), ZnO:AlL,Bi (FWHM = 1.7 eV; center:
2021.7 eV; asymmetry: —0.04; ~2at%. Al, ~1at%. Bi) and ZnO:Ga,Bi
(FWHM = 1.7 eV, center: 2021.3 eV; asymmetry: —0.07; ~2 at%. Ga, ~9 at%.
Bi) films.

in the wurtzite cell, since it has been reported in the literature that the
XPS core level spectra for Bi metal has asymmetrical line shapes [23]. In
a future work Extended X-ray Absorption Fine Structure experiments
might enlighten on the coordination of Bi in the ZnO:Ga host matrix.
In Fig. 10 is presented the RBS spectra of a ZnO:Ga,Bi thin film for a
sample deposited with Jz; = 0.22 mA cm ™~ 2 after thermal annealing in
vacuum at 350 °C. As for the case of ZnO:AlLBi films, the Bi signal is
clearly visible at high energies, separated from the signals coming from
other elements. It changes rapidly, increasing for lower energies. This is
proof that the Bi concentration is not constant, instead it increases with
depth. From the RBS data, a depth profile can be determined accu-
rately, and the average concentration of Bi can also be determined.
Conversely, Ga and Zn have similar masses, and while the total content
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Fig. 10. RBS spectra of a ZnO:Ga,Bi thin film deposited with the
Jgi = 0.22mA cm ™2 after thermal annealing in vacuum at 350 °C.

of Zn and Ga can be easily determined, the accuracy with which their
individual concentrations are determined is limited. In this case, the
PIXE data, which are extremely sensitive to the total amount of each of
those elements, but not to their depth distribution, was used to de-
termine Ga/Zn ratio, as explained below.

From the combined RBS and PIXE fits to all samples, the average
composition of the elements from the ZnO:Ga host matrix is given in
Table 2; the Bi dopant concentration is given in previously discussed
Fig. 5. Hence, all films are oxygen deficient, resulting in films with a
high electrical conductivity, as reported elsewhere [16]. In Fig. 11 are
displayed two RBS spectra of the same Zn0O:Ga,Bi film deposited with a
Jpi = 0.22mA cm ™2, taken for the as-deposited and after thermal an-
nealing in vacuum at 350 °C states. From this last figure, it can be ob-
served a Bi surface enrichment for the sample in the as deposited state,
which supports the conclusion reached with data presented in Fig. 5.
Additionally, and resulting from the thermal annealing, changes in Bi
content can be discerned at the surface of the film, since a large portion
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Fig. 11. RBS spectra for a ZnO:Ga,Bi thin films deposited in the same condi-
tions, Jg; = 0.22mA cm ™2, in the as-deposited (AD) and thermal annealed in
vacuum at 350 °C (TA) state.
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Fig. 12. PIXE spectra from three ZnO:Ga,Bi thin films for the determination of
the Ga content. Data is present for as-deposited (AD) and thermal annealed in
vacuum at 350 °C (TA) films deposited with varying Jg;.

of Bi atoms are depleted from the topmost layers, possibly resulting
from thermal evaporation; a similar behaviour was observed in section
3.1 for the Zno:AlBi films. Also from Fig. 11, the Zn content is slightly
increased with the thermal annealing in vacuum, but on the expense of
oxygen reduction. It has been reported that thermal annealing enhances
the origination of oxygen vacancies and subsequent increase in the
carrier concentration of certain metal oxide thin films [19,29,30].

From Table 2, combined RBS and PIXE experiments yielded a Ga
content in the Zn0:Ga,Bi films of 2.3 + 0.2at.%, which is higher than
what is found in the composite Zn0O:Ga,03 sputtering target (1.9 at.%).
Since this Ga content in the ZnO:Ga host matrix is also higher than that of
Al in the ZnO:Al (1.6 at.%) host matrix, PIXE was used to evaluate Ga
atomic concentration in three ZnO:Ga,Bi films deposited and treated in
different conditions, as seen in Fig. 12. From this analysis it was estimated
the Ga content listed in Table 2, being this value fixed during the RBS fits
to the Zn0:Ga,Bi films. A similar analysis could not be performed for the
case of ZnO:ALBi due to inherent technical difficulties in determining Al
content with PIXE, where the signal to noise ratio was very low.

4. Conclusions

A comprehensive study of the composition of ZnO:AlBi and
Zn0:Ga,Bi films was endured due to the interest in the application of
these transparent coating materials for photovoltaic electrodes and
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thermoelectric devices. The level of Bi incorporation in the ZnO:Al and
ZnO:Ga host matrices was determined by Rutherford backscattering
spectrometry coupled with particle-induced X-ray emission experi-
ments, X-ray photoelectron spectroscopy and energy dispersive X-ray
spectroscopy. The rationale behind this study regards the optimization
of the thermoelectric figure of merit, which is inversely proportional to
the thermal conductivity of these films. Since Bi®* is a heavier ion with
a very large ionic radius (1.03 10\), in comparison to that of Zn%*
(0.60 A), it is expected that when the former substitutes the latter in the
ZnO wurtzite structure it will hinder phonon vibrations throughout the
lattice, hence contributing to the decrease of the thermal conductivity
and subsequently enhancing the thermoelectric figure of merit and,
indirectly, the thermoelectric power, as reported elsewhere by the au-
thors [16]. From these experiments it was found a correlation between
Bi atomic content in the films and the Bi target current density, while
these films still remain optically transparent in the visible region; for a
Jp; above 0.3 mA cm ™2 this optical transmittance is compromised. For
the ZnO:Al host matrix a maximum of 1.5 at.% of Bi was registered for
Jpi = 0.26 mA cm ™ 2. The EDX, RBS and XPS data converged well with
varying Jg;. The average level of Al doping in this host matrix is
3.4 = 0.4at.%, more than twice of the amount found in the host
Zn0:Al,03 target. In the case of the ZnO:Ga host matrix a maximum of
2.4at.% of Bi was registered for Jg; = 0.26 mA cm ™2, with a surface
enrichment content that varied from 1.3 to 8.8 at.% with the increase of
Jg; from 0.03 to 0.26 mA cm ™ 2. It was shown that the wurtzite unit cell
volume increases with Bi-doping in the ZnO:Ga,Bi films up to a max-
imum of 45.28 A3 for Jg;=0.2mA cm ™2, decreasing after that; possibly
due to Bi segregation from the lattice, as shown from XPS fits. When
compared to undoped ZnO, the shift to lower binding energies and
asymmetry of the Zn 2ps3,, core line shapes associated with the
ZnO:ALBi and Zn0:Ga,Bi films provides evidence of Bi—O bongs in the
wurtzite cell, since bismuth oxide or Bi-metal X-ray diffraction peaks
are absent in all films. Additionally, from the symmetrical Bi 4f;,, and
Bis,, core lineshapes further evidence is given to the Bi insertion in the
ZnO Waurtzite cell. From RBS experiments, it was found that this surface
enrichment of the deposit with Bi atoms is slightly depleted upon post
thermal annealing in vacuum at 350 °C. In the latter host matrix, the
average Ga composition is 2.3 + 0.2 at.%, just slightly above of the
value found in the Zn0O:Ga,05 target (1.9 at.%). As previously reported
by the authors [16], this level of Al and Ga doping in the respective host
matrices is responsible for the increase in charge carrier concentration.
Moreover, both ZnO:AlBi and ZnO:Ga,Bi films are deficient in oxygen,
where the O content is 44.7 + 1.3at.% and 45.4 * 2.4 at.%, respec-
tively. This oxygen sub stoichiometry results from oxygen vacancy
generation in the wurtzite cell due to the trivalent AI** and Ga®* do-
pant ions, and confirmed from XPS experiments on the Ols photo-
electron line. Ongoing experiments with X-ray absorption, Kelvin probe
atomic force microscopy and atomic probe tomography will aid to
comprehend the inherent mechanisms of Bi incorporation in the ZnO
wurtzite lattice, such as its position in the lattice and inherent phonon
dispersion effect.
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