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Abstract Niobium-doped tin oxide thin films were

deposited on glass substrates by the chemical spray pyro-

lysis method at a substrate temperature of 400 �C. Effects

of Nb doping on the structural, electrical and optical

properties have been investigated as a function of niobium

concentration (0–2 at.%) in the spray solution. X-ray

diffraction patterns showed that the films are polycrystal-

line in nature and the preferred growth direction of the

undoped film shifts to (200) for Nb-doped films. Atomic

force microscopy study shows that the surface morphol-

ogy of these films vary when doping concentration

varies. The negative sign of Hall coefficient confirmed the

n-type conductivity. Resistivity of *4.3 9 10-3 X cm,

carrier concentration of *5 9 1019 cm-3, mobility of

*25 cm2 V-1 s-1 and an average optical transmittance of

*70% in the visible region (500–800 nm) were obtained

for the film doped with 0.5 at.% niobium.

Introduction

Transparent and conducting oxide (TCO) thin films have

attracted a great deal of attention because of their unique

nature of low resistivity and high transmittance in the visible

range of solar spectrum [1–9]. These oxide thin films are

extensively used for a variety of applications which include

architectural windows, flat panel displays [2], thin film

photovoltaics [3], smart windows [4] and polymer-based

electronics [5]. SnO2-based thin films have been widely

studied because they are stable towards atmospheric condi-

tions, chemically inert and mechanically hard and they can

resist high temperatures [10]. These properties of SnO2 have

aroused great interest in the development of a short wave-

length semiconducting laser, which has potential applica-

tions in manufacturing the next generation compact disc read

heads [11]. In addition to their applications as optical win-

dows for the solar spectrum, SnO2 thin films have been

employed successfully in touch sensitive switches, digital

displays, electro chromic displays and gas sensors [12–14].

Pure and doped-SnO2 thin films of various dopants have

been prepared by various techniques, such as magnetron

sputtering [15], sol–gel method [16], chemical vapour

deposition (CVD) [17] and pulsed laser deposition [18].

Among these techniques, chemical spray pyrolysis method

has a simple and inexpensive experimental arrangement and

has the advantages like ease of adding dopands, reproduc-

ibility, high growth rate and mass production capability for

uniform large area coatings, which are desirable for

industrial and solar cell applications. Doping of various

metals with TCO films has been demonstrated to be a

simple and effective way to enhance the film characteristics

and hence efforts have been made in this direction aiming at

increasing the conductivity, transmission and stability of

various TCOs [19, 20]. Doping is also often used to change

the conductivity properties of oxide films. The niobium

(Nb) atom has a similar outer shell electron configuration to

tin, and has atomic number comparable to that of tin.

Therefore, it is theorized that the Nb easily takes the place

of the tin atoms in the tin oxide. To the best of the knowl-

edge, no reports on the preparation of Nb-doped SnO2 thin

films by spray pyrolysis technique are available. Hence in

this study, transparent and conductive Nb-doped tin oxide
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(SnO2:Nb) thin films were prepared by chemical spray

pyrolysis method with different doping levels of Nb and the

effect of Nb on the structural, morphological, electrical and

optical properties of tin oxide thin films was investigated as

a function of various doping concentration in the spray

solution (0–2 at.%).

Experimental details

Nb-doped SnO2 thin films were deposited on glass substrates

using an inbuilt spray pyrolysis experimental setup [21–23].

Stannous chloride (SnCl2�2H2O, Merck) and niobium chlo-

ride (NbCl2, Sigma-Aldrich) were used as the sources of tin

and niobium, respectively. Microscopic glass slides were used

as substrates. The substrates were ultrasonically cleaned using

distilled water, methanol and ethanol separately for 10 min,

then the cleaned substrates were dried in hot oven. SnCl2
(0.5 M) was dissolved in 5 ml of concentrated hydrochloric

acid (HCl) and heated at 90 �C for 10 min and then diluted

with methanol which formed the base solution for Nb doping.

Then NbCl2 was dissolved in double distilled water and added

to the base solution to prepare the starting solution to deposit

the Nb-doped SnO2 films. The amount of NbCl2 was varied to

achieve different Nb/Sn atomic ratio percent (at.%) in the

spray solution. Compressed air was used as the carrier gas. The

airflow rate was maintained at 40 kg/cm2. The distance

between the spray nozzle and the substrate is about *30 cm.

The starting solution was sprayed on the substrates preheated

to 400 �C. The spray time and interval was 3 s and 1 min,

respectively. The total spray time was about 45 min and

thickness of the films determined by using a filmetrics

instrument was *800 nm.

The structural characterization was carried out using Phi-

lips X’Pert Pro X-ray diffraction (XRD) system (Cu Ka

radiation, k = 1.5405 Å) in Bragg–Brentano geometry (h/2h
coupled) and surface morphology was studied by Atomic

Force Microscope (AFM) (Agilent 5500). The optical trans-

mittance (T%) was measured in the range of 300–1000 nm by

double beam spectrophotometer (Ocean optics). Thickness of

the film was determined by optical interference method using

Filmertrics (n = 1.9, k = 500 nm) and weight gain methods.

The electrical studies were carried out using Hall effect

measurement system (Ecopia HMS-3000) in van der Pauw

configuration with a permanent magnet of 0.5 Tesla.

Results and discussion

Structural studies

The XRD patterns recorded for SnO2 and Nb-doped SnO2

thin films deposited at 400 �C are shown in Fig. 1. The

XRD studies reveal that the deposited films are polycrys-

talline. The lattice parameter values are calculated a =

b = 4.7468 Å and c = 3.1954 Å by using XRD analysis

software. The XRD peaks and the lattice parameters are in

good agreement with the standard data (ICDD card no.

41-1445) of tetragonal structure. The observed intensities

suggest a more random orientation of the crystallites in the

films. The diffraction from the (110), (211) and (321) planes

is relatively stronger in the pure SnO2 films. In the case of

0.5 at.% Nb-doped SnO2 film, XRD study reveals that the

intensity of the diffraction peaks of SnO2 film is reduced.

However, the intensity of (200) peak emerges as the

strongest for 1 at.% Nb doping. Further increase in Nb

doping (1.5 and 2 at.%), does not produce appreciable

changes in the intensity and growth orientation of the doped

films. The change in the preferential orientation in SnO2

films due to doping of various dopants was also well studied

by many authors [23–25]. Agashe et al. [24] studied the

effect of Sn incorporation on the growth mechanism of

sprayed SnO2 films and observed that the preferred growth

direction changed from (110) to (200) direction as the Sn

incorporation was increased. These results are also consis-

tent with other studies where change of preferential orien-

tation as a function of doping concentration was observed in

SnO2:In films [26]. Elangovan et al. [22, 23] observed that

the fluorine and antimony doping in tin oxide thin films

prepared by spray pyrolysis method changed the preferred

direction from (211) to (200).

Morphology

The surface morphology of the transparent electrodes is

another important factor in order to achieve high device

performance in many applications such as photovoltaics

and flat panel displays where the SnO2 layer is used as an

electrode. Figure 2 shows the AFM images of pure and

2 at.% Nb-doped SnO2 films. Prior to the AFM measure-

ments, the films were ultrasonically cleaned in ethanol and

Fig. 1 XRD patterns of SnO2 and SnO2:Nb for various doping

concentration
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blown dry with nitrogen gas. Root Mean Square (RMS)

surface roughness of the Nb-doped SnO2 films captured

over an area of 5 9 5 lm is shown in Fig. 2. The RMS

values of pure and Nb-doped SnO2 films (2 at.%) are *47

and *89 nm, respectively. Thus, the SnO2 film has a

smooth surface when compare with that of the Nb-doped

SnO2 (2 at.%) film. The irregular shaped grains are less

densely packed in the undoped films while for the 2 at.%

Nb-doped films the grains are closely packed with appre-

ciable changes in grain size. Thus, the surface morphology

of the SnO2 is modified by Nb doping. The reason for this

morphological change is due to the change in the preferred

growth orientation of the doped films.

Electrical properties

The electrical properties are estimated from room tem-

perature Hall measurements in the van der Pauw configu-

rations. The negative sign of Hall coefficient confirmed that

the films are n-type semiconductors. The undoped SnO2

film has a carrier concentration (n) of *6.1 9 1019

(1.2 9 1019) cm-3 and resistivity (q) of *4.7 9 10-3

(4.63 9 10-3) X cm. These values compare well with the

corresponding values of sprayed SnO2 films (given in

parenthesis) reported by Elangovan et al. [27]. The resis-

tivity of the film decreases with increasing Nb concentra-

tion up to 1.5 at.% and the resistivity increases for 2.0 at.%

doping of Nb. On the other hand, Hall mobility of the

Nb-doped films initially increases (0.5 at.% level), but then

decreases gradually on increasing the doping level. The

variation in electrical properties as a function of doping

concentration is shown in Fig. 3. The electrical properties

of doped SnO2 thin films for various dopants obtained from

various deposition techniques are summarized in Table 1.

The mobility of the SnO2:Nb is comparable with that of

SnO2:F and SnO2:Al prepared by spray pyrolysis method

and SnO2:Ta and SnO2:W films prepared by MOCVD

and Pulsed plasma deposition (PPD) methods, respectively.

A maximum mobility of *25 cm2 V-1 s-1, carrier con-

centration of *5 9 1019 cm-3 and a resistivity of *4.3 9

10-3 X cm were achieved for 0.5 at.% Nb-doped SnO2

films. Thus, in this study, 0.5% Nb doping seems to be the

optimum level of doping in SnO2 films which produced a

combination of improved electrical property.

Optical properties

UV–Vis NIR spectra recorded for SnO2 and Nb-doped

SnO2 films are represented in Fig. 4 which shows that the

optical transmittance of Nb-doped SnO2 films decreases

with increasing Nb doping percentage. The decrease in

transmittance at higher doping concentrations may be due

to the increased scattering of photons by the crystal defects

created by doping [32]. Nb-doped SnO2 exhibits an aver-

age transmittance of *70% (500–800 nm at 0.5 at.%) in

the visible region. Further, the absorption edge shifts

towards the longer wavelength region (red shift) as there is

Fig. 2 AFM images of

Nb-doped SnO2 thin films

for 0 and 2 at.% Nb doping

Fig. 3 Variation of electrical properties of SnO2 as a function of Nb

doping
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an increase of Nb concentration in the starting solution.

From the transmission spectrum, if the multiple reflection

of the thin film is neglected, the optical transmittance (T) is

given by

a ¼ 1

t
ln

1

T

� �

where a and t represent the optical absorption coefficient

and the film thickness, respectively. The optical absorption

coefficient was used to determine the indirect allowed

energy band gap Eg of Nb-doped SnO2 from the relation

ðahtÞ2 ¼ Aðht� EgÞ

where ht is the photon energy, A is constant and h is the

Planck’s constant. The energy gap can be determined by

the extrapolation of the linear region from the plot of (aht)2

versus ht near the onset of the absorption edge. The Eg

value for pure single crystal SnO2 has been reported to be

in the range 3.57 eV which depends on the preparation

method and deposition conditions [33–38]. In this experi-

ment, for pure SnO2 films, a band gap of *3.66 eV has

been obtained, which is in good agreement with the

previously reported values of 3.62 eV [39] and 3.66 eV

[40] for SnO2. In the Fig. 5, it is observed that the energy

band gap of the Nb-doped SnO2 film slightly decreases

with increasing Nb content in the solution.

Figure of merit

The quality of transparent conducting films can be deter-

mined by the figure of merit (u), calculated from the

optical transmittance and sheet resistance. It has been

accomplished by Haacke [41]

/ ¼ T10

Rsh

where T and Rsh are the transmittance and the sheet resis-

tance, respectively. Thus, the higher value of the figure of

merit represents for the better performance of the TCO

films. Both the electrical conductivity and the transmit-

tance of TCO should be as high as possible for application

in solar cells [42]. Figure 6 shows the variation of the

figure of merit with Nb concentration for the wavelength of

500 and 600 nm. In this investigation, the best value of the

Table 1 Comparison of electrical properties of SnO2:Nb films with corresponding values of other works for various dopants

S no. Dopants l (cm2/V s) q (X cm) n (cm-3) Techniques References

1 SnO2:Nb 25 4.25 9 10-3 5.07 9 1019 Spray This study

2 SnO2:Sb 12.03 2.86 9 10-4 1.68 9 1021 Spray [23]

3 SnO2:F 22.1 2.12 9 10-4 13.30 9 1020 Spray [28]

4 SnO2:Al 22.52 3.3 9 10-1 8.41 9 1017 Spray [29]

5 SnO2:Ta 24.5 2.01 9 10-4 1.27 9 1021 MOCVD [30]

6 SnO2:W 30 2.1 9 10-3 9.6 9 1019 PPD [31]

Fig. 4 Optical transmittance spectra of pure and Nb-doped SnO2 thin

films Fig. 5 (aht) 2 verses (ht) plots for SnO2 and SnO2:Nb films with

various concentrations
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figure of merit (u) was obtained for the films prepared with

0.5 at.% Nb doping and its value is 4.43 9 10-4 X-1 at

600 nm. Therefore, it can be concluded that the films

deposited with such dopant level can perform better role as

a window layer in solar cells.

Conclusions

Niobium-doped transparent conducting tin oxide thin films

were deposited on glass substrates by chemical spray

pyrolysis method at a substrate temperature of 400 �C. The

XRD studies confirmed polycrystalline nature of SnO2 and

SnO2:Nb films with tetragonal structure and the preferred

orientation of SnO2 is shifted to (200) peak for 1–2 at.% of

Nb doping. This change in the growth orientation due to Nb

doping is significantly influenced the surface morphology

of these films. Hall measurements show that the 0.5

at.% doped film possesses the resistivity, carrier con

centration and Hall mobility of *4.3 9 10-3 X cm,

*25 cm2 V-1 s-1 and *5 9 1019 cm-3, respectively.

The average optical transmittance of SnO2:Nb (0.5 at.%) is

*70% in the range of 500–800 nm.
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