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Gaussian fitting of the visible light region of ZnO films with different Ta content and the intensity ratio of blue, green, yellow, and or-
ange to UV emission peaks.

Public summary
m The influence of Ta doping on the microstructure and optoelectronic properties of ZnO films was investigated.

m The exploration of the luminescent characteristics and emission mechanism of defect levels in Ta doped ZnO films was
conducted.

m The solubility limit of Ta in ZnO is observed to be approximately 5 at%—6 at%.

m Films containing doping concentrations above 5% exhibit reduced crystallinity alongside numerous defects.
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Abstract: ZnO thin films with varying Ta concentrations were fabricated through magnetron sputtering. The crystallinity
and surface morphology of the ZnO films are significantly influenced by the incorporation of Ta, as evidenced by the
X-ray diffraction and scanning electron microscopy results. The lattice constants, as determined by X-ray diffraction, con-
tradict the disparity in Ta and Zn ion radii, which is attributed to the impact of interstitial defects. This inconsistency intro-
duces variations in carrier concentration in this experiment compared with prior studies. Subsequent exploration of the lu-
minescent characteristics and emission mechanism of defect levels in Ta-doped ZnO films was conducted through photolu-
minescence. Furthermore, the factors influencing the bandgap are discussed.

Keywords: tantalum-doped zinc oxide; RF magnetron sputtering; microstructure; photoluminescence
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1 Introduction

Considerable attention has been given to zinc oxide (ZnO) as
an excellent n-type semiconductor because of its wide
bandgap (3.37 eV), optical transparency, and large exciton
binding energy (60 meV)". Its applications span a range of
fields, including photocatalysis, antibacterial materials, super-
hydrophobic coatings, gas sensors, solar cells, and diluted
magnetic semiconductors”™ . Moreover, ZnO can also be ap-
plied in surface modification and to catalyze degradation pro-
cesses!'*''l. Moreover, ZnO can be prepared through various
straightforward techniques, including pulsed laser deposition,
molecular beam epitaxy, spray pyrolysis, sol-gel and sputter-
ing!"” .. Typically, ZnO exhibits natural n-type conductivity,
which is associated with the presence of shallow donor de-
fects inside, such as oxygen vacancies and zinc interstitials™".
The alteration of the luminescent behavior of ZnO can be
caused by the introduction of various elements through dop-
ing. Generally, the photoluminescence (PL) of ZnO is di-
vided into the ultraviolet region and the visible region. Ultra-
violet emission is considered the characteristic emission of
ZnO, attributed to near-band edge transition and exciton re-
combination®. Although visible region luminescence is
widely believed to originate from internal defects, there is still
controversy. Research has shown that doping different ele-
ments into ZnO allows flexible adjustment of its properties to
meet the requirements of various fields. Doping is an import-
ant and widely used method in the optoelectronic field. The
efficiency of doping is usually related to their electronegativ-
ity and the difference in ionic radii between the dopant and
Zn ions™. The ionic radius of Ta** (0.064 nm) is not signific-
antly different from that of Zn** (0.074 nm)™. Theoretically,
Ta can replace Zn in the ZnO lattice without distorting the
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crystal structure. There is a significant difference in the
valence states between Ta’ and Zn*'. Therefore, even a small
amount of doping can provide sufficient carriers. However,
there are few reports in the literature concerning Ta-doped
ZnO films*". Moreover, to the best of our knowledge, many
characteristics of Ta-doped ZnO films, such as luminescence,
have not been systematically studied. In this work, ZnO films
with different Ta doping concentrations were prepared by
magnetron sputtering, and the composition, morphology, mi-
crostructure, and photoelectric properties of the Ta-doped
ZnO films were studied.

2 Materials and methods

Ta-doped ZnO films were deposited in a multitarget magnet-
ron sputtering system. Sputtering was carried out at room
temperature using a ZnO target (99.99%) and a Ta,Ojs target
(99.99%). The deposition atmosphere was a mixture of 6%
oxygen and 94% argon while maintaining a pressure of ap-
proximately 0.6 Pa during deposition. The sputtering power
for the ZnO target was set at 60 W. The doping level of Ta
was controlled by adjusting the sputtering power for the
Ta,O5 target. The samples were labeled as follows: pure ZnO
films without Ta doping were labeled SO, and the samples
with Ta,Ojs sputtering powers of 30, 35, 40, and 50 W were
labeled S1, S2, S3, and S4, respectively. The deposition time
was adjusted to achieve a film thickness of approximately 200
nm for all the samples. After deposition, the films were an-
nealed in a tube furnace under a nitrogen atmosphere at a
pressure of 10 Pa for 30 min.

The surface morphology and film thickness were investig-
ated using a field emission scanning electron microscope
(SEM, FEI Apreo). Concurrently, the composition of the
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films was analyzed utilizing an energy dispersive spectro-
scopy system (EDS, Bruker X Flash 6130). To characterize
the crystalline microstructure of the films, X-ray diffraction
(XRD, MiniFlex 600) employing Cu Ka radiation was used.
The surface properties and the valence state of the elements
were assessed by means of X-ray photoelectron spectroscopy
(XPS, Thermo Scientific ESCALAB 250Xi). The transmit-
tance spectra of the films were measured using an ultraviolet-
visible spectrophotometer (Solid 3700 DUV). To evaluate the
electrical properties of the film, the van der Pauw method was
employed, and measurements were carried out using a Hall
effect system set up in our laboratory. At room temperature,
photoluminescence spectra were recorded using a high-
resolution spectrometer (LabRAM HR Evolution) at
wavelengths of 325, 473, and 532 nm lasers, respectively.

3 Results and discussion

Due to the close proximity of the characteristic peak posi-
tions of Ta Ma (1.71 keV) and Si Ka (1.74 keV), the samples
measured via EDS were grown on sapphire (Al,O3) sub-
strates to prevent overlap of the characteristic peaks. The rela-
tionship between the sputtering power for the Ta,Os target
and the Ta content, as determined by EDS analysis, is depic-
ted in Fig. 1. The atomic ratio of Ta/(Ta+Zn) in the films was
calculated. Sample SO represents a pure ZnO film, whereas
samples S1, S2, S3, and S4 have Ta contents of 1.8 at%, 2.9
at%, 5.5 at%, and 8.1 at%, respectively. The Ta content in the
films gradually increased as the Ta,Os sputtering power in-
creased with a fixed ZnO sputtering power.

XPS measurements were performed to ascertain the chem-
ical states of the elements, and the XPS spectra are displayed
in Fig. 2. From the full spectrum, it is discernible that the de-
posited film is predominantly composed of Zn, Ta, O, and C,
with the presence of C attributed to the adsorption of CO,
from ambient air. In Fig. 2b, the Zn core levels are located at
symmetric peaks at 1021.7 eV and 1044.9 eV, corresponding
to the 2p;, and 2p,,, levels of Zn, with a spin—orbit splitting
of 23.2 eV. These values closely align with the standard val-
ues observed in ZnO, suggesting that the majority of the Zn in
the films exists in the form of Zn*™.. Fig. 2¢ presents the 4f
core level spectrum of Ta, featuring characteristic peaks at ap-
proximately 26.2 eV and 28.1 eV. According to prior literat-
ure, for the typical Ta* oxidation state, the Ta 4f;, and Ta
4f;, peaks are positioned at 26.8 eV and 28.7 eV,
respectively”. For the Ta* oxidation state, the two peak posi-
tions are located at 25.1 ¢V and 27.2 eV™". In our experiment-
al measurements, the binding energy positions of Ta 4f;, and
Ta 4f;,, fall between those of Ta** and Ta*, indicating that the
measured Ta characteristic peaks result from the overlap of
Ta™ and Ta* peaks. This suggests that Ta coexists with both
Ta* and Ta* in the film.

3.1

The XRD spectra of the undoped and Ta-doped ZnO films are
presented in Fig. 3a. It is evident that only one (002) diffrac-
tion peak is exhibited by all the samples, aligning with the
hexagonal wurtzite ZnO standard pattern and is indicative of
a high c-axis preferential orientation. Additionally, a notice-
able shift of the diffraction peak toward lower angles is
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Fig. 2. XPS spectra of Ta-doped ZnO thin films: (a) full spectrum; (b) Zn 2p peak; (c) Ta 4f peak.
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Fig. 3. (a) XRD of Ta-doped ZnO thin films; (b) relationships between the Ta content and the resistivity, carrier density, and mobility.

observed as the doping level increases, with the 20 shifting
from 34.26° to 33.34°. Simultaneously, there is a decrease in
the intensity of the (002) diffraction peak, signifying the suc-
cessful integration of the dopant into the ZnO films™. It is
apparent that the inclusion of Ta does not result in the emer-
gence of any additional phases within the films. Con-
sequently, the crystal structure remains unaltered upon dop-
ing with Ta, suggesting the potential for Ta to replace Zn in
lattices or be inserted at interstitial sites””’. Furthermore, it
was determined that the distinctive peak of (002) exhibited a
discernible shift toward lower angles by calculating the lat-
tice spacing using the Bragg diffraction equation 2dsiné = ni.
This phenomenon is conventionally attributed to the substitu-
tion of Zn** with larger doping ions". However, it is note-
worthy that the ionic radii of Ta* (0.064 nm), Ta* (0.068
nm), and Ta* (0.072 nm) are comparatively smaller than that
of Zn** (0.074 nm)*’. Thus, the explanation for this observa-
tion cannot be exclusively grounded in ionic radii considera-
tions. Similar results have been reported for ZnO doped with
Zr* (0.059 nm) and Mo® (0.041 nm), suggesting the involve-
ment of additional defects linked to interstitial atoms and the
dopant”*I. If all the doped Ta atoms were to occupy Zn sites,
this would lead to a reduction in the lattice parameter.

Consequently, the introduced Ta may partially enter the grain
boundaries or interstitial sites, concurrently introducing addi-
tional defects. Notably, the standard lattice parameter ¢ of
ZnO is 5.206 A, whereas that of the pure ZnO prepared in this
experiment is 5.235 A, which is greater than the standard
value. This slight deviation implies the presence of inherent
defects, including oxygen vacancies and interstitial atoms, in
the ZnO films prepared via magnetron sputtering””. Upon Ta
doping into ZnO, a swift reduction in the intensity of the dif-
fraction peak and an increase in the FWHM of the peaks were
observed. Analysis using the Scherrer equation revealed a re-
duction in the grain size, suggesting that the incorporation of
Ta inhibited the growth of the ZnO microcrystals. Con-
sequently, the doping of Ta resulted in a decrease in the crys-
tallinity of the films. The SEM image of the film is shown in
Fig. 4, and the Ta doping concentration has a significant ef-
fect on the surface morphology of ZnO. The undoped ZnO
grains exhibit regular spherical shapes with relatively large
grain sizes. Following a minor increase in doping, a decrease
in the grain size is observed, with small grains aggregating to
generate irregular large clusters. With a high doping concen-
tration, the occurrence of grain aggregation diminishes, ac-
companied by an increase in the disorder of the film.
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Hall measurements conducted on the films revealed that the
carrier concentration of undoped ZnO and films with low Ta
doping concentrations remained at approximately 10" cm™. In
previous studies, a minor amount of Ta doping was identified
as increasing the carrier concentration by substituting Ta** for
Zn** and supplying additional electrons. However, in this ex-
periment, the introduction of Ta doping resulted in a deterior-
ation of crystallinity, leading to the absence of a significant
increase in the carrier concentration. This divergence from
prior studies can be ascribed to variations in film preparation
techniques, potentially diminishing the efficacy of doping®**'l.
Through the integration of XRD analysis, a reasonable specu-
lation arises that partially doped Ta ions replace Zn sites in
the lattice as donor defects, providing electrons. Another frac-
tion may aggregate at grain boundaries or interstitial sites,
forming positive defects that serve as electron traps, thereby
restricting carriers, and both factors mutually constrain each
other™. The decrease in carrier concentration after high-
concentration Ta doping is related to the solubility of Ta in
ZnO. The increased presence of Ta in interstitial spaces or at
grain boundaries further reduces the carrier concentration.
Mobility decreases with increasing Ta concentration, which is
attributed to the aggregation of dopants and an increase in de-
fects, consequently resulting in an increase in ionized scatter-
ing. Furthermore, the decrease in crystallinity contributes to
increased grain boundary scattering, collectively impeding the
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migration of carriers.
3.2 Photoluminescence

To attain a better understanding of the alterations in the elec-
trical properties of thin films, a meticulous investigation of
defect states is imperative. Photoluminescence serves as a
common methodology for studying the luminescent charac-
teristics, bandgap features, and point defects inherent in ma-
terials. The photoluminescence spectra of the films deposited
on silicon substrates illuminated by excitation wavelengths of
532, 473, and 325 nm are shown in Fig. 5. Under 325 nm
laser excitation, sharp ultraviolet (UV) region emission and
broad visible light emission are observed in the sample. The
UV emission is attributed primarily to near band edge (NBE)
emission resulting from exciton recombination. A discernible
shift of the UV emission peak toward shorter wavelengths oc-
curs with increasing Ta doping concentration, reflecting an
increase in the bandgap. The visible light emission is associ-
ated mainly with the defect energy levels within the films,
such as zinc interstitials (Zn;), extended zinc interstitials (ex-
Zn;), zinc vacancies (Vz,), oxygen interstitials (O;), and oxy-
gen vacancies (Vo). The consistent trend in the absolute lu-
minescence intensity variation across samples under diverse
laser excitation wavelengths is evident. This phenomenon is
attributed to the luminescent efficiency of the samples, a char-
acteristic that may be intricately connected to the morphology
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Fig. 5. PL spectra of samples and substrates (Sub) at different excitation wavelengths: (a) 532 nm, (b) 473 nm, (c) 325 nm; (d) normalized PL spectrum of (c).
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and microstructure of the samples. Under the excitation of a
325 nm laser, a small peak is consistently observed, which
aligns with approximately half of the NBE energy. The trend
of changes in peak position aligns consistently with that of
NBE. Moreover, under the excitation of 473 and 532 nm
lasers, the disappearance of this peak suggests that it is not
caused by intrinsic defects but rather the result of the second-
order diffraction of ultraviolet emission”**, In Fig. 5d, the ul-
traviolet light emission intensity of the sample is normalized.
Following the introduction of Ta doping, there is a signific-
ant increase in the relative luminescence intensity in the vis-
ible light region. Moreover, the impact of changes in Ta con-
centration after doping on the emission intensity in the vis-
ible light region is considerably smaller than the impact of the
presence of Ta doping itself.

To enhance the analysis of the photoluminescence mechan-
isms and defect density, Gaussian peak fitting was implemen-
ted to deconvolute the PL spectra within the visible light re-
gion. Notably, the introduction of Ta does not result in addi-
tional peaks in the PL spectra. All sample PL spectra were fit-
ted using peaks centered around wavelengths of approxim-
ately 450, 520, 580, 630, and 680 nm, and the second-order
diffraction peak changed with NBE, corresponding to
blue—purple, blue, green, yellow, orange, and infrared emis-
sions. The blue—purple and blue emission peaks are attrib-
uted to transitions from extended zinc interstitials and oxy-
gen vacancies to the valence band maximum (VBM) (ex-
Zn,—VBM, Vo—VBM)™ 1. The green and yellow emission
peaks mainly originate from transitions from the conduction
band minimum (CBM) and zinc interstitials to oxygen inter-
stitials (CBM—0;, Zn;—0;)"**. The orange emission peak
may result from the transition from the conduction band min-
imum to zinc vacancies (CBM—V,,)*l. To further quantify
the defect density, the integral area ratio of the main defect in
the visible light region to the UV region emission peak
(Is,6.v.0/Iuv) was studied™.

By examining the trend of the luminescence intensity ratio
between the visible light region and the ultraviolet region, the
variation in the defect density was semiquantitatively invest-
igated (refer to Fig. 6). It was observed that pure ZnO films,
despite containing intrinsic defects, exhibit a relatively low
defect density. With the introduction of Ta, an overall in-
crease in the defect density was noted, a phenomenon associ-
ated with a reduction in the grain size and an increase in the
degree of film disorder. The increase in luminescence intens-
ity within the blue and green regions signifies the transfer of
oxygen in the lattice to interstitial sites with increasing Ta
concentration, leading to a simultaneous increase in Vg, and
O; defects. The enhanced orange luminescence is associated
with an increase in defects due to crystallinity degradation,
and the subsequent decrease with Ta doping may be attrib-
uted to Ta occupying zinc vacancies in the lattice sites. Nu-
merous studies have highlighted a close correlation between
alterations in carrier concentration and intrinsic defect dens-
ity in ZnO films““"). In our measured PL spectra, the vari-
ation in the defect luminescence intensity in the visible light
region cannot fully explain the changes in carrier concentra-
tion, indicating the presence of defects that do not contribute
to radiative transitions affecting the carrier concentration.
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Combined with the previous analysis, this may be related to
the incorporation of Ta into interstitial or grain boundary
sites.

3.3 Optical properties

Fig. 7 shows the optical characteristics of the TZO films,
where excellent transmission was observed across the visible
spectrum for all the samples. With Ta doping, a blueshift in
the absorption edge was observed. This shift is attributed to
the increase in the TZO bandgap. Since ZnO is a direct
bandgap semiconductor, its optical bandgap (£,) follows the
following relationship:

5 1 1

(ahv)y =A(hv-E,), a= Eln(f)’
where A is a constant, 4v is the photon energy, and the ab-
sorption coefficient a can be computed from the thickness (d)
and transmittance (7) of the films. By plotting (ahv)* as a
function of the photon energy (/4v) and performing a linear fit,
the bandgap can be determined™. Furthermore, the first de-
rivative of the transmittance with respect to the photon en-
ergy is calculated, as illustrated in Fig. 7. Numerous studies
on doped films attribute the broadening of the bandgap to the
Burstein—Moss effect”**l. The premise is that the electron
concentrations in these films exceed the Mott critical density
and that the Fermi level is positioned within the conduction
band, resulting in the filling of part of the bottom of the con-
duction band by electrons. Therefore, the Pauli exclusion
principle prohibits optical transitions to these states, resulting
in optical absorption occurring at higher energy levels, lead-
ing to the expansion of the bandgap®. At this juncture, in the
case of photoluminescence emission, the states between the
bottom of the conduction band and the Fermi level are filled
with electrons. These electrons can undergo transitions to the
valence band under excitation, leading to radiative emission.
Consequently, the PL emission energy values near the band
edge of these films are lower than the optical bandgaps™".
Fig. 7d and Table 1 present the bandgap-related data ob-
tained from Tauc plots, d7/dE, and PL spectra in this experi-
ment. The PL emission energy values near the band edge for
all the films exceed the bandgaps obtained from the Tauc
plot, which is also documented in other studies on doped
ZnOb*1, Moreover, the carrier concentration of the films in
these two opposite phenomena is distinguished by the Mott
critical density in ZnO (approximately 7x10" cm™)*\. For the
films with carrier concentrations below the Mott critical dens-
ity, the PL emission energy near the band edge is greater than
the bandgap obtained from the Tauc plot, which is fully con-
sistent with this experiment (see Fig. 3b). Fig. 7d shows that
the PL emission energy near the band edge of undoped ZnO
is lower than the bandgap energy, whereas the energy differ-
ence increases after Ta doping. We speculate that this is re-
lated to the levels near the conduction band in the bandgap of
the films. Undoped ZnO has fewer defect levels, and electron
transitions during absorption and emission mainly occur
between the bottom of the conduction band (CBM) and the
top of the valence band (VBM). After doping, the number of
defects increases, and those levels near the conduction band
are unoccupied, allowing optical absorption to occur between
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Fig. 6. (a)—(e): Gaussian fitting of the visible light region of ZnO films with different Ta contents; (f) intensity ratios of the blue, green, yellow, and or-

ange emission peaks to the UV emission peaks.

the VBM and these levels. In the case of PL emission, elec-
tron transitions mainly occur between the CBM and VBM.
The derivation of a crystal’s band structure is based on first
principles, which are accomplished through computing the
density of states of each atomic orbital. The band structure of
the crystal can be obtained by integrating the density of states
in space, so any change in the band structure can be ex-
plained by the change in the density of states. In the band
structure of ZnO, the VBM is influenced primarily by O 2p
states, whereas the CBM is predominantly determined by Zn
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4s states'’. Turning to the band structure of Ta,Os, the VBM
relies on O 2p orbitals, with the main contribution to the con-
duction band originating from Ta 5d orbitals®’. The electron
affinity of Ta,Os (3.14 eV) is smaller than that of ZnO (4.5
eV)>* indicating that the energy position of the Ta 5d states
surpasses that of the Zn 4s states. When Ta is doped into ZnO
and replaces Zn at lattice sites, coupling between Zn 4s states
and Ta 5d states occurs in the conduction band, resulting in
an upward shift of CBM. This phenomenon has also been ob-
served in Mg-doped ZnO™". The changes in the valence band
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plots, and PL spectra.

Table 1. Bandgaps of Ta-doped ZnO films obtained from Tauc plots,
d7/dE plots, and PL spectra.

Bandgap (eV)
Sample
Tauc d7T/dE PL
SO 3.26 3.27 3.27
S1 3.28 3.30 3.34
S2 3.32 3.32 3.39
S3 3.42 3.43 3.47
S4 3.48 3.51 3.52

determined by O 2p states are relatively small, resulting in an
expansion of the bandgap. Nevertheless, at high doping
concentrations, most of Ta enters interstitial or grain
boundaries rather than replacing Zn. In such instances, owing
to the deterioration of the film crystallinity, the grain size de-
creases to less than 10 nm, and the expansion of the bandgap
is associated with quantum size effects® !,

4 Conclusions

This experiment systematically investigated the influence of
Ta doping on the microstructure and optoelectronic proper-
ties of ZnO films. These results indicate that the doping of Ta
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introduces additional defects and reduces the grain size. The
solubility limit of Ta in ZnO is approximately 5 at%—6 at%,
beyond which the increase in the number of grain boundaries
and defects reduces mobility, resulting in a reduction in the
carrier concentration. Upon reaching a doping concentration
of 8.1 at%, the carrier concentration in the film decreases to
approximately 10" cm™. The luminescent mechanism of the
film was studied through photoluminescence, further confirm-
ing the aforementioned conclusions. A comparison of the
transmission spectra with the photoluminescence spectra re-
vealed that the difference in the emission and absorption op-
tical transition mechanisms of the doped ZnO films is closely
related to whether the Fermi level enters the conduction band.
Additionally, the bandgap of ZnO films is increased by Ta
doping, a phenomenon linked to the coupling of Ta and Zn
energy levels and quantum size effects. In summary, Ta-
doped ZnO films can concurrently modulate the carrier
concentration and bandgap, indicating potential applications
in specific optoelectronic devices.
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