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ABSTRACT 

Nb-doped SrTiO3 (STNO) films were grown on (001)-oriented LaAlO3 substrates by a reactive ion beam sputter depo- 
sition at various  2O Ar O 2



 mixing ratios (OMRs) with a substrate temperature of 800˚C. The STNO films exhib- 

ited good crystallinity with an epitaxial orientation as characterized by high-resolution X-ray diffraction, grazing-inci- 
dence X-ray diffraction, and in-plane pole figure analysis. A decrease of out-of-plane and in-plane lattice constants was 
observed with an increase of OMR. The surface morphology of the STNO films showed a very dense fine-grain struc- 
ture. The root-mean-square roughness was found to be increased as the OMR increased. Moreover, the elemental com-
positions of the STNO films were examined by X-ray photoelectron spectroscopy. 
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1. Introduction 

SrTiO3 (STO) has received much attention in the past 
decade as a potential material for a wide range of elec- 
tronic devices owing to its excellent dielectric properties 
[1-3]. Another interesting property of STO is the ability 
to adjust the electrical conductivity, which is achievable 
with an n-type semiconductor and metallic behaviors by 
doping an appropriate level of impurity atoms (e.g. La2+, 
Nb5+, etc.) [4,5]. Very recently, n-type semiconductor 
Nb-doped STO (STNO) has become an attractive mate- 
rial for thermoelectric applications, and has also served 
as the bottom electrodes for perovskite ferroelectric 
thin-film capacitors [6,7]. Most studies extensively used 
pulsed laser deposition (PLD) and molecular beam epi- 
taxy (MBE) to grow the epitaxial STNO films with con- 
trol at an atomic level. However, they are not suitable for 
large area deposition in the viewpoint of industrial proc-
esses. Electron-cyclotron-resonance ion beam sputter 
deposition (ECR-IBSD) has been demonstrated as a po-
tential technique for fabricating complex oxide films 
with high crystalline quality and flat surface. It also pro-
vides several advantages, such as well-controlled ion 
energy and growth rate, low operating pressure, (~5 × 
10−5 - 5 × 10−4 Torr), good film adhesion, and ease of fab-

rication of thin film over a large area [8,9]. The ECR ion 
source is a non-filament type, leading to a long lifetime 
and allowing for the use of various kinds of gas species 
[10]. Not only selecting a suitable growth technique, but 
the effect of growth conditions on the physical properties 
of the film is also very important to consider. Oxygen 
pressure has been found to be a critical parameter for the 
growth of oxide films because it significantly affects the 
crystal structure, surface morphology, stoichiometry, and 
electrical properties [11-14]. Therefore, careful control of 
the oxygen pressure during growth is very important in 
order to obtain films with desirable properties. 

In the present study, we have focused on the growth of 
epitaxial STNO films using the reactive ECR-IBSD 
technique. The effects of the 2 2  mixing 
ratio (OMR) to their structural and morphological prop- 
erties were studied and discussed.  

O Ar O

2. Experimental  

STNO films were grown on (001)-oriented LaAlO3 
(LAO) single crystal substrates using the ECR-IBSD 
technique. 20 mol% Nb-doped STO was used as a target. 
To prepare the substrate with atomically flat surface, the 
LAO substrates (MTI Corporation) were ultrasonically 
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cleaned with acetone and ethanol (purity 99.0%, Wako 
Pure Chemical Industries) followed with etching in con- 
centrated hydrochloric acid (37 wt%, Sigma-Aldrich) 
under ultrasonic agitation at room temperature [15]. The 
chamber was initially evacuated to a base pressure of <2 
 106 Torr. The cleaned LAO substrates were placed 
above the target in parallel at a distance of 40 mm. The 
STNO films were grown on the LAO substrates at vari-
ous OMRs (12.5%, 25.0%, 37.5% and 50.0%), while 
total pressure of the Ar + O2 gas mixtures was main- 
tained at 6  104 Torr. These were the optimal condition 
to obtain the stable beam during film growth. The gas 
mixtures were discharged by a microwave ECR ion 
source  at a fixed power output of 180 
W. Then the ions were extracted from the source at a 
voltage of 1800 V and delivered to the target at an inci- 
dent angle of 45˚. All films were grown at a substrate 
temperature of 800˚C.  

 2.45 GHzf  

Structural properties of the STNO films were charac-
terized by x-ray diffraction (XRD, Rigaku SmartLab) 
with CuKα radiation (λ = 1.5418 Å). The X-ray power 
was 9 kW. Surface morphology of the films was ob- 
served by atomic force microscopy (AFM, Seiko Instru- 
ment, SPA-300HV). To analyze elemental composition, 
X-ray photoelectron spectroscopy (XPS) measurement 
was performed with an Omicron ESCA Probe (Omicron, 
Nanotechnology). Monochromatic MgKα radiation (pho- 
ton energy of 1256.6 eV) was used as an excitation 
source. 

3. Results and Discussion 

3.1. Structural Properties  

Figure 1 shows a grazing-incidence X-ray reflection 
(GIXRR) spectrum of the STNO film grown on the LAO 
substrate. The oscillation pattern began to be observed at 
an angle greater than the critical angle   . 
The film thickness could be determined from the period 
of this oscillation. The inset of Figure 1 demonstrates 
average growth rate as a function of OMR. By increasing 
OMR, the average growth rate decreased from 0.56 to 
0.17 nm/min due to its low sputtering yield. This growth 
rate was calculated by dividing the film thickness (as 
extracted from GIXRR) by the growth time. A high- 
resolution X-ray diffraction (HRXRD) ω−2θ scan in Fig- 
ure 2(a) revealed only 00l reflection peaks correspond-
ing to the STNO film and the LAO substrate without the 
reflection peaks from randomly oriented grains and im-
purity phases, such as with Nb2O3, SrNb2O7, SrNb2O6 or 
Nb2TiO7. This indicated that the STNO films were single 
phase, and preferred (001) orientation in a direction nor-
mal to the substrate surface. A grazing incidence x-ray 
diffraction (GIXRD) 2θχ scan was also measured and 
shown in Figure 2(b). An incident angle was fixed at  

0.315C  

 

Figure 1. GIXRR spectrum of the STNO film grown on 
LAO substrate. The inset shows growth rate as a function of 
OMR. 
 

 
(a) 

 
(b) 

Figure 2. (a) HRXRD ω2θ scan and (b) GIXRD 2θχ scan 
of the STNO film grown on LAO substrate at 25% OMR. 
 
ω = 0.3˚ for the measurement, which provided the pene-
tration depth near the film surface. The measurement was 
fixed at a scattering vector normal to the 200LAO plane. 
Only the 200STNO peak together with the 200LAO peak 
along the 2θχ scan was detected, indicating good in-plane 
alignment. The same HRXRD and GIXRD patterns were 
found for all STNO films. 

Figures 3(a) and (b) present the HRXRD ω−2θ scans 
and GIXRD 2θχ scans around the 002STNO and 200STNO 
reflections, respectively. Pendellösung fringes were 
clearly seen around the 002STNO reflection from the 
HRXRD spectra, which provided evidence that the 
grown films had good crystallinity, smooth surfaces, and  
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well-defined film/substrate interfaces. Another observa- 
tion was a slight shift of the 002STNO and 200STNO reflec-
tions toward a higher angle, suggesting a change of the 
crystal lattice structure. Out-of-plane and in-plane lattice 
constants calculated from the angle position of the 
002STNO and 200STNO reflections, respectively, using 
Bragg’s law were plotted as a function of OMR in Fig- 
ure 4. The out-of-plane lattice constants were larger than 
in-plane lattice constants for all films. This implied that 
the STNO films grew on the LAO substrate with a 
tetragonal structure due to an in-plane compressive stress 
from the LAO substrate. With an increase of OMR, both 
out-of-plane and in-plane lattice constants decreased, 
while tetragonality c a  increased from 1.001 to 
1.003. The larger lattice constants at low OMR were at-
tributed to Ti3+ and Nb4+ ions induced by oxygen vacan-
cies. The ion radii of Ti3+ (67 pm) and Nb4+ (68 pm) are 
much larger than those of Ti4+ (60.5 pm) and Nb5+ ions 
(64 pm), resulting in lattice expansion [16]. 
 

 
(a)               (b) 

Figure 3. (a) HRXRD ω−2θ scans around 002STNO; and (b) 
GIXRD 2θχ scans around the 200STNO reflections of the 
STNO films grown at various OMRs. 
 

 

Figure 4. Lattice constants and tetragonality c a

Orientation quality of the STNO films was confirmed 
by out-of-plane and in-plane rocking curve measure- 
ments on the 002STNO reflection (ω scan) and the 200STNO 
reflection (ϕ scan), respectively. The out-of-plane rock-
ing curve consisted of two intensity components: a nar-
row peak corresponding to the reflection from a good 
alignment of crystal, and a broad peak corresponding to 
local atomic displacement. This behavior is normally 
found in epitaxial layers due to the presence of misfit 
dislocations lying at the film/substrate interface. Full- 
width at half-maximum (FWHM) of the out-of-plane 
rocking curve was found to be the lowest value for the 
film grown at 25% OMR, which was about 0.1˚ and 1˚ 
for the narrow and broad peaks, respectively. A gradual 
increase of the FWHM of out-of-plane rocking curve was 
investigated when the OMR was greater than 25%. This 
suggested that the orientation quality of the films 
dropped when they grew at over 25% OMR. On the other 
hand, in-plane rocking curve revealed only one peak with 
the FWHM of about 1˚ and remained almost constant 
with increasing OMR. The FWHMs of out-of-plane and 
in-plane rocking curves plotted versus the OMR are 
shown in Figure 5.  

To confirm in-plane orientation of the STNO films on 
the LAO substrates, an in-plane pole figure analysis was 
examined on the {011}LAO and {011}STNO planes by fix-
ing the 2θ at ~33.4˚ and ~32.2˚, respectively. By varying 
 0 360     and  0 90    ,  the samples were 

rotated relative to the scattering vector. Both in-plane 
pole figures revealed four intense spots at  with 
an equal space of 90˚ at the same β-angle position 

45  

 270 ,0 ,90 , 180    and  as depicted in Figure 6. 
This result confirmed that the films exhibited a cube- 
on-cube orientation and a good in-plane alignment. The 
orientation relationship could be given as: 

   STNO LAO
001 001  and    STNO LAO

110 110  

 

 
  of the 

STNO films as a function of OMR. 
Figure 5. FWHMs of out-of-plane and in-plane rocking 
curves of the STNO films grown at various OMRs. 
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(a) 

 

 
(b) 

Figure 6. In-plane pole figures measured on (a) the {011}LAO 
and (b) the {011}STNO planes. 

3.2. Surface Morphology 

AFM topography images of the STNO film surfaces 
grown at various OMRs are illustrated in Figure 7. 
Three-dimensional islands covered on the substrate ter-
race were clearly observed. Moreover, the film surfaces 
became rougher as the OMR increased. The rms rough-
ness was increased up to about 0.32 nm when the OMR 
reached 50%. This might be attributed to the different 
physical and chemical properties of the vapor species. At 
higher OMR, these species lost their kinetic energy due 
to the scattering effect of oxygen molecules, leading to a 
decrease of surface mobility and lateral growth inhibi- 
tion. 

3.3. Elemental Composition Analysis 

All binding energies detected with XPS wide scans 
showed that the STNO films were composed of Sr, Ti, 
Nb, and O elements. Elemental compositions near the 
film surface were obtained by quantitative analysis using 
Sr3d, Ti3p, Nb3d, and O1s peaks. It was found that the 
compositional ratio of 

 
(a)                       (b) 

 
(c)                       (d) 

Figure 7. AFM topography images (1  1 μm2 scan area) of 
the STNO films grown at various OMRs: (a) 12.5%; (b) 
25.0%; (c) 37.5%; and (d) 50.0%. 
 

 

Figure 8. Narrow scan XPS spectrum of the O1s peak of 
STNO film. The inset shows the relative ratio of C LO O  

as a function of OMR. 
 
chemically adsorbed oxygen was much weaker than that 
of lattice oxygen in the XPS spectrum. The relative ratio 
of C LO O  calculated from peak areas was found to 
decrease with an increase of OMR, as demonstrated in 
the inset of Figure 8. A decrease of OC indicated that 
oxygen vacancies decreased when the films were grown 
at higher OMR. This might be explained that there were 
only a few atoms on the film surface that allowed for the 

Sr Ti Nb  was close to unity. 
Figure 8 shows a narrow scan of O1s, which consisted of 
two overlapping peaks. One peak at a lower binding en-
ergy  was attributed to the lattice oxygen 

L  in the film. Another peak at a higher binding en-
ergy  arose from the chemically ad- 
sorbed oxygen on the film surface . The peak of 

 530 eVBE 

 532 eVBE 




O

 CO chemical adsorption of oxygen. 
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 epitaxially grown on the LAO sub-
e ECR-IBSD at various OMRs. The
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