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Characterization of Transparent and Nanocrystalline TiO2:Nd
Thin Films Prepared by Magnetron Sputtering
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In this work structural and optical properties of TiO2 thin films doped with different amount of Nd have been
outlined. The result have shown that by quantity of Nd amount in the film dense nanocrystalline or amorphous
thin films were obtained.

PACS numbers: 61.82.Rx, 68.55.−a, 68.60.−p, 68.60.Dv, 78.20.−e

1. Introduction

Thin films based on oxides are widely applied as dif-
ferent coatings, like for example protective against harsh
environment, decorative, hard coatings, etc. Also doping
of pure oxides with some selected elements enables to ex-
tend their applications by changing their different prop-
erties (for example mechanical, optical). In recent two
decades particularly thin films with so-called nanocrys-
talline structure (i.e. polycrystalline composed of crystal-
lites lower than 100 nm in mean size) are extensively in-
vestigated. Scientific reports have proved that such thin
films have definitely different properties from the bulk
ones [1].

Nowadays, particularly thin films based on TiO2 are
highly advisable from application point of view. Par-
ticularly TiO2-anatase is highly advisable form of TiO2

for application reasons, like for example sensor films [2],
photocatalytic coatings [3], hydrophilic coatings [4], etc.
However, also TiO2-rutile due to its high thermal stabil-
ity is applied in, for example, high-temperature sensor
devices [5] or thermal resistant protective coatings [6].
Titanium dioxide, except of its own advantages is applied
as a matrix for different dopant as well. Particularly, el-
ements from the rare earth (RE) group, like e.g. Eu, Nd
or Er, are often applied as structural and optical modi-
fiers [7]. In the present paper influence of Nd dopant on
the structural and optical properties of nanocrystalline
TiO2 thin films has been discussed.

2. Sample preparation

The magnetron sputtering process was used for thin
films manufacturing. Process was conducted in reactive
oxygen atmosphere (10−1 Pa). The Nd dopant was al-
loyed to the TiO2 matrix during the thin film deposition
process from mosaic Ti–Nd target. Thin films were de-
posited on Si (100) and SiO2 substrates. Manufactured
samples were also additionally post-process annealed by
2 h at 1070 K in an ambient air.
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The energy disperse spectroscopy results have shown that
in two sets of prepared thin films was 0.84 at.% and
8.51 at.% of Nd, respectively.

3. Result and discussion

The thin films structure was examined with the aid
of X-ray diffraction (XRD) method. DRON-2 powder
diffractometer was used in order to perform the measure-
ments. In Table I the XRD results of as-deposited and
annealed at 1070 K TiO2:Nd (0.84 and 8.51 at.%) thin
films have been collected.

Our previous work [10] have shown that the mag-
netron sputtering process allowed to obtain nanocrys-
talline TiO2 matrix, which had thermodynamically sta-
bile rutile form. The XRD results (Table I) have shown
that doping with Nd caused distinct changes of the prop-
erties of examined thin films. Directly after deposition
amorphous behavior was obtained. The additional post-
-process annealing at 1070 K caused recrystallization of
the examined thin films. The TiO2 doped with 8.51%
at. Nd had nanocrystalline (average crystallites size was
12 nm) rutile form after annealing, while the thin films
doped with 0.84 at.% of Nd had the anatase crystal-
lites of 6 nm in average size. The structure of both an-
nealed TiO2:Nd thin films was compressive (the anatase
was more compressed than the rutile). The compression
stress was determined on the basis of percentage change
of the interplanar distance value (∆d).

Atomic force microscope (AFM), which was working in
contact mode, was used to determine the surface diversifi-
cation and roughness of prepared thin films. In Fig. 1 the
AFM images of as-deposited and annealed TiO2:Nd thin
films have been presented. Parameters and the rough-
ness obtained based on the AFM images, have been col-
lected in Table II. Similar to XRD the AFM results have
shown that annealed TiO2:Nd (0.84 and 8.51 at.%) thin
films were nanocrystalline. Although from XRD patterns
amorphous nature was determined for as-deposited sam-
ples, the AFM measurements have shown that very small
crystallites, which came into construction of grains, can
be observed.
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TABLE I
The XRD results of as-deposited and annealed at 1070 K TiO2:Nd thin films,
deposited on Si (100).

Thin films on Si TiO2:Nd (0.84% at.) TiO2:Nd (8.51% at.)
(100) as-deposited annealed at 1070 K as-deposited annealed at 1070 K
phase amorphous anatase amorphous rutile

average crystallites
size D [nm]

– 6.0 – 12

interplanar distance
d [nm]

– 0.3499
dPDF = 0.3520 [8]

– 0.3240
dPDF = 0.3470 [9]

∆d [%] – −0.59 – −0.22

type of stress – compression – compression
dPDF — standard interplanar distance [8, 9], ∆d = [(d− dPDF)/dPDF × 100%]

TABLE II
Parameters of TiO2:Nd thin films obtained from AFM images, de-
posited on Si (100) substrates.

Amount of Nd
Parameters

TiO2:Nd thin film
[at.%]

RMS [nm] average number of grains
per 1 µm2 area

as-deposited
0.84

2.74 1750
annealed at 1070 K 2.85 825

as-deposited
8.51

0.29 –
annealed at 1070 K 4.19 650

Diversification of the thin films surface was determined
on the basis of roughness analysis. The root mean square
(RMS) value was used to specify the roughness. The
results (Fig. 1c, Table II) have shown that surface of
as-deposited TiO2:Nd (8.51 at.%) thin film, which was
amorphous according to XRD results, was very smooth
(RMS = 0.29 nm). However, as-deposited TiO2 doped
with 0.84 at.% of Nd, which also was amorphous accord-
ing to XRD results, had nanocrystalline grains (Fig. 1a,
Table II). The roughness determined from image 2a was
RMS = 2.74 nm.

Additional post-process annealing at 1070 K, per-
formed on TiO2:Nd (0.84 and 8.51 at.%) thin films,
caused considerable increase of diversification of the sur-
face (increase in RMS values). Recrystallization of the
TiO2:Nd (8.51 at.%) structure into the rutile by addi-
tional annealing, was accompanied by increase in RMS
value from 0.29 up to 4.29 nm (Fig. 1, Table II). The
average number of grains per 1 µm2 area was 650 af-
ter annealing. Similarly, in case of TiO2:Nd (0.84 at.%)
thin film, RMS value had changed only in small range —
from 2.74 nm up to 2.85 nm, whereas additional anneal-
ing caused increase of grain sizes and thus the average
number of grains per 1 µm2 area decrease at about 50%
(from 1750 down to 825), as compared to as-deposited
thin film.

Optical transmission method was used to determine
optical properties of examined thin films. In Fig. 2, the
optical transmission characteristics of as-deposited and
annealed TiO2:Nd (0.84 and 8.51 at.%) thin films, de-
posited on SiO2 substrates, have been presented. Opti-
cal results (Fig. 2) have shown that 10-fold increase in
the amount of the Nd dopant in TiO2 from 0.84 up to
8.51 at.% did not caused a considerable decrease in trans-
parency level. Increased Nd amount in TiO2 shifted a bit
the position of the absorption edge into the longer wave-
length range from 315 up to 319 nm. Similar red-shift
could be observed after additional post-process anneal-
ing in case of the both examined samples. The strongest
effect of the annealing process could be observed for the
TiO2:Nd (0.84 at.%) thin films. After annealing the slope
of the T (λ) characteristic is lower. Refraction index, cal-
culated on the basis of recorded curves for all examined
samples was about 2.3.

Thickness of the prepared thin films, as calculated us-
ing well known envelope method, was about 500 nm and
130 nm for TiO2:8.51 at.% Nd and TiO2:0.84 at.% Nd
thin films, respectively.
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Fig. 1. The AFM images of TiO2 thin films doped with
Nd at the amount of 0.84 at.%: (a) as-deposited and (b)
annealed at 1070 K and 8.51 at.%; (c) as-deposited and
(d) annealed at 1070 K.

Fig. 2. Optical transmission characteristics of as-
-deposited and annealed TiO2:Nd: (a) 0.84 at.% Nd
and (b) 8.51 at.% Nd thin films, deposited on SiO2 sub-
strates.

4. Conclusions

Neodymium, as a dopant, allows to obtain high
nanocrystalline and transparent thin films. By chang-
ing the amount of Nd and, or by post-process anneal-
ing, the structure of TiO2:Nd thin films can been mod-
ified. Nanocrystalline rutile or especially thermal sta-
ble (in 1070 K) anatase have high meaning from ap-
plications point of view. However, Nd dopant also en-
able to obtain homogeneous structure, with minor level
of diversification of the surface. For this reasons ap-
plication of TiO2:Nd thin films can be used especially
for hydrophilic or protective coatings. Optical investi-
gations have shown that examinated TiO2:Nd thin films
had high transparency (about 80%), even after additional
annealing.
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