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Abstract 

Nb-doped SnO2 (NTO) thin films were synthesized by atomic layer deposition technique at low 

temperature (100 °C). For an efficient incorporation of the Nb atoms, i.e. fine control of their 

amount and distribution, various supercycle ratios and precursor pulse sequences were 

explored. The thin film growth process studied by in-situ QCM revealed that the Nb 

incorporation is highly impacted by the surface nature as well as the amount of species available 

at the surface. This was confirmed by the actual concentration of the Nb atom incorporated 

inside the thin film as determined by XPS. Highly transparent thin films which transmit more 

than 95% of the AM1.5 global solar irradiance over a wide spectral range (300-1000 nm) were 

obtained. In addition, the Nb atoms influenced the optical band gap, conduction band, and 

valence band levels. While SnO2 thin film were too resistive, films tuned to conductive nature 

upon Nb incorporation with controlled concentration. Optimal incorporation level was found 

to be <1 at.% of Nb, and carrier concentration reached up 2.5x1018/cm3 for the as-deposited 

thin films. As a result, the high optical transparency accompanied with tuned electrical property 

of NTO thin films fabricated by ALD at low temperature paves the way for their integration 

into temperature-sensitive, nanostructured optoelectrical devices. 
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1. Introduction 

Tin oxide (SnO2) is an n-type semiconductor with a direct 

band gap energy of 3.6 eV that has been efficiently used in 

various optoelectronic, photovoltaic, and energy storage 

devices [1]. Pure SnO2 thin films often suffer from low 

electrical conductivity caused by inadequate concentration of 

oxygen vacancies,[2,3] which is mainly dependent from the 

synthesis methods. The electrical properties of SnO2 thin films 

can be improved by incorporating various doping elements, 

such as F, Sb, Nb, W, Ta, Mo, Li, Co, and Ga [1,4]. For an 

efficient n-doping, the incorporated ion must have a higher 

number of valence electrons than the host atom, as well as 

close ionic radius to make easier the distribution of the ion in 

the lattice structure of the host atom [5]. Accordingly, among 

the potential SnO2 doping elements, Nb ([Kr]4d45s1) with 

ionic radius of 0.64Å (Nb+V) is a very promising candidate to 

be incorporated with Sn ([Kr]4d¹⁰5s²5p²) having ionic radius 

of 0.69Å (Sn+IV) [6]. This is supported by theoretical 

calculations on the electronic structure of Nb incorporated 

SnO2 that report higher density of states at the Fermi level 

leading to its metallic type of conductivity, than with other 

potential dopants, [7]. 

In this context, Nb incorporated SnO2 (NTO) films have 

been investigated by different deposition methods such as 

chemical bath deposition [8], pulsed laser deposition [9], 

metal-organic chemical vapor deposition [10], atomic layer 

deposition [11], sputtering [12], spin-coating [13], spray-

pyrolysis [14], and dip-coating [15] for various applications. 

These reports experimentally confirmed that the incorporation 

of Nb atom modifies the electrical and optical properties of 

SnO2 films. Also, they emphasized that the Nb atom 

concentration needs to be controlled, optimized, and kept 

below 5% in most cases. However, most of these fabrication 

methods usually suffer from non-uniformity, non-

conformality [16], and require post-deposition annealing 

treatment. 

For a fine tuning of element incorporation and successful 

integration of thin films into devices, atomic layer deposition 

(ALD) has clear advantages over other deposition techniques. 

Based on self-limited surface chemical reactions, it leads to 

ultra-thin films with excellent conformality and uniformity, 

precise control of thickness at atomic scale and composition 

even at low temperature [17–19]. Nb atoms have been 

successfully incorporated to various oxide thin films by ALD 

such as in TiO2 [20], ZnO [21], Ta2O5 [22], and Al2O3 [23]. 

As for SnO2, other doping elements such as Al [24] and Ta 

[25] were also incorporated by ALD. ALD fabricated NTO 

films were reported by Stefik et al. in 2012 that applied in 

host−guest photoelectrochemical [11] and dye-sensitized 

solar cell [26] applications. The authors claimed that the 

presence of Nb atoms efficiently enhances the electrical 

properties of SnO2, while the film was 100 nm thick and 

annealed at 500 °C. These two conditions (thickness, post-

annealing) severely limit the applicability of ALD-NTO thin 

films. Despite the potential of ALD-NTO thin films, to the 

best of our knowledge, these limitations have not been 

leveraged since then. Hence, we decided to investigate further 

the ALD process of NTO thin films and take full benefit from 

ALD options.  

This work aims to access SnO2 thin films with tuned 

electrical properties at low temperature (100 °C). For that, 

ALD process was chosen and Nb atoms were incorporated in 

SnO2 thin films without any post-treatments. Such process is 

adapted for a device that requires finely tuned functional thin 

films produced at low deposition temperature without post-

deposition annealing treatment. A classical method to 

incorporate atom in ALD process is the supercycle approach 

[27], i.e. inserting of a cycle of the doping atom between the 

host semiconductor cycles, in our case Nb2O5 cycle between 

SnO2 cycles. The concentration of the incorporated atom can 

be controlled by varying the cycle ratios between the host 

semiconductor and the incorporated element. However, these 

incorporated atoms do not directly translate into doping atoms. 

Indeed, other factors such as atom distribution are key to 

ensure efficient doping and additional strategies are required. 

In particular, the variation of precursor nature [28] and 

precursor pulse sequences [29–31] have shown an important 

influence on the growth mechanism and the properties of thin 

films by enhancing the distribution of incorporated atoms and 

prevent the formation of nanolaminate or biphasic systems. 

We sought a comprehensive analysis to understand the 

influence of the ALD processes (cycle ratio and precursor 

pulse sequences) on the growth mechanism and how it affects 

the thin film properties, by in-situ and ex-situ characterization. 

2. Experimental section 

2.1 Fabrication of thin films 

The NTO thin films were synthesized by thermal ALD 

technique using a BENEQ TFS-200 ALD reactor, where the 

deposition temperature (Tdep) was maintained at 100 °C and 

the pressure was at 1.1 mbar. Tetrakis(dimethylamido)tin(IV) 

(((CH3)2N)4Sn, TDMASn, 99.99% purity, STREM) and 

tris(diethylamido)(tert-butylimido)niobium(V) 

(((CH3CH2)2N)3Nb=NC(CH3)3, TBTDEN, min. 98% purity, 

STREM) were used as a precursor of Sn and Nb, respectively. 

Hydrogen peroxide (H2O2, 30% w/w in H2O) was used as a 

reactant with Sn precursor while deionized water (H2O) was 

used as a reactant with Nb precursor. All chemicals were used 

without any further purification. TDMASn and TBTDEN 

were heated in hot solid sources system of Beneq HS 300 at 

TTDMASn = 60 °C and TTBTDEN = 70 °C, respectively, while the 

reactants were kept at room temperature. Nitrogen gas (N2, 

99.9999%, Air Liquide) was used as carrier gas and for purge 

at flow rate of 600 sccm. Films were deposited simultaneously 
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on various substrates: single-polished n-doped Si (100) wafers 

with native oxide layer on top, borosilicate glass (5x5 cm2), 

soda-lime glass (2x2 cm2), ITO (2x2 cm2), and FTO (2x2 

cm2), aimed for various characterizations. Prior to deposition, 

the borosilicate and soda-lime glasses, ITO, and FTO 

substrates were cleaned by ultrasonication in acetone and 

isopropanol during 15 min of each. 

The incorporation of Nb were carried out by a supercycle 

approach, which is inserting of a single Nb2O5 cycle between 

SnO2 cycles with a general program of: NTO = 

x*(x1.{SnO2}+{Nb2O5}), where x is the number of supercycle 

and x1 is the number of SnO2 cycles in one supercycle. Thus, 

the x1 values were varied as 1, 5, 10, 15, 20, and 55, so the 

cycle ratio of (SnO2:Nb2O5) is referred as (x1:1). Two 

precursor/reactant sequences of (i) TDMASn pulse/H2O2 

pulse/TBTDEN pulse/H2O pulse (named as SONO) and 

(ii) H2O2 pulse/TDMASn pulse/TBTDEN pulse/H2O pulse 

(named as OSNO) with N2 purge after each pulse were 

investigated. For betted comparison of films, each deposition 

was finished with 3 cycles of SnO2. The fabricated thin films 

are labelled by combining the sequence and the cycle ratio as 

SONO(x1:1) or OSNO(x1:1). Pure SnO2 and Nb2O5 thin films 

were also produced separately. To ensure the proper transport 

of the metal precursors into the reactor, a combination mode 

composed of four steps (t1/t2/t3/t4) were used. First, N2 gas was 

injected into a precursor source (t1), then all the valves were 

closed (t2), followed by pulsing of the precursor (t3), and 

simultaneous N2 injection with precursor pulse (t4). The recipe 

of {SnO2} corresponds to {(TDMASn pulse)/N2 purge/H2O2 

pulse/N2 purge = (1/0.1/0.5/0.5)/3/1/3 s}, and of {Nb2O5} 

corresponds to {(TBTDEN pulse)/N2 purge/H2O pulse/N2 

purge = (1.5/0.05/0.5/2)/5/1/5 s}. 

2.2 In-situ ALD growth study 

The thin film growth was studied by in-situ Quartz Crystal 

Microbalance (QCM) with a Colnatec Eon-LT monitor system 

using an HT quartz crystal (6 MHz initial oscillation 

frequency) located on the cover lid of the ALD reactor. The 

signal was collected every 0.1 s, and the lowest thickness 

precision was 0.04 Å. In order to consider the larger reactor 

volume in QCM configuration and to assure an effective 

saturation state, longer pulse and purge times than the ones 

used for thin film fabrication process were used. Growth of 

SnO2, Nb2O5, SONO(10:1), and OSNO(10:1) thin films were 

recorded, and the signal averaged over 10 cycles. The 

conversion of the signal to mass variation was made using 

impedance acoustic value of Zf = 1.00 and density of 

6.95 g/cm3 for SnO2, and Zf = 1.00 and density of 4.47 g/cm3 

for Nb2O5, as input parameters. 

2.3 Characterization of thin films 

All the characterizations were carried out on the as-

deposited thin films. The properties of NTO thin films were 

characterized by various techniques for samples deposited on 

single-polished n-doped Si (100) wafers with native oxide 

layer on top (ellipsometry, XRR, GIXRD, SEM, XPS), 

borosilicate glass (spectrophotometry), soda-lime glass (Hall 

effect), ITO (Kelvin probe), and FTO (cyclic voltammetry). 

Thickness was determined by spectroscopic ellipsometry (SE) 

using a Horiba Jobin Yvon Uvisel 2 ellipsometer. The SE 

measurement was performed at incidence angle of 70° in 

energy range between 1.5 and 5.0 eV with step of 0.05 eV, and 

the data were fitted using DeltaPsi2 software modelled with 

Tauc-Lorentz oscillators functions. X-ray reflectivity (XRR) 

measurement, using PANalytical Empyrean equipment with 

Cu Kα radiation source (λ=0.15418 nm) operated at 45 kV and 

40 mA, was performed for further determination of the 

thickness, the roughness, and the density of fabricated thin 

films. The structure was analyzed by grazing incidence X-ray 

diffraction (GIXRD) using the same PANalytical Empyrean 

equipment. The surface morphology of thin films was 

observed using a Merlin VP Compact scanning electron 

microscope (SEM). 

The surface and in-depth chemical compositions were 

analyzed using X-ray photoelectron spectroscopy (XPS) with 

Thermo ElectronTM k-Alpha+ spectrometer equipped with a 

monochromatic Al-Kα X-ray source (hv=1486.6 eV). The 

spectrometer was calibrated using Cu and Au samples 

following the ASTM-E-902-94 protocol. A X-ray beam 

diameter of 400 µm was used for both surface points and depth 

profiles. The survey scans (0-1350 eV) were collected at a 

pass energy of 100 eV with a step size of 1 eV. High-

resolution spectra were measured at a pass energy of 20 eV 

with a step size of 0.1 eV. An energy calibration was realized 

with respect to the C 1s peak at 284.8eV. In-depth profile was 

carried out using a monatomic ion gun (Ar+) with energy of 

1000 eV, current density of 10 mA, ion gun orientation of 30°, 

and raster width of 2 mm. Avantage Software was employed 

for quantification and atomic ratios were determined without 

peaks fitting, only based on the peak area (shirley background 

subtraction) and the RSF (relative sensitivity factor) of each 

element. Moreover, angle-resolved XPS (ARXPS) 

measurement was performed to finely determine the chemistry 

at the surface and sub-surface by tilting the samples from 0° 

with respect to the analyzer (i.e. normal incidence) to 60° (to 

become more surface sensitive).  

Transmittance and reflectance spectra were collected using 

an Agilent Cary 5000 UV-Vis-NIR spectrophotometer 

equipped with a diffuse reflectance accessory. Work function 

of thin films was analyzed by a macroscopic Kelvin Probe 

system using the Besocke Delta Phi: Kelvin Control 07 and 

Kelvin Probe S (gold tip) instruments. The contact potential 

difference between the gold tip and the thin films were 

measured, and the work function of thin films was determined 

relative to a reference electrode of highly oriented pyrolytic 

graphite (work function = 4.60 eV). Electrical properties were 
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studied by Hall effect measurement using ECOPIA HMS-

5000 system with a 0.556T permanent magnet at room 

temperature. Furthermore, the electrochemical response of 

thin films was studied by cyclic voltammetry in three 

electrode set-up of reference electrode (Ag/AgCl, 3 M KCl), 

counter electrode (Pt wire), and working electrode (ALD 

fabricated thin films on FTO). The electrolyte involves a 

solution of potassium hexacyanoferrate(III), K3[Fe(CN)6], 

(0.1 mol L-1), and potassium hexacyanoferrate(II), 

K4[Fe(CN)6], (0.1 mol L-1). The current response of each thin 

film was collected under dark conditions in the potential range 

of -1.0 V and +1.0 V at sweep rate of 20 mV/s. 

3. Results and discussions 

3.1 ALD growth of NTO thin films 

To optimize the NTO thin film properties, it is essential to 

understand the mechanism of Nb incorporation in SnO2 by 

following the surface reactivity that occurred during the film 

growth. This can be elucidated by in-situ QCM measurement, 

which recorded mass variations occurring during the 

deposition process. Figure SI.1a-d shows the mass variations 

measured during the deposition of SnO2, Nb2O5, SONO(10:1) 

and OSNO(10:1) thin films for several cycles. They all 

demonstrated a linear growth over time, which is a typical 

signature of ALD process [18,27]. The mass variations 

measured over one cycle for the two sequences are presented 

in Figure 1 and compared to the ones of pure SnO2 and Nb2O5 

thin films. 

In the case of SnO2 (Figure 1a), a positive mass variation 

(∆𝑚1
𝑆𝑛𝑂2 = 1.17 a.u.) was recorded after the pulse of 

TDMASn and a slight negative mass variation (∆𝑚2
𝑆𝑛𝑂2

 = -

0.01 a.u.) after the pulse of H2O2. These evolution values 

were in accordance with the reported ones of SnO2 deposited 

from TDMASn and H2O2 at 150 °C, and imply that after 

TDMASn pulse about 80% of the DMA ligands were released 

while about 20% remained on the surface [19]. In the case of 

Nb2O5 thin films (Figure 1b), a positive mass variation 

(∆𝑚1
𝑁𝑏2𝑂5  = 0.58 a.u.) is recorded during the pulse of 

TBTDEN whereas a negative mass variation (∆𝑚2
𝑁𝑏2𝑂5  = -

0.30 a.u.) is observed during the pulse of H2O. These values 

are similar to the ones reported by Tomczak et al and indicate 

that one diethylamine is released upon TBTDEN pulse [32] 

(see details in Supporting Information). 

Figure 1. Mass variations recorded by in-situ QCM measurements for (a) SnO2, (b) Nb2O5, Nb incorporation in 

(c) SONO(10:1), and (d) OSNO(10:1). The pulse times are depicted by bands below the curves. 
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As the order of precursor introduction is known to impact 

the surface reactions and the properties of the film [29–31], 

the mass variations during the incorporation of a single cycle 

of Nb2O5 into the SnO2 cycles were also recorded. Figure 1c 

and 1d illustrated the mass variation during the incorporation 

of Nb2O5 in SONO(10:1), where the TBTDEN pulse is 

intercalated between a H2O2 and a H2O pulse; and in 

OSNO(10:1) where the TBTDEN pulse is intercalated 

between a TDMASn and a H2O pulse. Mass evolutions similar 

to the one where Nb2O5 grown on itself (Nb2O5) are measured, 

i.e. a positive mass variation (∆𝑚1
𝑁𝑏2𝑂5) during the pulse of 

TBTDEN and a negative one during the pulse of H2O 

(∆𝑚2
𝑁𝑏2𝑂5) (Figure 1c,d). The obtained mass variation values 

during the growth of Nb2O5 on itself, in SONO(10:1), and in 

OSNO(10:1) sequences, are summarized in Table 1. 

 

Table 1. Average mass variations of 10 cycles during the growth of 

Nb2O5: on itself, in SONO(10:1), and in OSNO(10:1) sequences. 

 Nb2O5 grows 

Mass 

variation 

on itself SONO(10:1) OSNO(10:1) 

∆𝑚1
𝑁𝑏2𝑂5 0.58 

±0.05 

0.72 

±0.05 

0.49 

±0.05 

∆𝑚2
𝑁𝑏2𝑂5 -0.30 

±0.05 

-0.16 

±0.05 

-0.19 

±0.05 

 

 
Figure 2. Schematic representation of the surface nature where Nb2O5 

grows on (a) itself (Nb-OH surface), (b) SONO sequence (Sn-OH 

surface), and (c) OSNO sequence (Sn-DMA surface). 
 

As shown in Table 1, the mass variations are different, 

which demonstrates that the growth of Nb2O5 is highly 

impacted by the surface nature. A schematic representation of 

the various nature of reactive surfaces during the TBTDEN 

pulse in Nb2O5 (Nb-OH), SONO (Sn-OH) and OSNO (Sn-

DMA) are illustrated in Figure 2a-c. Such differences induce 

different reaction pathways with TBTDEN, as evidenced by 

the different mass variations. In case of SONO, although a -

OH surface similar to the one of pure Nb2O5 is expected, the 

larger ∆𝑚1
𝑁𝑏2𝑂5  

values indicate that additional phenomena 

must be taken into account to discuss the growth mechanism. 

For instance, this can originate from different surface densities 

of –OH species. Indeed, considering the lower reactivity of 

H2O vs H2O2, a larger amount of ligand may be exchanged 

during the pulse of TBTDEN on the Sn-OH surface (SONO) 

than on the Nb-OH surface (Nb2O5). On the other hand, the 

positive ∆𝑚1
𝑁𝑏2𝑂5  

value in OSNO indicates the incorporation 

of Nb containing fragments, even on Sn-DMA surface. The 

relative lower value can be attributed to the higher reactivity 

of TBTDEN towards Sn-OH surface species than Sn-DMA 

surface. The mass variation in OSNO can be attributed to the 

TBTDEN reacting with the Sn-DMA terminated groups 

or/and with the remaining Sn-OH surface species, or/and 

possible ligand sticking, or/and physisorption of the precursor. 

Those phenomena have already been observed for other ALD 

materials [28–30,33]. Additional characterizations, such as 

Residual Gas Analysis for etching mechanisms or XPS 

surface analysis to quantify the Nb incorporation level and 

identify potential molecule sticking are required to 

discriminate them.  

3.2 Properties of NTO thin films 

NTO thin films were fabricated using variable cycle ratios 

(SnO2:Nb2O5 = 55:1, 20:1, 15:1, 10:1, 5:1, 1:1) and pulse 

sequences (SONO, OSNO). The thicknesses determined by 

ellipsometry and XRR are displayed in Figure SI.2 with values 

ranging between 15 and 20 nm. Film thickness homogeneity 

was confirmed over the whole substrate area (15x15 cm2) 

regardless of the deposition conditions. The growth per cycle 

(GPC), determined by dividing the measured thickness by the 

total cycle number, of SnO2 was found to be 1.50 Å/cycle in 

accordance with the reported one of 1.20 Å/cycle grown 

between 100-200 °C from TDMASn and H2O2 [19,34]. Nb2O5 

thin films have a GPC of 0.80 Å/cycle, while it has been 

reported in the range of 0.38-0.2 Å/cycle deposited at 150-350 

°C from TBTDEN and H2O [35,36]. Thus, the obtained higher 

GPC in this work can be due to relatively lower deposition 

temperature. As shown in Figure SI.2, the measured 

thicknesses of NTO thin films are higher than the one that can 

be expected by the rule of mixture, i.e. combining the GPC of 

SnO2 and Nb2O5 with the total number of cycles for each. This 

indicates that Nb incorporation involves a different growth 

mechanism than the individual components and confirms our 

QCM observations.  

Structurally, all films appeared amorphous (Figure SI.3) 

regardless of deposition conditions, most likely due to low 

temperature (100 °C) and thickness. The fabricated thin films 

show a smooth surface as observed by cross-sectional SEM 

image (Figure SI.5b, Figure SI.6) and a roughness smaller than 

0.5 nm (determined from XRR data, Figure SI.4). The XRR 

spectra shows that the critical angle (θc) of thin films 

consisting Nb slightly modified compared to SnO2 thin films. 

This suggested the density of SnO2 thin film has slightly 

changed with Nb atom incorporation. The density of SnO2 thin 

films (Figure SI.5a) was found to be 5.61 g/cm3 similar to the 

reported one [37], which is about 80% of the bulk crystalline 

value of SnO2 (6.99 g/cm3) [4]. The lower density can be 

associated to the amorphous structure of the thin films and/or 
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presence of residual –OH groups [38]. Nb2O5 thin films have 

a density of 4.67 g/cm3 in accordance with reported one of 

4.36-5.12 g/cm3 for the amorphous phase [39]. The 

incorporation of Nb highly modifies the density of SnO2, 

which increases up to 6.4 g/cm3 for SONO(15:1) while 

decreases up to 5.0 g/cm3 for SONO(1:1) samples as shown in 

(Figure SI.5a). In almost all cases the measured densities of 

NTO thin films are different from the one expected by the rule 

of mixture, which may indicate the homogeneous distribution 

of Nb in the host SnO2 matrix. 

The incorporation level of Nb atom and chemical fine 

structure of the thin films were determined by XPS 

measurements by first collecting high-resolution spectra at the 

surface of the deposited films. It is important to note that the 

XPS probed depth is in the 10 nm range, which means that the 

collected information is representative of more than half of the 

layer. Figure 3 displays the high-resolution XPS spectra of Sn 

3d,  O1s and Nb 3d of the thin films of various cycle ratio and 

sequences. As shown in Figure 3a, all the Sn-containing films 

present the representative doublet peaks of Sn 3d at binding 

energy (BE +/- 0.3 eV) of 487.3 eV (Sn 3d5/2) and 495.7 eV 

(Sn 3d3/2) associated to the oxidation state of Sn+IV [37]. No 

other oxidation states such as Sn+II (Sn 3d 5/2 at 486.0 eV) [40] 

and Sn0 (Sn 3d 5/2 at 484.7 eV) [41] were detected in the film, 

Figure 4. (a) Nb fraction [Nb]/([Nb]+[Sn]) determined by depth profile XPS, and by rule of mixture using the GPC of 

pure SnO2 and Nb2O5 and their cycle ratio, (b) number of Nb atoms incorporated in one ALD cycle. 

Figure 3. Normalized high-resolution XPS core level spectra of (a) Sn 3d, (b) O 1s, (c) Nb 3d 

(SONO sequence), (d) Nb 3d (OSNO) sequence. 
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in agreement with the constancy of the FWHM at 1.3 eV in 

favour of a unique chemical environment. The XPS signature 

of O 1s (Figure 3b) presents a major peak at BE (+/- 0.3 eV) 

of 531.5 eV and a shoulder at 532.5 eV (Figure SI.7), that are 

ascribed to the different chemical environment of oxygen 

assigned to O-Sn+IV bond and to the surface O-H, O-C, and C-

C groups (adventitious carbon contamination), respectively. 

Figure 3c and 3d displays the XPS spectrum of Nb 3d in 

SONO and OSNO sequences, respectively, at BE of 207.5 eV 

(Nb 3d5/2) and 210.5 eV (Nb 3d3/2) attributed to the oxidation 

states of Nb+V [42]. Intensity of Nb 3d peak increases as the 

SnO2:Nb2O5 cycle ratio decreases (and reversely decrease for 

Sn 3d), which highlights that the Nb concentration increases 

inside the film. The compositions were determined from high-

resolution spectra, without deconvolution of the chemical 

environments, but after two short sequences of Ar+ sputtering 

(20 and 40 s) to get rid of the adventitious contamination and 

determine the variation of the atomic percentages of elements 

(Sn, Nb, O, C, and N) in the bulk. Ar+ sputtering led as 

expected to preferential sputtering, leading to metal reduction 

by preferential O loss and thus preventing a reliable diagnosis 

of the O species but not to satisfactorily determine the ratio 

between the metallic elements. The Sn and Nb at.% inside the 

thin films (average of 20 and 40 s etching by sputtering) are 

presented in Table 2 and the fraction (NbF) was calculated as; 

𝐍𝐛𝐅 =
[𝐍𝐛]

[𝐍𝐛]+[𝐒𝐧]
                          Equation 1 

where, [Sn] and [Nb] are the atomic percentages of Nb and Sn 

atoms. Figure 4a presents the variation of Nb fraction as a 

function of SnO2:Nb2O5 cycle ratios in the NTO thin films in 

the two sequences. The Nb fraction increases as the cycle ratio 

decreases and confirms the successful incorporation of Nb 

atom in the SnO2 structure, in agreement with QCM. In case 

of SONO sequence, the Nb fraction shows a linear trend with 

the cycle ratio up to 5:1 (Figure 4a, inset) in accordance to the 

reported NTO films fabricated by ALD [11]. For the same 

cycle ratio, lower Nb fractions are obtained by OSNO than 

SONO sequences, in agreement with the QCM result shown 

for OSNO(10:1) and SONO(10:1). The expected Nb fraction 

in the thin film can be calculated by rule of mixture [43] using 

the GPC of pure SnO2 and Nb2O5, and their cycle ratio in the 

NTO thin film (equation 2). 

𝐑𝐮𝐥𝐞 𝐨𝐟 𝐦𝐢𝐱𝐭𝐮𝐫𝐞 =
𝐆𝐏𝐂𝐍𝐛𝟐𝐎𝟓

𝐆𝐏𝐂𝐍𝐛𝟐𝐎𝟓
 + 𝐆𝐏𝐂𝐒𝐍𝐎𝟐

 .  𝐱𝟏
         Equation 2 

where, GPCNb2O5
 and GPCSNO2

 are the growth per cycle for 

pure Nb2O5 and SnO2, respectively, and x1 is the number of 

SnO2 cycles in one supercycle. As shown in Figure 4a, the Nb 

fraction in SONO sequence obtained by depth profile XPS 

follows the one obtained by the rule of mixtures, whereas the 

fraction in OSNO sequence does not follow the trend. The 

Figure 5. Elemental compositions in the NTO thin films collected by angle-resolved XPS measurements for (a) SONO(55:1), (b) 

SONO(1:1), (c) OSNO(10:1), (d) schematic representation of the correspondence between the measurement angle and the probed depth 
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latter is most likely due to the different nature of the surface 

Sn-DMA (Figure 2c), which impacted the growth mechanism 

that leads the Nb atomic fraction not to follow the principle of 

rule of mixture.  

The effect of cycle ratios and precursor pulse sequences on 

the number of Nb atoms incorporated in one ALD cycle were 

evaluated using equation 3. 

𝑵𝒃𝑵𝑻𝑶 = 𝑵𝒃𝑵𝒃𝟐𝑶𝟓
 𝒙 

𝑵𝒃𝟐𝑶𝟓 𝒄𝒚𝒄𝒍𝒆𝒔

𝑵𝒃𝟐𝑶𝟓  𝒄𝒚𝒄𝒍𝒆𝒔 𝑵𝑻𝑶
𝒙

%𝑵𝒃𝑵𝑻𝑶

%𝑵𝒃𝑵𝒃𝟐𝑶𝟓

  Equation 3 

where, 𝑁𝑏𝑁𝑏2𝑂5
 and 𝑁𝑏𝑁𝑇𝑂 are the number of Nb atoms in 1 

ALD cycle for pure Nb2O5 and NTO thin films, 𝑁𝑏2𝑂5 𝑐𝑦𝑐𝑙𝑒𝑠 

and 𝑁𝑏2𝑂5 𝑐𝑦𝑐𝑙𝑒𝑠𝑁𝑇𝑂  are the total number of Nb2O5 ALD 

cycles in pure Nb2O5 and NTO thin film, %𝑁𝑏𝑁𝑏2𝑂5
 and 

%𝑁𝑏𝑁𝑇𝑂 are the Nb atomic percentage (Table 2) in pure 

Nb2O5 and NTO thin films determined by XPS depth profiles, 

respectively. 

The 𝑁𝑏𝑁𝑏2𝑂5
 (5.76x1013 atom/cm2/cycle) can be estimated 

using the density, GPC, and atomic percentage of Nb in the 

pure Nb2O5 thin films. Figure 4b shows the evolution of the 

average number of Nb atoms incorporated in one ALD cycle 

as a function of cycle ratios for the two sequences. As seen, 

the SONO(55:1) presents a higher Nb atoms incorporation per 

cycle which dropped in case of SONO(15:1) and then the 

variation decreases with cycle ratios. With the exception of 

SONO(1:1), all the SONO sequences inserted higher Nb 

atoms per cycle than the one in pure Nb2O5 whereas lower Nb 

atoms incorporated in OSNO sequences. Moreover, with the 

same cycle ratio, the OSNO sequences incorporated less Nb 

atoms than the corresponding SONO sequences. These results 

are consistent with the QCM observation (Figure 1 and Table 

1), which shows a higher mass variation (∆𝑚1
𝑁𝑏2𝑂5) during the 

pulse of TBTDEN in SONO(10:1) sequence than 

OSNO(10:1) sequences and the one grown on itself. 

As the fabricated films are thin enough (< 20nm), the 

distribution of elements can be investigated using angle-

resolved XPS (ARXPS), tilting the samples from 0° to 60° 

without etching, as shown in Figure 5d. It enables refining the 

chemical diagnosis within the initial 10 nm probed when 

operating at normal incidence (0° angle). Figure 5(a-c) 

illustrates the elemental atomic percentage of Sn, Nb, O, C, 

and N in the SONO(55:1), SONO(1:1), and OSNO(10:1) 

samples collected at different angles. A similar atomic 

percentage of Sn and Nb are probed for 0-30° angles for a 

given sample that confirm the homogeneous distribution of 

the elements  at the surface and sub-surface at the XPS 

resolution scale. For higher angles, the surface sensitivity 

increases and higher contents of C are detected for all samples, 

linked to air contamination. Inside the thin film it is less than 

5% as determined by Ar+ depth profile analyses (see 

composition details in Table SI.1). Indeed, this low content of 

C but also N atoms (< 2 at.%), show that a very low amount 

of precursors residues are incorporated inside the thin films 

confirming the good reactivities of Sn and Nb precursors 

during ALD process. Furthermore, this very low C and N 

contents disprove the hypothetical physisorption of the 

precursor or/and ligand sticking to account for the recorded 

positive mass variations during the pulse of TBTDEN in 

OSNO(10:1) sequence (Figure 1d). It rather shows that it is 

most likely due to the TBTDEN reacts with the Sn-DMA 

surface or/and the remaining -OH groups. 

The optical features of the thin films were analyzed by 

measuring their transmission and reflectivity (Figure SI.8) for 

thin films grown on borosilicate glass. The SnO2, Nb2O5, and 

NTO thin films are very transparent in the visible and infrared 

range of 600-2500 nm with transmittance value greater than 

90% and reflectivity less than 15%. In this spectrum range 

both the variation of cycle ratio and precursor pulse sequences 

do not show a significant effect on the transparency and 

reflectivity of thin films, possibly due to their closer thickness 

(15-20 nm). The transmittance slightly decreases in the range 

of 300-600 nm with intrinsic effects where the thin film 

absorbs light. The transmittance in this work is higher than the 

reported one of NTO thin films obtained by spin coating 

regarding the 20 nm thickness [44]. 

To account for various potential applications, the 

transmittance efficiency (𝐸𝑇(𝜆)
𝐴𝑀1.5) of the reference solar 

spectral irradiance AM1.5 global by the thin films 

transmittance was evaluated over a wide spectral range (300-

1000 nm), as proposed elsewhere [45] (details in SI). The 

calculated 𝐸𝑇(𝜆)
𝐴𝑀1.5 were found that all the thin films transmits 

more than 96% of the AM1.5 global solar irradiance. This 

makes the thin films suitable for various optoelectronic and 

photovoltaic devices, for instance as transparent conductive 

oxide and electron transport layer.  

The optical band gap energy (Eg) were determined from the 

transmission and reflectivity, considering direct transition of 

SnO2 and NTO thin films while indirect transition for Nb2O5, 

using Tauc plot [46]. The Eg values are illustrated in Figure 6, 

for SnO2 (3.80 eV) and Nb2O5 (3.45 eV) thin films similar to 

the reported one [47] and [36], respectively. In case of NTO 

thin films (SONO sequence), initially the Eg slightly increases 

possibly due to Moss-Burstein effect [48] and then dropped 

Figure 6. Optical band gap energy as determined by 

Tauc formalism, of thin films with SONO and OSNO 

sequences at various cycle ratio 
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down that can be due to defect sites introduced as the Nb 

content increase, in accordance with other reports [10] [49]. 

For thin films in OSNO sequences, the decrease in Eg value 

compared to pure SnO2 (Figure 6) may not be explained by 

either the Moss-Burstein effect or by the introduction of defect 

sites since the Nb concentration is low (< 0.2 at.%). Rather, 

this might be most likely ascribed to the substitution of Nb+V 

ions that introduce electron states in the band structure of SnO2 

to form a new lowest unoccupied molecular orbital [50]. 

The XPS spectra at low BE region (Figure SI.9a) showed 

that the incorporation of Nb modifies the top edge position of 

valence band of SnO2 (Figure 7a). The valence band 

maximum (EVB) of SnO2 (3.6 eV) is shifted to either lower 

values for SONO(55:1), SONO(15:1), OSNO(10:1), and 

OSNO(5:1) or to higher values for SONO(10:1), SONO(1:1). 

Moreover, the work function (Φ) of the thin films, which is 

associated to the Fermi level (EF) position of vacuum level, 

Evac, i.e., Φ = Evac - EF, were also evaluated (Figure 7b). The 

work function of pure SnO2 thin film was found to be 4.7 eV 

which is in the range of the reported value of 4.4-5.7 eV by 

RF magnetron sputtered SnO2 thin film [51]. With the 

exception of SONO(1:1), the Nb incorporated SnO2 thin film 

have a lower Φ compared to the pure SnO2 thin film. This 

indicates that the EF level is shifted towards the conduction 

band [52], which is consistent to the evolution of the 

calculated conduction band minimum (ECBM = EVBM - Eg) (see 

SI). Both the conduction band minimum and valence band 

maximum of NTO thin films, which involves < 1 at.% of Nb, 

shifted down to lower value compared to the undoped SnO2, 

in accordance with the reported theoretical study [53]. 

Electrical parameters (bulk concentration, resistivity, and 

mobility) of thin films obtained by Hall measurement are 

illustrated in Table 2. The Hall parameters of pure SnO2 and 

Nb2O5 and several other NTO thin films could not be 

determined due to their too resistive nature. Among the 

fabricated NTO thin films, SONO(55:1), SONO(15:1), and 

OSNO(10:1) samples could be evaluated by Hall 

measurements, which shows that the incorporation of Nb atom 

tuned the electrical properties of SnO2 from resistive to 

conductive nature. As seen in Table 2, thin films obtained by 

SONO sequences show conductive nature for thin films 

containing lower concentration of Nb (<1.15 at.%). The 

enhanced electrical parameters, for Nb <1.15 at.%, can be 

explained by the substitutional incorporation of Nb+V ions at 

Sn+IV cation site where Nb atoms act as electron donor leading 

to increase the carrier concentration and decreases the 

resistivity [9,14]. The negative sign in the bulk concentration 

of the conductive films (Table 2) indicates that electrons are 

the majority carriers (n-type semiconductor), which was 

further confirmed by cyclic voltammograms (CV) (Figure 

SI.10) for all thin films. Moreover, the CV shows that all the 

fabricated thin films (thickness 15-20 nm) have the hole-

blocking ability that paves the way toward the integration of 

this layer in optoelectronic and photovoltaic devices. As the 

Nb concentration increases more than 1.15 at.%, the electrical 

parameters could not be determined by Hall measurements. 

This can be ascribed to the excess amount of Nb+V ions may 

increase the defects (e.g. ionized impurities, interstitial 

atoms), which can increases the carrier scattering leading to 

decrease of the electron mobility and films become resistive 

[10]. Similar evolutions of electrical parameters with Nb 

concentration have been observed in other studies on NTO 

thin films obtained by alternative methods [54] [9]. 

 

Table 2. Metallic ratio Nb/(Nb+Sn) (after 20-40s sputtering) and 

electrical parameters determined by Hall measurements of prepared 

thin films. 

Sample name Nb/ 
(Nb+Sn) 

 

Bulk conc. 
(/cm3) 

Resistivity 
(Ω.cm) 

Mobility 
(cm2/V s) 

SnO2 0 * * * 

SONO(55:1) 0.016 -2.5x1018 3.17 0.7-0.8 

SONO(15:1) 0.033 -(1-6)x1017 31 0.2-2.2 

SONO(10:1) 0.054 * * * 

Figure 7. (a) Valence band maximum, and (b) work function, of the NTO thin films as determined by 

XPS spectra at low BE and Kelvin Probe respectively. 
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SONO(5:1) -- * * * 

SONO(1:1) 0.42 * * * 

OSNO(10:1) 0.003 -(0.2-
2.2)x1018 

22.3 0.12-1.26 

OSNO(5:1) 0.006 * * * 

OSNO(1:1) -- * * * 
Nb2O5 1.0 * * * 

* indicates that the films were too resistive for Hall measurements. 

 

Doping level and doping efficiency of functional material 

are important factors that can determine the performance of a 

device. In this study, the optimum Nb incorporation level was 

found to be about 1 at.% that is similar to the reported one by 

Suzuki et al [55] and Liu et al [44], whereas lower (0.5 at.%, 

[54]) and higher (1.94-2 at.% [11],[14]) values are also 

reported. Comparatively, the Hall parameters obtained in this 

work remain lower than the reported values. However, those 

correspond to as-deposited ultra-thin (<20 nm) films, 

deposited at 100 °C whereas reported ones are either produced 

at temperature higher than 200 °C or/and annealed at 400 °C 

and above [11,54,55]. The highest bulk concentration 

(2.5x1018/cm3, SONO(55:1)) obtained in this work, is in the 

same order of magnitude of NTO films containing 1 at.% of 

Nb synthesized by MOCVD at 600 °C [10].  

This report also evidenced that electrical properties can be 

efficiently tuned by exchanging the precursor pulse sequences 

during the ALD process. As shown in Table 2, a more 

conductive thin films of OSNO(10:1) was obtained than the 

corresponding SONO(10:1). Unfortunately, the doping 

efficiency as proposed elsewhere [28] cannot be quantified 

due to the resistive nature of SnO2 thin films, which is the 

reference to evaluate the effect of doping. However, by 

comparing the Nb at% and bulk concentration of the 

conductive thin films, i.e. SONO(55:1), SONO(15:1), and 

OSNO(10:1), one can predict that the OSNO sequence allows 

a higher doping efficiency.  

This confirms the capability of the precursor pulse 

sequences to control the distribution of the incorporated atoms 

in the thin film [29–31] and demonstrates its applicability to 

generate efficient Nb-doped SnO2 ultra-thin films at low 

temperature. 

4. Conclusions 

Conductive ultra-thin SnO2 films have been successfully 

fabricated by ALD at low deposition temperature (100°C) by 

incorporating niobium atoms. Variation of cycle ratios and 

pulse sequences were found key-parameters to tune 

optoelectrical properties of SnO2:Nb (NTO) thin films. A fine 

growth mechanism study based on in-situ QCM measurement 

and XPS spectra revealed that the Nb incorporation 

mechanism is highly impacted by both the chemical nature 

and the density of the surface species. Accordingly, the actual 

amount of Nb atoms inserted in the thin films were highly 

influenced by the pulse sequences. 

Highly transparent thin films with transmittance greater 

than >90% in the visible and infrared range were generated. 

The incorporation of Nb modifies the band gap, valence and 

conduction bands of SnO2. Depending on the supercycle ratio 

and precursor sequence, Nb content and distribution could be 

controlled. Consequently, the electrical properties of SnO2 

could be tuned from resistive to conductive nature. In this 

work, optimal incorporation level of Nb was found <1 at.% to 

obtain a conductive thin films. The high optical transparency 

accompanied with comparable electrical properties of NTO 

thin films fabricated at lower deposition temperature paves the 

way for the integration of these layers in temperature-

sensitive, nanostructured optoelectronic devices. 
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