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The present paper sets out to investigate the role of voltage pulse length on the properties of Nb:TiO2 
films deposited by High Power Impulse Magnetron Sputtering (HiPIMS). Several characteristics of 
the films were investigated, namely, resistivity, transmittance, crystallinity and band gap values of 
Nb:TiO2 films. Reactive depositions were carried out in Ar/O2 plasma with 40 µs, 50 µs, 60 µs, and 
70 µs pulses. Increasing the pulse length changes the deposition from compound to metal mode. 
As it gets closer to metal mode, the deposition rate increases by up to one order of magnitude, while 
the resistivity of the resulting Nb:TiO2 film becomes as low as 10-4 Ω.cm, without any significant loss 
in optical transmittance, which remains close to 90% for a wavelength around 450 nm, but reduction 
in 25% of heat transmission (above 800 nm) were observed. Results indicate the anatase phase for all 
deposition conditions, and Ti3+ states increase with the pulse length, which can be explained by the 
generation of a second band gap. Both the niobium doping and the Ti3+ states can contribute to increase 
the conductivity of the Nb:TiO2 films in the as-deposited condition.
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1. Introduction
Niobium-doped TiO2 (Nb:TiO2) has been quoted as 

a promising indium-free transparent conducting oxide 
material (TCO), as a photocatalyst in water purification, and 
as a self-cleaning coating for glass windows1,2. Different 
methods have been used to deposit doped TiO2 films, such 
as RF and pulsed sputtering3. Nowadays, reactive HiPIMS 
(R-HiPIMS) is a successful method to produce compound 
films, despite its low deposition rate in comparison to direct 
current magnetron sputtering (DCMS). The low deposition 
rate in HiPIMS systems has been mainly attributed to a high 
current of metal ions returning to the target. However, such 
current can produce a beneficial hysteresis reduction effect, 
thus providing a higher stability in the deposition process as 
discussed by Gudmundsson et al.4. Kadlec and Čapek5 show 
that the discharge current is also influenced by other aspects, 
namely, the target material, the secondary electron emission, 
multiple charged metal ions and the gas rarefaction effect5. In 
Lundin work, the magnitude of such variables depends on the 
operating mode (metal or poisoned) which may be controlled 
through the “voltage pulse length” provided by the HiPIMS 
power supply6. Different strategies have been used to increase 
the deposition rate, improve the stoichiometry and control 
coverage capability7. Controlling the voltage pulse waveform, 
rather than the flow of reactive gas, can be more effective to 
control the deposition mode, and the film stoichiometry in 
an R-HiPIMS system8. Anders,9 argued that adjusting the 
reactive gas partial pressure close to the transition region 
allows to identify the change from “poisoned” to “metal” 

mode, and vice-versa, by a very significant variation in the 
plasma current. For DC Pulsed Magnetron Sputtering, the 
process could be stabilized by controlling the partial pressure, 
for example. However, in R-HiPIMS, the pulse length is an 
easily manageable parameter which can be used to control the 
poisoning state of the target. Its control can provide a gradual 
and stable transition from poisoned target to quasi-metallic or 
metal deposition mode10. For example, the literature indicates 
that appropriate selections of pulse lengths make the reactive 
deposition of HfO2 by R-HiPIMS in metal mode possible, 
increasing the deposition rate without the need for an active 
regulation of oxygen flow11. Similar conclusions were reached 
by other authors in experiments aiming to deposit optically 
transparent, high-refractive-index Nb2O5 films using R-HiPIMS8. 
Given that, the present paper sets out to investigate the role of 
the pulse length (40 μs to 70 μs) on the compound to metal mode 
transition and its effects on Nb:TiO2 film properties. Resulting 
Nb:TiO2 films showed good crystallinity in the as-deposited 
condition, without the need for any post-annealing for film 
crystallization, as found in previous works in the literature12,13. 
In addition, the films show a 10-4 Ω.cm resistivity keeping high 
transmittance of around 90% in visible region, with 25% of 
reduction of transmittance above 800 nm that is important for 
facades of buildings, hence, Nb:TiO2 films are also a potential 
candidate for heat-filtering applications.

2. Experimental Details
Nb:TiO2 films were deposited on glass substrates 

through HiPIMS operating at a constant peak voltage. 
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The HiPIMS voltage pulse length were 40 µs, 50 µs, 60 µs, 
and 70 µs (-660 V), with a fixed frequency of 600 Hz 
(corresponding to a period of 1.67 ms) resulting in duty-cycles 
of 2.4%, 3.0%, 3.6%, and 4.2% respectively.

The deposition parameters are shown in Table 1. 
Four niobium rods (Ø = 2 mm) were symmetrically inserted 
into the erosion zone of a Ti target (99.9%) in order to produce 
an Nb-doped TiO2 film.

The films were characterized through X-ray diffraction 
(λ = 1.54 nm) in a diffractometer Shimadzu XRD 600. 
Measurements were obtained in the range of 20.00° to 70.00° 
with an increment of 0.02°, using a voltage of 40 kV and a 
current of 30 mA. The scanning rate was fixed at 2.0° per 
minute. Optical transmission and specular reflection spectra 
at wavelengths ranging from 200 nm to 1400 nm were 
performed in Shimadzu UV-2600 PC spectrophotometer 
equipped with an integrating sphere. The optical data were 
used to estimate the optical gaps (Eg) through Tauc plots14. 
The resistivity of Nb:TiO2 deposited on glass substrate were 
measured through a Hall Effect equipment with d.c. four-probe 
method in the Van der Pauw electrode configuration15. 
The resistivity and the Hall voltages were measured using 
a Keithley nanovoltmeter with sensitivity up to 1 V in 
a magnetic field of 1 T generated by an electromagnet. 
The electric current source was provided by a Keithley 
2410 source meter with a sensitivity range of 1 μA to 1 A. 
All the measurements were carried out under atmospheric 
pressure and at room temperature. A region on the glass 
substrate was covered with a silicon fillet during deposition, 
resulting in a step between the region without and with 
silicon. This was used to assess the thin film thickness 
which was measured using Atomic Force Microscope 
(AFM) ToscaTM 400 by Anton Paar.

The chemical state was determined through X-ray 
photoelectron spectroscopy (XPS) in a Thermo Scientific 
K-Alpha system. High-resolution spectra of the Ti 2p region 
were acquired with an energy step size of 0.10 eV, a pass 
energy of 50.00 eV, and a dwell time of 50 ms. Each of these 
spectra is an average of 5 scans. In all cases, the X-ray spot 
was 400 μm. A flood gun was used to avoid sample surface 
charging. All spectra were charge-corrected to the C 1s peak 
of adventitious carbon at 284.80 eV.

3. Results and Discussions
Figure 1 shows square-shaped 40 µs, 50 µs, 60 µs and 

70 µs long voltage pulses (-660 V), and the respective 
discharge current. The current waveform in reactive 
HiPIMS is determined by the type of ion recycling that 
dominates the discharge. For a HIPIMS discharge in 
an Ar/O2 atmosphere with a Ti target, Gudmundsson4 
showed that, in metal mode, the discharge is dominated 
by self-sputter ion recycling, which leads to an upper 
limit in the current and a plateau shape for the current 
waveform, as observed in Figure 1 for a pulse length 
of 70 µs. On the other hand, in the poisoned mode, the 
discharge is dominated by working gas ion recycling, and 
the absence of an upper limit of discharge current results 
in a triangular shape4, as observed for 40 µs and 50 µs. 
So, increasing the pulse length shifts the deposition from 
compound to metal mode.

Table 2 shows the film thickness for different pulse 
lengths. Besides the lower current for 70 µs pulses, the 
deposition rate increases by one order of magnitude when 
compared to shorter pulses. A high discharge current can 
be associated with the target poisoning. On the other hand, 
a lower current, in addition to a high deposition rate, can 
be associated with metallic mode sputtering, which is 
observed for longer pulses in the present paper. This may 
be a consequence of gas rarefaction next to the target, 
once the long pulse could heat the gas in front of it, but the 
exact mechanism is not well known16. The sputter yield in 
R-HiPIMS processes for oxides and metals is complex as 
it involves numerous factors such as type of ions, electron 
density, composition of neutral and ionized atoms self-
sputtering, and working gas recycling4,17.

Table 1. Plasma deposition parameters.

Deposition Parameters

Target to substrate 6.0 cm

Ar flow rate 86 sccm

O2 flow rate 2.5 sccm

Ultimate pressure 10−5 Torr (~10−3 Pa)

Working pressure 5.0 mTorr (0.66 Pa)

Target voltage -660 V

Average power at target (Ø 2”) 130 W

Frequency 600 Hz

Substrate temperature 200 °C

Substrate Bias - 30 VDC

Deposition time 1 h

Figure 1. Target voltage and current waveforms for pulse lengths 
of 40 µs, 50 µs, 60 µs, and 70 µs.

Table 2. Thickness of films for different pulse lengths.

Tpulse 40 µs 50 µs 60 µs 70 µs

Thickness ± 5 (nm) 55 78 107 548
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XRD and Transmittance results performed on samples 
are shown in Figure 2 and Figure 3, respectively. The XRD 
patterns (COD-9008213) indicate the growing of the anatase 
TiO2 phase, planes (011) (020) and (121). The (011) peak 
becomes less intense as the voltage pulse increases from 
40 µs to 70 µs. The reduction of the XRD peaks may be 
correlated to partially amorphous Nb:TiO2 and titanium 
suboxides (TiOx). No peaks associated with niobium phases 
were detected, which suggest that niobium atoms are in 
substitutional sites into the TiO2 crystal lattice or it is in 
amorphous phase.

Transmittance curves (Figure 3) are shifted to larger 
wavelengths as the pulses increase from 40 µs to 70 µs. 
Despite the larger thickness (~ 550 nm) of the film deposited 
with a 70 µs pulse, the transmittance reaches 90% at a 
450 nm wavelength. The transmittance in the infrared range 
(around 800 nm) drops from ≈ 90% (non-coated sample) 
to ≈ 65% (Nb:TiO2 coated samples). The transmittance 
of Nb:TiO2 coated samples is also about 20% lower than 
glass coated with non-doped TiO2 films (anatase phase), 
when compared with values from the literature18. Hence, 
Nb:TiO2 films are also a potential candidate for heat-filtering 
applications.

In general, the transmittance decreases as the thickness 
increases. This is because a thicker material will interact 
more with the light, resulting in the occurrence of multiple 
reflections and a higher likelihood of absorption in thin films 
with non-homogeneous or columnar growth, as described 
by Equation 119:

1 ( )
1

Td n
R

α =
−

 (1)

In this study, the transmittance (T) and reflectance (R) 
of the films were measured, and the absorption coefficient 
(α) was determined based on the known film thickness (d) 
to access band gap energy. The reflectance is low along 
the evaluated wavelength and the absorption depends on 
the electronic transition energy of the material. The optical 
absorption of anatase occur in the ultraviolet wavelength 
range at an absorption edge between 300 and 400 nm. 
Above 400 nm the anatase absorption coefficient is very 
low, as showen by20

The absorption of lower energy photons in the infrared 
range happens primarily through weakly-bound electrons 
available to move through the crystalline structure19, which, 
when in appropriate quantity, keep the transmittance of 
bulk-like glass and anatase TiO2. On the other hand, below 
400 nm, there is a shift in the falling edge of transmittance. 
The 80% transmittance region has a blue-shift from 345 nm for 
the uncoated glass to 410 nm in the 70 µs condition, indicating a 
reduction in the band gap and an improvement in UV absorption. 
This UV photon absorption is performed primarily by bound 
electrons and determine the band gap energy19.

Semiconducting materials can exhibit a direct or indirect 
band-to-band transition depending on their electronic 
structure. Both types of transitions can be observed in the 
same material21,22. Some authors have indicated that, in 
TiO2, the anatase has an indirect band gap of 3.2 eV23, while 
Figure 4 clearly shows that the indirect anatase band gap Eg1 
had a clear Burstein-Moss shift of 0.3 eV in all samples24-26. 

This is explained by the fact that the extra electrons from the 
Nb replacing the Ti populate states within the conduction 
band, which pushes the Fermi level to a higher energy that 
can explain Eg1 ≈ 3,5 eV.

Optical transitions in semiconductors involve localized 
states in the band gap that can be changed when they are 
doped. The doping can add electrons to the conduction 
band of oxides, which can behave like free electrons or 
even cause a lattice distortion induced by their presence 
(electron-phonon interaction), forming the so called polaronic 
states27. The doping-generated charge carriers interact 
with the lattice energy states and locally distort the lattice, 
which can lead to the formation of in-gap states28. That 
can significantly change electrical and optical properties, 
including an observed second energy gap that decreases 
from 3.19 eV to 2.80 eV with an increasing deposition 
pulse length. This second band gap can be associated 
with the Ti3+ states identified in the XPS, which will be 
better explained later. However, this hypothesis needs to 
be further investigated.

Figure 2. XRD pattern for 40 µs, 50 µs, 60 µs and 70 µs pulses.

Figure 3. Transmittance for films deposited at 40 µs, 50 µs, 60 µs 
and 70 µs pulses.
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Table 3 shows the resistivity, band gap and fractions 
of oxidation state for Ti obtained through van der Pauw, 
the Tauc method and XPS, respectively. The first band 
gap does not change significantly, but the film resistivity 
decreased down to 10-4 Ω.cm for the 70 µs pulse. Previous 
literature shows similar values for Nb:TiO2 films13,29, but 
the authors point the need for a post-annealing treatment 
to reach a similar resistivity. The present method goes 
beyond the former ones because it makes it possible to grow 
low-resistivity films while keeping a high transparency in 
the visible range in the as-deposited condition, without the 
need for any post-annealing.

This can be explained by polaronic effects and 
electron localization affecting the materials physical 
and chemical properties. The nature of charge carriers in 
doped oxides is key to understanding the mechanism of 
electrical conduction in these multifunctional materials30. 

Strongly dependent on their mass and size, polarons exhibit 
widely different conduction mechanisms, from band-like 
transport to thermally-activated hopping transport31,32.

XPS results show that the ratio Nb/Ti is 0.06±0.01 for 
all the films. The Figure 5 shows the XPS high-resolution 
spectra analysis for Ti2p which show the Ti4+ oxidation state 
for all samples, indicating stoichiometric TiO2. The signal 
corresponding to the Ti3+ oxidation state increases with the 
pulse length due to the change from oxide mode to metal 
mode. The fitting procedure used a Gaussian-lorentzian sum 
(30% lorentzian) and the background was removed through 
the Shirley method, using the Smart routine of the Avantage 
software. Spin-orbit coupling and the Coster-Kronig effect 
was taken into account for the fitting. The Ti3+ states may be 
associated with the second band gap, which decreases from 
3.19 eV to 2.80 eV as the pulse length increases (Table 3), in 
agreement with the blue-shift observed in the transmittance curves. 

Table 3. Resistivity, band gap values and the fractions of each oxidation state for Ti in films.

Tpulse 40 µs 50 µs 60 µs 70 µs

( ) cmρ Ω ( ) 11.1 0.1 10µ −± ( ) 14.8 0.3 10µ −± ( ) 21.3 0.1 10µ −± ( ) 46.8 0.2 10µ −±

Eg1 (eV) 3.51 3.50 3.50 3.53

Eg2 (eV) 3.19 3.06 2.95 2.80

Ti4+ (%) 96 95 90 91

Ti3+ (%) 4 5 10 9

Figure 4. Band gap energy of films Eg1 is an anatase gap with a Bursten-Moss shift and an Eg2 as a second gap.
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The Nb 3d spectra only show the Nb5+ oxidation state. 
The replacing of a tetravalent Ti4+ by a pentavalent Nb5+ 
in the crystal lattice can inject an extra electron into the 
conduction band, thus changing the energy levels, the 
resistivity, and the band gap. This is the main electrical 
conductivity promoting factor of this compound, because the 
Nb impurities act as donors, resulting in an extrinsic n-type 
semiconducting material33. However, as the Nb/Ti ratio is 
almost unaffected with pulse length this can not explain the 
modifications in film properties with pulse length. In metal 
mode, there is a higher flux of Ti atoms to the film, increasing 
the number of Ti3+ states, which collaborate to reduce the 
second band gap, improving the conductivity. Other effects, 
such as changes in film density and microstructure can not 
be ruled out, but need more investigations.

4. Conclusions
The reactive deposition of Nb-doped TiO2 films through 

R-HiPIMS shows that the metastable anatase phase was 
successfully controlled through the voltage pulse length. 
The “pulse length” parameter can be properly tuned so that the 
deposition occurs around the transition point from compound 
to metal mode. Consequently, the stoichiometry, the deposition 
rate and the properties of Nb:TiO2 films (Nb/Ti=0,06±0.01), 
such as the resistivity and transmittance, can be controlled. 
Transparent, thick (≈500 nm) and remarkably low resistivity 
(10-4 Ω.cm) films were obtained in the as-deposited condition 
for 70 µs pulses, without the need for any post-annealing.

Figure 5. XPS peak fit analysis of Ti 2p region for films obtained through (a) 40 µs, (b) 50 µs, (c) 60 µs, and (d) 70 µs pulses. 
The corresponding values of normalized chi-square (χ2) and Abbe criterion are shown. The residuals are plotted under the curves.
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