N

N

Enhanced optical and electrical properties of Nb-doped
TiO2 thin films synthesized by atomic layer deposition
using the supercycle strategy
Getaneh Diress Gesesse, Olivier Debieu, Aline Jolivet, Cédric Frilay, Sylvain
Duprey, Philippe Marie, Xavier Portier, Franck Lemarié, Christophe Labbé,

Christian Dufour, et al.

» To cite this version:

Getaneh Diress Gesesse, Olivier Debieu, Aline Jolivet, Cédric Frilay, Sylvain Duprey, et al.. Enhanced
optical and electrical properties of Nb-doped TiO2 thin films synthesized by atomic layer deposition
using the supercycle strategy. Journal of Alloys and Compounds Communications, 2024, 3 (24),
pp.100018. 10.1016/j.jacomc.2024.100018 . hal-04675798

HAL Id: hal-04675798
https://hal.science/hal-04675798v1

Submitted on 22 Aug 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04675798v1
https://hal.archives-ouvertes.fr

New insights on transparent conductive Nb-doped TiO: thin films synthesized by the

atomic layer deposition technique

Getaneh Diress Gesesse®*, Olivier Debieu®, Aline Jolivet?, Cédric Frilay?, Sylvain Duprey?,
Philippe Marie®, Xavier Portier?, Franck Lemarié?, Christophe Labbé?, Christian Dufour?, Clara

Grygiel®, Nithavong Cam?, Christine Labrugere®, Mohamad EI-Roz®, and Julien Cardin®*

2CIMAP, ENSICAEN, UNICAEN, CEA, CNRS, 6 Boulevard Maréchal Juin, 14050 Caen Cedex

4, France

5 UMR CNRS 5085 Cirimat, Institut Carnot Chimie Balard Cirimat, Université Toulouse Il Paul

Sabatier, 118 Route de Narbonne, 31062 Toulouse, France

¢ LCS, ENSICAEN, UNICAEN, CNRS, 6 Boulevard Maréchal Juin, 14050 Caen Cedex 4,

France

I PLACAMAT, UAR 3626 Université de Bordeaux, CNRS, 87 Avenue du Dr Albert Schweitzer,

33608 Pessac Cedex, France
Abstract:

Transparent Conductive Oxides (TCOs) with high optical transparency and electrical
conductivity are highly attractive due to their application in various field such as optoelectronic
devices, including solar cells, flat panel displays, touchscreens, light-emitting diodes, and
transistors. Herein, we report new highly transparent and conductive Nb-doped TiO- thin films,
successfully prepared by a novel low-temperature (300 °C) ALD process using titanium
tetraisopropoxide, niobium(V) ethoxide, and water. The deposition was carried out by
employing a supercycle approach, alternating cycles of Ti precursor followed by cycles of Nb
precursor, thereby enabling precise control over the dopant concentration. We demonstrate
the crucial impact of the dopant concentration played on the thickness, structure, morphology,
composition, optical and electrical properties of the resulting films. The incorporation of

niobium dopants led to very significant improvements on the film's characteristics. The Nb-



doped TiO; films exhibited an enhanced optical transmission efficiency of approximately 15%,
along with a remarkable reduction in resistivity by four orders of magnitude, reaching
10" Q.cm, compared to TiOz pristine film. These exceptional performances establish Nb-doped
TiO- thin films as TCOs with wide-ranging applications in fields that require efficient current

collection or injection in conjunction with optical radiation transmission.
Keywords: TCO, Nb-doped TiO,, thin film, supercycle ALD approach, conductivity

1. Introduction

Transparent Conductive Oxides (TCOs) are a class of materials that exhibit a unique
combination of high optical transparency (commonly found in metal oxides) and high electrical
conductivity, which is typically not a property of oxides. These TCO materials are widely utilized
as thin films in various optoelectronic devices, including solar cells, flat panel displays,
touchscreens, light-emitting diodes, and transistors [1-6]. Although Sn-doped In,O3 (ITO) has
been the industry standard TCO for a long time [7], several challenges have emerged in its
widespread industrial application. The low abundance of Indium (In) [8,9] has resulted in its
expensive cost [3], and concerns have been raised regarding its toxicity [10,11]. Consequently,
researchers have been actively engaged in developing new TCO materials that can serve as
alternative solutions to address these limitations. Some of the promising alternatives to In-
based TCOs include SnO,-based [3], ZnO-based [12-16], TiOz-based [17-23], and other
oxides. These materials are being investigated for their potential to meet the diverse
requirements of TCO applications in the future, offering improved performance and

sustainability.

Nb-doped anatase TiO, (Nb: TiO.) is recognized as a promising candidate for TCO
applications due to its high optical transparency, low refractive index, and good electrical
conductivity [8,9,21,24,25]. Moreover, Nb and Ti are non-toxic, thermally and chemically
stable, and more abundant in the Earth's crust compared to Indium (In) [26,27], making Nb:

TiO2 an affordable TCO material with reduced environmental impact. Nb (5s25p°) is considered



highly favorable as a dopant for TiO, because its additional electron compared to Ti (3d%4s?),
and its close ionic radius (0.64 A) in respect to that of Ti (0.605 A). This explains the limited
occurrence of defects and the efficient distribution of Nb within the TiO, crystal lattice [27,28].
It is worth noting that although Nb is known to segregate at high temperatures, it can still be
successfully incorporated into the TiO, lattice under suitable conditions. In the most favorable
scenario, Nb doping enhances the n-type semiconductor conductivity of anatase TiO2 by
substituting pentavalent Nb for tetravalent Ti. This substitution leads to the formation of extra
Ti** ions, as the Ti-3d states fall below the valence shell states of Nb. Consequently, Ti can
accommodate the additional electron, resulting in the formation of Ti** ions. The increased
concentration of Ti** ions, acting as shallow donors, is generally attributed to the boost in the
n-type conductivity of anatase TiO2, which leads to an increased electron population in the

conduction band [29].

The Atomic Layer Deposition (ALD) technique has gained prominence in fabricating thin films
of various materials for a wide range of industrial and research applications. One of the key
advantages of ALD resides in its superior control over the film growth compared to the
conventional deposition techniques [30-35]. ALD is a vapor phase process that involves the
sequential pulsing of one or multiple precursor vapors which reacts with the substrate surface
species. This process is alternat with purging steps to remove precursors’ excess and the
reaction by-products. The controlled pulsing and purging sequence allow the monolayers
growth of the targeted material. The sequential and self-limiting nature of ALD enables precise
control over the conformality, uniformity, thickness, morphology, and composition of the
deposited films. Additionally, ALD operates at a low thermal budget, meaning it can achieve
controlled growth at relatively low temperatures. This capability makes ALD a promising
technique for achieving atomic-scale growth control while preserving the desired film

properties [36—40].

So far, only a few studies have been published on the ALD of Nb: TiOz thin films. In 2009, Pore

et al. [41] reported the first ALD fabricated Nb: TiO, film using titanium(IV) methoxide and



niobium(V) ethoxide as a precursor of Ti and Nb, respectively, and water as a reactant.
Afterward, other researchers prepared the Nb: TiO; thin film using titanium(IV) chloride (TiCls)
[10,42—-44] and tetrakis(dimethylamido) titanium(IV) [45] as Ti precursors, and niobium(V)
ethoxide [42—44] and tris(diethylamido)(tert-butylimido) niobium(V) [10,45] as Nb precursors.
However, it has been reported that the combination of using TiCls and H2O as reactant limits
the ALD process due to the corrosive nature of the precursor and the formation of HCI as a by-
product. Besides, the presence of chlorine residue potentially remaining in the film can be an
issue for multi-element deposition using a precursor containing cations that would easily react
with chlorine to form solid chlorides [33,46]. Therefore, the choice of the precursor needs to be
restrained as non-corrosive, halide-free, and generally selected as low cost, thermally and

chemically stable, and easy to handle, such as titanium alkoxides [46—49].

In this context, this work aims to explore a new ALD process for the fabrication of Nb: TiO-
films by combining titanium tetraisopropoxide (TTIP) and niobium(V) ethoxide (NEO) as
precursor of Ti and Nb, respectively, and water as reactant. Moreover, the control of alternation
of the metal oxides by ALD is the main parameter to vary the Nb doping concentration, leading
to the variation of the optical and electrical properties. This parameter has been varied over a
wide range in order to reach lower concentration than in previous works and investigating their
impact on the films’ properties. A low deposition temperature of 300 °C was selected targeting
the anatase structure of the as-deposited (AD) films, unlike earlier works [10,45,48] at lower
deposition temperature that produced amorphous films. Herein, the anatase structure of TiO>
was targeted for the TCO application due to its wider band gap (3.2 eV), lighter electronic
effective mass, higher electron mobility, and longer exciton lifetime compared to the ones of
the rutile polymorph [50-52]. We sought to provide a detailed analysis of the effect of Nb
dopant concentration and thermal annealing on the growth, crystal structure, microstructure,

composition, and TCO properties of the fabricated films.

2. Materials and methods



The Nb: TiO. films were synthesized by thermal ALD technique using a Picosun® R-200
Advanced ALD equipment. The deposition chamber was maintained at a low pressure (4 hPa)
by a vacuum pump. TTIP and NEO (Strem Chemicals Inc., 98% and 99% purity) kept at 75
and 180 °C were used as a precursor of Ti and Nb, respectively. Deionized water set at room
temperature was used as a reactant. N> gas was used as carrier gas and for purging the reactor
at 150 sccm flow rate. Deposition was performed using a common ALD temperature window
for both precursors, where a substrate was maintained at 300 °C. A boron-doped p-type
double-side polished Si(100) wafer substrate with 250425 um of thickness, 2 inches of
diameter, and 5-15 Q.cm of resistivity was used. Simultaneously, deposition on a glass

substrate (SCHOTT D 263) was also carried out for optical studies.

The Nb: TiO. films were deposited by alternating cycles of TiO, layers with one cycle of

niobium oxide (NbOx), as illustrated in Figure 1, until reaching a total of 1000 cycles.
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Figure 1: Schematic representation of ALD of the: (a) undoped TiO», (b and c) Nb:TiO- at various supercycles.

For TiO2 deposition, the first half-cycle involved a 0.9 s pulse of TTIP, followed by a 4 s N2-
purge of the reactor, the second-half cycle consists of a 3 s pulse of H>O and a subsequent
4 s N2-purge, as described in our previous work [48]. For NbOy deposition, the first half-cycle
consists a pulse of NEO during 2 s and 2 s of N2-purging, and the second-half cycle involved
a 2 s pulse of H,O followed by a 2 s N2>-purge. The deposition conditions are summarized in
Table 1. The Nb concentration was controlled by the dopant cycle ratio (Rws), which is defined

as the ratio of the number of NbOx cycles (nNbOx) to the total number of TiO2 and NbOx cycles



(Equation 1). In this study, the Rny value ranges from 0 (undoped TiO: film) to 0.5 for the

highest doped film.

NbOy .
Ryp = anO Equation (1)

Table 1: Summary of the deposition conditions.

Targeted Film Nb: TiO,

Deposited layers TiO, NbO,
Half-cycles 1" half-cycle 2" half-cycle 1" half-cycle 2" half-cycle
Precursor or reactant, and gas TTIP N, H,O N, NEO N, H,O N,
Bottle temperature, T, (°C) 75 22 180 22
Deposition temperature, T (°C) 300 300

Pulse (s) / purge (s) 09/4 3/4 2/2 2/2
Flow (sccm) 150 150 150 150
Number of cycles 1000-nNbO, nNbO,

Total number of cycles 1000

Thermal annealing, T, (°C) 400, 500, 600

Subsequently to deposition, the as-deposited (AD) films underwent thermal treatment through
annealing at temperatures (Ta) of 400, 500, and 600 °C with a ramp rate of 1 °C/s for a duration

of 1 hour under either N2 or forming gas (N2/H2 95/5%).

The thickness and the complex refractive index (n+ik) of the films were determined using
spectroscopic ellipsometry (SE) conducted with a Horiba Jobin-Yvon instrument. The /s and /.
ellipsometric functions, which are derived from the A and y classical functions, were measured
at an incidence angle of 70°, corresponding to the Brewster angle of Si [53]. The
measurements were performed in the energy range between 1.5 and 6 eV, with a step of
0.05 eV. The measured data were fitted using the DeltaPsi2 software and a multilayer model
structure (substrate/layer/rough layer/air). The substrate was characterized by reference

dielectric functions, the layer employed Tauc-Lorentz (TL) functions, and the rough layer was



modeled using a Bruggeman effective medium combining the TL and air reference dielectric
functions [54]. The growth per cycle (GPC) was determined by dividing the SE thickness of

the film by the total number of ALD cycle.

The film’s crystal structure was analyzed using grazing incidence X-ray diffraction (GI-XRD)
with a D8 Advanced Brucker instrument. The instrument was equipped with a Cu Ka radiation
source (A=0.15418 nm), operated at 40 kV and 40 mA. X-ray reflectivity (XRR) measurements
were conducted using a Bruker D8 Discover instrument to determine the electron density of
the film. The structural properties were investigated through Raman spectroscopy using a
LabRAM HR EVOLUTION Raman spectrometer (HORIBA Scientific). The spectrometer
employed a laser emitting at 532 nm with a controlled power density of 0.52 MW cm? to
prevent thermal effects. The measurements were performed at a spectral resolution of 0.8 cm’
' using 600 grooves/mm grating, an objective of 100x, and an acquisition time of 30 s. To
minimize the effects of surface inhomogeneity and defocus, the reported data represent an
average of three measurements taken at arbitrary positions on the film surfaces. Fourier-
transform infrared (FTIR) spectra were collected using a Nicolet™ iS50 FTIR instrument from
Thermo Scientific. The measurement was conducted in far-infrared (FIR) regions, with 64

scans and a resolution of 8 cm™. The spectra were recorded at a 70° incidence angle, similar

to the SE measurement, to activate transverse optical modes through the Berreman effect.

The microstructure of the films was pictured using High-Resolution Transmission Electron
Microscopy (HRTEM). A double-corrected (probe and imaging) JEOL ARM 200F microscope
equipped with a cold FEG (Field Emission Gun) source and operated at 200 kV was utilized.
Chemical analyses were performed using an energy-dispersive X-ray (EDX) JEOL CENTURIO
spectrometer and a high angle annular dark-field (HAADF) detector. This allowed for Z-
contrast imaging (STEM HAADF) with a theoretical spatial resolution of 0.78 A, as well as
chemical mapping (STEM-EDX) at a nanometer scale. The thin foils for TEM analysis were
prepared using a dual beam focused ion beam (FIB) setup (FEI Helios nanolab 660) with a

FIB resolution of 2.54 nm at 30 kV. To protect the film surfaces during preparation, a thin



carbon layer (a few tens of nm) was deposited on the top of the film, followed by a platinum
flm (a few microns). All digitized images were processed using the commercial
Digitalmicrograph® software from GATAN. In addition, Field Emission Gun Scanning Electron
Microscopy (FEG-SEM) was also employed to observe the surface morphology and determine

the grain size of the films.

The surface and in-depth chemical analysis, as well as the oxidation states of the metallic
elements, were studied using X-ray photoelectron spectroscopy (XPS). A K-Alpha
spectrometer from ThermoFisher Scientific equipped with a monochromatic Al-Ka X-ray
source (hv=1486.6 eV) was used for the analysis. The beam diameter of 400 um was used for
surface points, while a smaller beam diameter of 200 um was used for sputtered areas. Survey
scans were collected in the full energy range (0-1100 eV) at a pass energy of 200 eV with a
step size of 1 eV. High-resolution spectra were obtained at 40 eV with a step size of 0.2 eV.
To acquire depth profiles, Ar+ ion sputtering was performed using a low mode of 500 eV and
a raster width of 500 microns. Measurements were taken at different depths, but only spectra
collected at the film surface are presented due to the strong impact of Ar+ ion sputtering on
the oxidation states of all elements. It is important to note that carbon detected at the surface
is attributed to air contamination and not present in the film. Therefore, the metallic ratio is
based on an average of the Ti and Nb contents measured at all measurement depths of the

films and not just at the surface.

The TCO properties of films were assessed through several measurements, including spectral
transmittance, reflectance, and resistivity. To evaluate the optical properties, the optical
transmittance and specular reflectance of the films deposited on a glass substrate were
measured using a PerkinElmer 1050 Lambda UV-Vis-NIR spectrophotometer. The
measurements were taken at an 8° incidence angle without polarization. Reflectance spectra
were collected using the Universal Reflectance Accessory (URA). The electrical properties of
the films were characterized by measuring their resistivity at room temperature. This was done

using a 4-point probe technique in a square configuration with 1x1 mm? contacts positioned at



the corners. The measurement followed the van der Pauw method, and the current range used

was between -20 and +20 nA.

3. Results and discussion

3.1. Structural and compositional properties

All the subsequent results presented below are for films deposited on Si(100) wafer
substrates, otherwise, the substrate will be specified. The thickness for the AD films with Rys=0
and 0.1 over the entire Si wafer was estimated by SE using a 37 points map (Figure Sl.1). The
relative variation of the thickness over the entire 2-inch wafer was calculated using
Equation SI.1, resulting in values of 10% and 3.84% for the undoped TiO. and the Nb: TiO,
(Rnv=0.1), respectively. This indicates a significant improvement in film thickness homogeneity
due to Nb doping, compared to the undoped film. The enhanced thickness homogeneity can
be attributed to the nature of the surface roughness and crystal structure. Smooth surfaces
with high thickness homogeneity are characteristic of amorphous films, while rough surfaces
with low thickness homogeneity usually occur in polycrystalline structures [55,56]. These

aspects will be further discussed in the following sections: GI-XRD, Raman, and TEM results.

Figure 2a depicts the variation of the total thickness (layer + rough layer) as a function of R
for the AD and the annealed films at various T,. The AD TiO- film exhibits a thickness of 54 nm,
corresponding to a growth per cycle (GPC) of 0.054 nm/cycle, which is comparable to a
previous study that utilized TiCls and water deposited at 300 °C [57]. It is worth noting that the
GPC in our work is slightly higher than the range of 0.040 to 0.047 nm/cycle observed for films
deposited between 200-250 °C using various precursors [44—46,58]. When TiOzis doped with
Nb at Rw=0.005 and 0.01, the film thickness slightly increases to 58 nm, followed by a
progressively drop as the Rwy increases up to 0.1. Subsequently, the thickness slightly
increased again as Rw» increased from 0.1 to 0.5 (Figure 2a). The general trends of the

thickness as a function of Ry, remained consistent after annealing, although the values slightly



increased with higher annealing temperature (Ta). This effect was more pronounced for lower

Rwn» values compared to higher ones (Figure 2a).
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Figure 2: Variation of the: (a) total thickness, (b) refractive index, n (@1.95 eV), (c) electron density and refractive

index, as a function of Ry for the AD and annealed films at various temperatures, Ta.

Figure 2b illustrates the changes in refractive index, n (at 1.95 eV) as a function of R for the

AD and the annealed films. The AD undoped TiO, film exhibits an n value of 2.50,
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corresponding to that of anatase TiO- [49]. As the dopant is introduced into TiO; structure up
to Rn=0.05, the refractive index decreases to 2.40. This decrease in n suggests a progressive
amorphization of the films caused by the incorporation of Nb, as the refractive index of
amorphous TiO; is known to be lower than the one of anatase [59-61]. After annealing, the n
at Rm=0.025 and 0.05 increase again to 2.50, indicating the crystallization of the amorphous
material into anatase. At Rwy=0.1, there is a drastic increase in n for both the as prepared and
annealed films, followed by a decrease with the increases of Ry, to 0.5 (Figure 2b). The
variation of n and electron density (determined by XRR, SI) with Rus is plotted in Figure 2c,
revealing a similar tendency. This supports the refractive index and the electronic population
relationship in solid materials [62,63]. Furthermore, the drop in film thickness at Rn»=0.1

(Figure 2a) can be attributed to the densification of the film [61].

Although the exact cause of the drastic rise of n and electron density at Rv,=0.1 is not yet well
understood and two hypotheses are considered: (i) a phase transformation into rutile, as the
refractive index of rutile (2.8) is greater than that of anatase TiO2 (2.5) [64]; or (ii) an alteration
on the growth orientation (without phase transformation), resulting higher density [65]. These
two hypotheses will be further discussed in the subsequent sections that analyze the structural

properties using the GI-XRD and Raman results.

Figure 3(a) depicts GI-XRD patterns normalized to the strong peak of the AD films as a function
of Rns. Films with Rny=0-0.1 exhibits peaks at 25.3° and 48°, corresponding to the diffraction
of (101) and (200) planes of anatase, respectively. For Rx»=0.1, an additional anatase peak at
37.8° for (004) emerges. These peaks indicate that the AD films contain a certain proportion
of crystalline anatase phase up to Rw=0.1. Beyond this Rw, the films are most likely
amorphous or contain a low proportion of crystallites below the detection limit of the GI-XRD
apparatus. However, due to the significantly decreased signal-to-noise ratio at Rx»=0.1, it can
be inferred that the proportion of anatase crystallites progressively decreases. Additionally, the
FWHM (Figure 3c) of the (101) peak increases, suggesting a decrease in the size average of

the crystallites and/or an increase in their internal stress. Furthermore, a progressive shift to
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lower diffraction angles is observed as Rw» increases from 0 to 0.1 (Figure 3c, and
Figure Sl.3a). This shift can be attributed to lattice expansion caused by the substitution of Ti

with an ionic radius of 0.605 A by Nb with a larger ionic radius of 0.64 A [20,66,67].
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Figure 3: GI-XRD patterns of films: (a) AD, (b) T,=600 °C. (c) peak positions (26) and FWHM of the (101) peak for

AD and at T,=600 °C, (d) peak intensity ratio of (004) over (101) at Ta=600 °C, as a function of Ryp.

After annealing at T.=600 °C the films continue to exhibit anatase patterns up to a higher
Rnb=0.33 (Figure 3b). At Rw=0.2 and 0.33, the annealed films show peaks of (101), (004), and
(200) indicating that a certain proportion of the amorphous material has partially transformed
into anatase. However, this proportion appears to decrease with increasing Rws, as evidenced
by the decrease in the signal-to-noise ratio from Rn»=0.1 to 0.33. The 26 value of the (101)

peak (Figure 3c, Figure S1.3b) also shows a similar shift to a lower diffraction angle as the R
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increases from 0 to 0.33. However, the FWHM of the (101) peaks exhibit a significant reduction
compared to the AD peaks (Figure 3c). This reduction can be explained by an increase in the
size of the crystallites and/or the release of residual stress. Considering that annealing
generally results in a stress relaxation and/or crystallite growth, the maintenance of the shift in
the (101) peak diffraction, with increasing R, suggests its attribution to the substitution of Ti

by Nb.

The intensity ratio of the (004) peak to the (101) peak is presented in Figure 3d as a function
of Rns. For Rws < 0.05, the ratio is close to zero, indicating that growth orientation is primarily
dominated by the (101) direction, as clearly demonstrated in Figure 3b. However, as the Ry
increases from 0.05 to 0.1, the intensity ratio of (004) to (101) increases, and for Rn=0.2 and
0.33, the value is greater than 1 (Figure 3d). This indicates a change in the growth orientation
starting from Rn»=0.1, which could follow the (001) direction [41], in agreement with the
increase in n (Figure 2b). The film at Rn»=0.5 exhibits a different diffraction pattern with peaks
at 26° and 36°, corresponding to (110) and (101) orientation, respectively, of rutile TiO>
(Figure 3b). The intensity of the rutile peak is weak, indicating that the phase transformation to
rutile at high Nb content is only partial. This can be attributed to the inherent tendency of Nb

oxides to crystallize into rutile structure, as observed in previous studies [68].

However, no matter the R, and Ta, no diffraction peaks corresponding to Nb oxides such as
NbO, NbO;, Nb,Os were observed. It could be either explained by the fact that NbOy is
amorphous or its quantity is below the detection threshold limit. Furthermore, it implies the

good incorporation of Nb into the TiO: lattice, most likely by substitution.

The structural properties of the films were further investigated using Raman spectroscopy.
Figure 4a shows the Raman shift of the AD thin films and of the Si (100) wafer substrate (added
for clarification) as a function of Rn». The undoped TiO2 (Rn=0) shows four peaks attributed to
anatase TiO2 [52,69]. The Raman modes of Eq (~140 and 195 cm™) and B+g (~393 cm™) are
assigned to the O-Ti-O bending vibrations, while Eg (~636 cm™) is for Ti-O stretching

vibrations [52,70]. Moreover, films deposited on glass substrate presents similar anatase

13



spectra with an additional peak at 516 cm™ (Figure Sl.4) assigned to the Ti-O stretching
vibrations that is masked by the intense 520 cm™ LO mode of the Si wafer (Figure 4a). No
Raman peaks attributed to rutile or other phases of TiO, were detected in agreement with the

GI-XRD results.

The above-mentioned Raman peaks are also seen in Nb: TiO: films up to Rw=0.1 indicating
that the anatase structure is maintained, whereas no Raman peaks were observed in films
produced with Ry, >0.1 which is may explained by the fact that the latter films are mainly
amorphous in agreement with the GI-XRD patterns. As Rw» increases from 0 to 0.1, the
principal peak of Eq (~140 cm™) mode shows a decrease in intensity, a blue shift (from 140 to
147 cm™), and a broadening (Figure 4a, inset). The decrease in peak intensity can be
associated with the decreases in both the film thickness and the crystal/amorphous proportions
[45]. Moreover, the substitution of Ti by Nb can form a new Nb-O-Ti bond that could distort the
Ti-O-Ti bond. As a result, the Raman mode shows a broadening and a blue shift of the peaks

[71]. These two observations increases as more of Nb replaces Ti [70].
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Figure 4: Raman spectra of: (a) the Si (100) substrate, and AD TiO,. The E; mode centered at 140-147 cm'" for
the undoped and doped films (AD) are shown as a function of Ry (a, inset). (b) Raman positions and FWHM of
the Eq mode (centered ~140 cm™) determined using a Gaussian fit, as a function of R for the AD and

T.=600 °C. Raman spectra of E; mode (centered ~140 cm) for (c) Rny=0.025 , and (d) Rny=0.05 as a function of

Ta.

The Raman spectra of the AD films before and after annealing confirms the important impact
of the annealing process. Figures 4c and 4d show the evolution of the principal Eg modes of
Rn,=0.025 and 0.05 in the AD and at various T.. When the T, increases, the peak shifts towards
the lower wavenumber, increases its intensity, and narrows its width in comparison with the
AD film. This can be also seen in Figure 4b, displaying the variation of the peak positions
(Raman shift) as a function of Ry, for the AD and at T.=600 °C. With increasing of R, the
peak positions of the annealed films shifted to a lower wavenumber, which is in contrast to the

AD that shows a shift to a higher wavenumber (Figure 4b). In addition, the FWHM values of
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the annealed films are lower than the corresponding AD films. All these observations indicate

that the crystal structure of films increases with annealing.

Figure 5(a) shows the far-FTIR spectra of the AD films at variable Rn»,. The undoped TiO-
(Rny=0) spectra show two bands with maximum intensity centered at 260 and 434 cm™, and
two shoulders at ~310 and ~410 cm™ that are assigned to the TO1, TOs, TO2, and TOs,
respectively, of anatase transverse optical modes [58,72,73]. The intensity of the TOs and TO3
bands decreases with increasing the Rn, from 0 to 0.05, which is explained by the progressive
decrease of the anatase proportion up to the emergence of broad and weak bands starting
from Rny=0.1. This latter FTIR signature is attributed to amorphous TiO» phase [57] with a
structural organization that precedes anatase. The TOs and TO3 bands show a shift to lower
wavenumbers as the Ry increases due to the distortion of the anatase structure that may

results from the Nb substitution, in agreement with the GI-XRD and Raman results.
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Figure 5: FTIR spectra of TiO, and Nb: TiO> thin films in far-infrared region: (a) AD, (b) Ta=600 °C, measured at

an incidence angle of 70°. The intensity was normalized by the film thickness.

Interestingly, the AD Nb:TiO: films with Ry ranging from 0.005 to 0.05 exhibit a new vibrational
band centered at ~345 cm™ (Figure 5a). It is observed that the relative intensity of this band
compared to the main TO1 and TO3z bands increase with increasing Ry, from 0 to 0.025,
followed by a slight decrease at Rw»,=0.05, and eventually, this band disappears in the
amorphous films. To the best of our knowledge, such an intermediate band has not been
reported for Nb:TiO,. One can hypothesize that this band is either due to the formation of a
new TOT bond (e.g. Ti-O-Nb), or/and is due to structural distortion of anatase caused by the
incorporation of Nb. The anatase organization is clearly improved after annealing, as indicated
by the increase of TO4/TO3 and TO2/TO+ intensity ratios at low Ry, shows (Figure 5b), and the
crystal proportion is enhanced at high Rws in full agreement with XRD and Raman spectra.
This evolution at low Ry, is concomitant with the loss of the 345 cm™ peak, which may be also

explained by the crystal organization improvement and/or by the segregation of Nb.

The microstructures of the films were investigated by TEM and SEM, and the dopant
distribution was analyzed using STEM-EDX. Figure 6 shows a cross-sectional TEM images of
the films (Rw=0, 0.025, and 0.1) at T.=500 °C. At the film/Si-substrate interface, a thin layer of
a few nanometers of native SiO; is seen. The film thicknesses estimated from the TEM images
are in full agreement with the ones obtained by SE (Figure 2a). Nb doping brings significant
effects on the surface roughness and the grain sizes. A rough surface is observed in the
undoped TiO> (Rny=0) while the roughness decreases at Rv,=0.025, and drops significantly at
Rnb=0.1 (Figure 6). This is also consistent with the roughness determined by SE (Figure SI.5),
showing values ranging from 6 to 11 nm for 0<Rw»<0.025, and from 0.5 to 2 nm for
0.05<Rn»<0.5. Interestingly, the decrease in roughness occurs concomitantly with the increase
of the film thickness surface homogeneity (Figure Sl.1) as observed elsewhere [57]. Besides,
the above-observed changing of structure from anatase to amorphous phase (XRD, Raman,

and FTIR results) can explain the changing of surface from rough to smooth. Interestingly, the
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grain size enlarged throughout the entire thickness with increasing of Ry, compared to the
undoped TiO (Figure 6, and Figure S1.6). The estimated grain sizes are approximately in the
ranges of 20-100, 70-200, and 300-800 nm for Rw»=0, 0.025, and 0.1, respectively. This trend
is in agreement with some previous studies [60]. We obtained smooth layers with very large
nanocrystals compared to the thickness at high Rws, in the same manner as Pore, et al [41]
through the crystallization of amorphous Nb:TiO2 at 600 °C, as demonstrates the evolution of
XRD, Raman, and FTIR results with annealing. In contrast, the roughness of already
crystallized AD layers at low Ry, remains almost unchanged and relatively (to the thickness)

high after annealing.

Figure 6: Cross sectional bright field TEM and their HRTEM images of films for Rww= (a, @’) 0, (b, b’) 0.025, and (c,

c’) 0.1, at Ta=500 °C.
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Figure 7: Elemental mapping of Nb in the films for Rny=0.025 and 0.1, at T,=500 and 600 °C.

The elemental mapping, illlustrated in Figure 7, reveals that the distributions of the Nb dopant
throughout the annealed film are not perfectly uniform, as there appears to be a segregation
of the dopant at the top and bottom of the films, which increases with T,. The EDX data
indicates that the Nb concentration at the top of the film is higher compared to the interior of
the film, suggesting that Nb diffused from the inner to the exterior of the film during annealing.
Further information on the elements compositions is obtained from the XPS analysis of the

samples. The XPS depth profiles are utilized to determine the dopant fraction (DF) by applying

Equation 2.

_ _ [nb] .
DF = rrg Equation (2)
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With, [Nb] and [Ti] are the atomic concentrations of Nb and Ti in the film, respectively, obtained by XPS and STEM-
EDX.

The results are plotted on Figure 8 which illustrates the DF obtained by XPS and STEM-EDX
as a function of Rns, showing good agreement of both techniques. It can be observed that the
measured DF content is almost two times higher than the set Rn» indicateing that the atomic
NbOyx deposited layers hinder the deposition of TiO, in the ALD process. This partially

explained by the decrease of the thickness by increasing the Ry (Figure 2a).

B XPS
B EDX ]

0.1 ./I

Doping Fraction, DF
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Figure 8: Nb metallic doping fraction (DF) determined by XPS and STEM-EDX versus the dopant cycle ratio (Rnp)

for films annealed at T,=600 °C.

Figure 9(a-c) shows the normalized high-resolution XPS spectra of Ti 2p, Nb 3d, and O 1s for
the annealed films at T,=600 °C with varying R value (Rw=0.01, 0.05, 0.1, and 0.33), as well
as their fit with various oxidation states contributions. The Ti 2p spectra (Figure 9a) exhibit
doublet peaks with binding energy (BE) ranging from 458.6 to 459.0 eV (Ti 2ps;2) and from
464.5 to 464.9 eV (Ti 2p112), which are assigned to the oxidation state of Ti** (TiO2) [19,28,74].
Additionally, a shoulder at 457.2 eV, assigned to Ti*", is observed and its intensity increases
with Rns (Figure 9d). This could indicate the presence of either oxygen vacancies [75-78],
resulting in the formation of Ti**, or, more likely, the donor nature of the Nb** dopant creating

excess charges that are compensated by Ti** defects. These Ti** defects serve as efficient
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donor states, leading to n-type conductivity [11]. Therefore, this observation further supports

the substitution of Ti by Nb, forming to Ti**-O-Nb°* bands in the anatase structure [19].
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Figure 9: Normalized high-resolution XPS spectra at the surface for: (a) Ti 2p, (b) Nb 3d, and (c) O 1s (black lines),
and their fit with several possible oxidation states components (full areas). (d) Percentage ratio of Ti**/Ti** and

Nb**/Nb*® concentration. These are for films annealed at T,=600 °C.
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In Figure 9b, the spectra exhibit two main peaks of Nb 3ds;» (207.0-207.4 eV) and Nb 3ds
(209.8-210.1 eV) assigned to oxidation states of Nb®" [79,80]. A weak contribution of Nb**
progressively emerges at a binding energy (BE) of 205.8 eV with increasing of Rup. In addition
to Ti**, the presence of Nb** introduce donor states, which can enhance the conductivity of the
anatase-based n-type semiconductor. The O 1s XPS spectra (Figure 9c) consist of peaks at
around 530 eV, assigned to Ti**-O bond, and a peak at approximately 531.5 eV, corresponding
to O-H group [74]. As Rws increases, all XPS peaks undergo a progressive shift towards higher
BE, which can be attributed to the lattice expansion caused by the larger electronegativity of
Nb (1.6) compared to that of Ti (1.54) [74,81]. Interestingly, contrary to the findings of the
aforementioned authors [74], we observe an increase in both Ti** and Nb** donor states. This
could result in the elevation of the Fermi level energy [82] further into the conduction band,

providing an explanation for the observed shift of the XPSs’ peaks.

To further investigate this hypothesis, the optical and electrical properties were examined and

discussed in the subsequent section.

3.2. TCO properties

The optical properties of the films were examined by measuring the transmittance (shown in
Figure Sl.7a) and the specular reflectance of the films deposited on a glass substrate and
annealed at 500 °C under forming gas (N2/H2, 95/5%). The chosen annealing temperature was
determined based on the thermal limit of the substrate. Since TCO materials find applications
in a wide range of fields, it is important to assess their transmittance performance across a

broad spectral range. To evaluate the transmittance efficiency, E7{3,°, the integration of the

solar irradiance AM1.5, Laun1.s, was carried out as a reference standardized irradiance. The
transmittance (T) of the films was measured within a common spectral range of 400-1000 nm,
which encompasses the visible range as well as the PV conversion range. This range was

chosen to estimate the transmittance efficiency using Equation 3 [83].
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Figure 10a displays the integrated transmission efficiency of the undoped TiO2 and Nb:TiO,
films, with values ranging from 66 to 81% as R increases from 0 to 0.5. Aimost all the doped
films exhibit better transmittance compared to the undoped films, except at Rn=0.005, where
the magnitude steadily increases with the increase of Rny. This behavior can be attributed to
the non-monotonic variation in film thickness within the range of 32-63 nm, despite the constant
ALD number of cycles (1000) (as shown in Figure 2a). This thickness variation can lead to
non-monotonic changes in transmittance between films [84,85]. However, Figure 10a

demonstrates a consistent increase in Ef5;> with Rus, indicating a significant enhancement in

film’s transparency through Nb incorporation. Accordingly, the doped films at Rx,=0.005 and
0.5 with thicknesses of 56 and 38 nm present transmission efficiency of 66% and 81%,

respectively.
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Figure 10: (a) Integrated transmission efficiency determined from the spectrophotometry data of films deposited on
glass substrate, (b) optical bandgap energy estimated by spectroscopic ellipsometry and spectrophotometry for
films deposited on Si (100) wafer and glass substrate, T,=500 °C under forming gas: No/H», 95/5%. (c) Resistivity,
and (d) Figure of merit of films with variable Ry, annealed at T,=600 °C under forming gas.

The optical bandgap energy (Ey) is determined using the transmittance and reflectance data

and applying the Tauc plot (Equation 3) [86].

ahv = B(hv — Eg)n Equation 3
where, a is the absorption coefficient, hv is the photon energy, B is the an energy independent
constant, and n is a parameter that describe the type of optical transitions: n=2 for indirect
transitions in anatase TiO, [87]. The absorption coefficient (a) can be determined using

Equation 4.

In[1-R(A)-T(A)]

a(d) = -

Equation 4
where, R and T are the absolute reflectance and transmittance, respectively, and d is the
thickness determined by SE for films deposited on a glass substrate. The Eg4 can be estimated

from the extrapolation of the linear fit of (ahv)"" to zero, by plotting (ahv)'™ vs hv (Figure SI.7b).

Since the optical properties of films are strongly dependent on the type of substrate and
techniques applied, the E5 was also estimated by SE for films deposited on Si (100) wafer and
on glass substrate for films annealed at T.=500 °C (Figure 10b). The Eg4 values on glass
estimated from the transmission and reflection data present values ranging from 3.23 to
3.30 eV, which is close to that of anatase TiO2, and no significant difference due to the variation
of Rw is observed. However, the corresponding films determined by SE present a higher value
ranging from 3.40 to 3.56 eV, which slightly increases with increasing of Rye. This trend is also
observed for films on Si (100) substrate (Figure 10b). The widening of E4 could be explained
by the Burstein-Moss effect [88], where the Fermi-level located above the bottom of the

conduction band increases with increasing electron density. This indicate a degenerate
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semiconductor where the optical absorption edge involves vertical transitions from the filled

valence band to the lowest unfilled level in the conduction band [43,88,89].

The conductive nature of the films was evaluated by measuring the resistivity at room
temperature using a 4-point probe method. The resistivity of the films in the AD state was too
high to be measurable with our set-up, in contrast with the annealed (T.=600 °C under forming
gas) samples (Figure 10c). This indicates that the annealing is a crucial step since the
conductivity of Nb:TiO, also depends on the oxygen stoichiometry in addition to the dopant
content as well as the structural organization [20]. At Rm=0.005, a film with resistance of
approximately 2 Q.cm was obtained, while the resistivity gradually decreases to several orders
of magnitude as the Rws increases to 0.5, and the lowest resistivity is 6.60x10° Q.cm at

RNb=0.33.

The decrease in resistivity with increasing the Rw, can be attributed to various factors. One
possible contribution is the increase in Ti** and Nb*" donor states, as observed in the XPS
results (Figure 9a) [21,90-94]. Additionally, the significant increase in grain sizes with
increasing Rw», as observed in the TEM images (Figure 6), leads to a reduction in electron

scattering at the grain boundaries, which can also contribute to lowering the resistivity [23,42].

In the context of TCO applications, it is necessary to optimize the optical and electrical coating
parameters. Depending on the specific device, transparent electrodes need to meet certain
minimum requirements for optical transmission and electrical conductivity. Ideally, both
parameters should be maximized, but their interaction often makes it challenging to achieve
both criteria simultaneously [95]. The most commonly used Figure of Merit (FoM) for comparing
TCO performance is the Haacke figure of merit [96], which considers the average optical
transmission around 500 nm (the peak of the solar spectrum). TCOs are employed in various
applications related to solar light, such as solar cells or photo(electro)chemical cells, where
they serve as front contacts or integral parts of the converting device. Consequently, TCOs
must possess specific electrical and optical characteristics that enhance the transmission of

sunlight onto the absorbent film. It is important to note that evaluating TCOs based on
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narrowband transmission alone may not provide a representative measure of their overall
ability to transmit photons. The visible transmission spectrum provides valuable information
about photon flux density and flux-weighted solar photon transmission. By integrating T(%)
over the entire solar spectrum, it becomes possible to evaluate the photocurrent density carried
by a TCO when exposed to white light and assess this integral relative to the resistance sheet,
Rsheet, of the film. This analysis helps identify the optimal balance between the transmission
and resistance properties of the TCOs. Therefore, instead of relying solely on narrowband
transmission, we propose utilizing the global air mass 1.5 photon flux spectrum (AM1.5g) to

analyze the maximum photocurrent density (JPH) for a given TCO.

Therefore, we calculate the FoM (Figure 10d) as the ratio of JPH over Rsheet [97] for all our
samples with increasing of Nb content, and compare with 20 nm thick commercial ITO film
(CEC100) on glass sample provide by PGO-online company [98]. The results clearly
demonstrate that the ITO layer outperforms all the samples tested in this study, with a FoM
lower than 1.0x10"® s m? Q*. This highlights the fact that our material is not yet able to
compete with commercial TCOs such as standard ITO. However, this FOM enables us to
compare and analyze our samples more deeply. We achieve an eightfold improvement in the
FoM for doped samples at Rn,=0.33, which is the highest value among all the samples,
compared to the undoped sample at Rw=0. For further Nb incorporation (Rn»>0.33), the FoM

decreases due to a decrease in transmittance on the AM1.5g spectral range.
4. Conclusion

Our newly developed ALD process utilizing TTIP and NEO precursors at a low substrate
temperature of 300 °C has successfully synthesized Nb:TiO- thin films. The controlled dopant
fraction, determined by Rws, has a significant impact on the growth rate as well as the structure,
morphology, optical, and electrical properties of the films. We have observed that the actual
dopant fraction obtained is nearly twice as high as the set point defined by Rns, which can be
attributed to the inhibitory effect of Nb oxide layers on the growth of Ti oxide. Notably, as R
increases, we have observed an improvement in the homogeneity of film thickness and an
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increase in the size of anatase grains, accompanied by a decrease in surface roughness. This
behavior is explained by the progressive amorphization of the as-deposited films with
increasing Rw», as evidenced by various characterization techniques (GI-XRD, Raman, and
FTIR), followed by the formation of larger and more uniform grains during annealing.
Specifically, the AD films exhibit a crystalline anatase phase for Rx,=0-0.1, while films with
Rnp>0.1 remain amorphous until inducing the crystallization by annealing. XRD, Raman, and
FTIR results provide clear evidence of Ti substitution by Nb. Additionally, XPS spectra
demonstrate an increase in the Ti and Nb content in the Ti** and Nb** oxidation states with
increasing Rns. This increase in the donor states partially accounts for the observed decrease
in resistivity. The introduction of Nb doping enhances the TCO properties of TiO-, resulting in
an increase in optical transmission efficiency of up to 15% and a decrease in resistivity of up
to 10° Q.cm. By employing, a FoM established over a wide spectral range using AM1.5g
irradiance, a comparison of TCO performance reveals an eightfold improvement through Nb
doping, with the highest FoM achieved for the film produced with an Ry, of 0.33. This
improvement on the performance paves the way for utilizing this material in solar radiation
photoconversion applications. Furthermore, there are several potential ways for further
improvement, such as optimizing the Nb doping process or exploring doping with other
elements exhibiting interesting electronic configurations, such as vanadium (V) or Nb/V co-

doping.
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