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Abstract
SrTiO3−x Ny /SrTiO3−δ layered structures were synthesized from single crystals of SrTiO3 (1 0 0) by
ammonolysis using a microwave-induced plasma (MIP). Samples prepared using a low ammonia flow
rate (50–100 mL min−1 ) gave nanocrystals of TiN at the surface, while the samples prepared in an
ammonia flow in the range 125–175 mL min−1 did not show impurity phases. Electrical resistance
measurements of SrTiO3−x Ny /SrTiO3−δ single crystals show metallic-like behaviour in the temperature
range 2–300 K, with a residual resistance ratio R(300 K)/R(4.2 K) of ca 50. The Hall mobility follows the
power law µH ∝ T −2.3 in the temperature range 150–300 K, which is attributed to n-type charge carriers.
(Some figures in this article are in colour only in the electronic version)

Previous work has shown that microwave-induced plasma
(MIP) treatment is a suitable tool to rapidly synthesise bulk
metal oxides and nitrides [12–14], providing an alternative
to thermal ammonolysis reactions [15, 16]. In this work, we
report the microwave plasma nitridation of STO single crystals
as a function of ammonia gas flow. The microstructure of the
surface and the bulk sample were studied by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) and changes in the composition and chemical states
of the elements were analysed by x-ray photoelectron
spectroscopy (XPS) depth profiling. Finally, we compare the
electrical transport properties of SrTiO3−x Ny /SrTiO3−δ with
SrTiO3−δ to investigate the influence of nitrogen doping on the
electronic conductivity mechanism of SrTiO3−x Ny /SrTiO3−δ .

1. Introduction
SrTiO3 (STO) based compounds have attracted increasing
attention in the semiconducting industry as potential
replacements for conventional silicon-based electronic materials [1, 2]. The substitution of cations and anions in the STO
structure allows a variety of properties to be observed including
ferroelectricity, resistive switching [2–5] and photocatalysis
[6, 7]. The most investigated method for property modification
is cation substitution; however, anion substitution also offers
great possibilities to tune the properties of a material, but is
much less explored [8].
Considering the charge compensating mechanism in STO,
the anionic substitution of O2− by N3− produces anionic
vacancies [9].
In fact, anionic vacancies can form a
donor level close to the Ti 3d conduction band resulting in
metallic conductivity in reduced STO [10]. Additionally, the
incorporation of N in STO increases the lattice parameter a [11]
and N 2p states from the valence band which reduces the band
gap and modifies the transport properties. Collectively, N
incorporation and anion deficiency contribute to the electrical
conductivity and facilitate the insulator to metal transition
in STO.
0022-3727/09/145202+08$30.00

2. Experimental
2.1. Sample preparation
SrTiO3 (1 0 0) single crystals (CRYSTEC) were cut into
rectangular bars of 2 × 0.5 × 10 mm3 . The plasma–solid
reaction is carried out in a quartz tube placed in a domestic
microwave oven operating at 2.45 GHz and 700 W [12] with
1
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Table 1. Sample preparation parameters and composition and N content at 10 nm depth for each sample.
Method

Sample ID

Ammonia (NH3 )
flow (ml min−1 )

Maximum
temperature (◦ C)

Sample stoichiometry

N content by XPS
(%) at 10 nm depth

MIP

tin-1
tin-2
ston-1
ston-2
ston-3
sto-1
sto-2

50
100
125
150
175
200
0

886 ± 5
805 ± 5
799 ± 5
783 ± 5
—
900
650

Sr0.56±0.028 Ti1±0.05 O1.11±0.055 N0.98±0.049
Sr0.85±0.0425 Ti1±0.05 O1.64±0.082 N1.47±0.0735
Sr0.97±0.0485 Ti1±0.05 O2.57±0.1285 N0.19±0.0095
Sr0.96±0.048 Ti1±0.05 O2.43±0.1215 N0.17±0.0085
Sr0.98±0.049 Ti1±0.05 O2.67±0.1335 N0.16±0.008
Sr1.07±0.0535 Ti1±0.05 O2.96±0.148
Sr1.02±0.051 Ti1 O2.91±0.1455

25.8 ± 1.29
16.3 ± 0.815
4.2 ± 0.21
3.7 ± 0.185
3.6 ± 0.18
0
0

Annealed
PLD

ammonia gas flow (NH3 ) controlled using a mass flow
controller and samples were placed in an active glow discharge
region [17]. The plasma treatment was started from room
temperature reaching the maximum constant temperature after
3 min. The maximum temperature measured depends on
the NH3 flow and within the range of our experiments the
temperature decreases with increasing ammonia flow. The
samples were treated for 10 min at each flow rate and treatment
conditions are given in table 1.
Oxygen deficient SrTiO3−δ samples were obtained using
two methods: (i) heating STO (1 0 0) in a quartz tube at 900 ◦ C
with a NH3 flow rate of 200 mL min−1 for 12 h, (ii) pulsed laser
deposition (PLD) of STO films on an STO (0 0 1) substrate in
a vacuum of 1 × 10−5 mbar. For the PLD preparation a pulsed
KrF (248 nm) excimer laser was used at a repetition rate of
10 Hz and a fluence of 5 J cm−2 and the substrate temperature
was held at 650 ◦ C. A detailed description of this method has
been reported previously [11].

Figure 1. Typical cross-section optical micrograph showing
SrTiO3−x Ny /SrTiO3−δ layers. The upper yellow layer is attributed
to the N-doped region and the lower blue layer to the oxygen
deficient layer. (Colour online.)

2 to 300 K. Electrical contacts were made with a 25 µm Al
wire bonded by an ultrasound wire bonder (Delvotec 4250).
The Hall measurements were performed in the PPMS using a
magnetic field of 5 T.

2.2. Characterization
The samples were examined by optical microscopy (Zeiss
Axioplan) in planar and cross sectional view in transmission
mode and also by SEM (Hitachi 4800) in topographic mode.
TEM images and selected area electron diffraction (SAED)
were performed using a Philips CM30 microscope, where thin
samples were prepared in cross sectional geometry by the
tripod method and by a dimple grinder (Gatan Model 656).
The final electron transparency was achieved by an ion-beam
milling system (RES 101 from Baltec).
XPS spectra were acquired on a PHI Quantum 2000
spectrometer with monochromatic Al Kα x-rays (1486.6 eV)
and the hemispherical energy analyzer was operated with
constant pass energy of 58.7 eV for high resolution spectra and
117.4 eV for survey scans. The XPS spectra were background
subtracted using the Shirley method. Spectra were acquired
at room temperature at a photoelectron take off angle of 45◦
with respect to the surface plane and sample charging was
neutralized with an electron flux provided by an in situ gun.
All spectra were referenced to the O 1s line at 531 eV and
the chemical composition ( = ±5%) was evaluated using
sensitivity factors supplied by the instrument manufacturer.
The transport properties of the samples were performed
using a physical property measurement system (PPMS) from
quantum design. The electrical resistance was measured by the
conventional four-point probe method [18] in the range from

3. Results
3.1. Surface morphology, structure and stoichiometry
An optical transmission micrograph of the cross-section
sample (figure 1) shows the formation of an upper yellow
layer (ca 10 µm) which has been attributed to nitrogen doped
STO (SrTiO3−x Ny ) and a lower blue layer of reduced STO,
(SrTiO3−δ ). The yellow colour is due to the emission from
localized nitrogen 2p-levels located inside the band gap close to
the valence band [19–21] and the blue emission from electron–
hole recombination induced at oxygen vacancies sites [1, 6].
It should be noted that all plasma treated samples contain a
second layer of SrTiO3−x Ny and SrTiO3−δ underneath. As
previously reported [22], reduction in STO in a microwave
plasma of ammonia occurs relatively fast and facilitates
nitrogen penetration. SEM pictures showing the surface
morphology are displayed in figure 2 and it can be seen
that the samples treated with lower ammonia flow (tin-1 and
tin-2) exhibit a rougher surface (figure 2(a)), in comparison
with samples treated with higher ammonia flow rates (ston-1,
ston-2, ston-3) (figure 2(b)).
The TEM analysis of ‘rough’ and ‘smooth’ samples is
shown in figure 3. The samples treated with low ammonia
flow (<125 mL min−1 ) show a top layer of TiN nanocrystallites
2
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Figure 2. SEM pictures in planar view of samples treated at ammonia flow rates of (a) 50 mL min−1 and (b) 150 mL min−1 .

and an amorphous phase. The TiN phase was confirmed by
nanodiffraction (figure 3(a)) with a characteristic ring pattern
corresponding to the cubic phase (ICSD No 01-087-0632)
and the contrast clearly distinguishes TiN from SrTiO3−x Ny
(figure 3(b)). Figure 3(c) shows the diffraction pattern of the
SrTiO3 : N single crystal in the [1 1 0] zone axis.
Samples treated with higher ammonia flow rates in the
range 125–175 mL min−1 did not show the formation of TiN
nanocrystals at the surface, but the presence of dislocations as
clearly seen in figure 3(d). An HRTEM image of the upper
15 nm layer reveals the presence of more defects, attributed
to stacking faults that are marked with arrows in figure 3(e).
These stacking faults are parallel and perpendicular to the
surface following the low index directions [1 0 0] and [0 1 0]
of the STO cubic structure.
Figure 4 shows the evolution of Ti 2p XPS spectra as a
function of the depth of N-doped and reduced STO samples.
It is worth mentioning that the first spectrum at the 0 nm
position was taken on a carbon cleaned surface done with
gentle sputtering (0.5 keV Ar+ for a few seconds). Spectra were
fitted using a model with three pairs of peaks corresponding
to the Ti 2p1/2 /Ti 2p3/2 doublets of Ti4+ , Ti3+ and energyloss shake-up satellites [22]. For samples tin-1 and tin2 (figures 4(a) and (b)) the peak at a binding energy of
455.2 eV in the spectra is assigned to Ti3+ which corresponds
to the oxidation state of Ti in the TiN phase [23, 24]. The
evolution of the Ti 2p spectra with depth in the sample tin1 confirms the high concentration of Ti3+ in the region (0–
300 nm), while the amount of Ti4+ increases in deeper layers
(300–550 nm). A preferential chemical state of Ti in the tin-2
sample was Ti3+ in the range from 0 to 100 nm, while Ti4+
was predominant in deeper layers (100–550 nm). However, a
small contribution to the Ti3+ shoulder in deeper layers could
be assigned to O/N preferential sputtering during the depthprofile measurements induced by Ar+ beam, as it was reported
for STO surfaces [1, 10, 25–27]. The errors induced by the
preferential sputtering of anions are estimated to be 3% within
an overall XPS evaluation error of 5%.
The spectra for ston-1 and ston-2 (figures 4(c) and (d))
that were plasma treated with greater ammonia flow show
the most pronounced peak at a binding energy of 459.1 eV
which corresponds to Ti4+ analogous to STO perovskite phases
[26, 28–30]. The presence of a small shoulder at the Ti3+
position suggests the presence of oxygen vacancies. The
evolution of Ti 2p spectra with depth for reduced samples sto-1
and sto-2 are presented in figures 4(e) and (f ), respectively.

Both series of spectra have typical shoulders at low binding
energies corresponding to Ti3+ , which confirms the presence
of oxygen vacancies. The Ti3+ peak is hardly detectable at the
surface (0 nm) for the sto-1 sample because the doping level is
low, with an oxygen content of 2.96 ± 0.148. The Ti3+ peak
is more pronounced in the sto-2 sample at the surface (0 nm)
due to the lower oxygen content of 2.91 ± 0.145.
The typical O and Sr spectra for all the samples shown in
figure 5 did not exhibit significant changes during the depthprofile analysis. The O 1s peak obtained from the SrTiO3−x Ny
surface layer was located at a binding energy of 531 eV, while
the peak for Sr 3d was found at 134.4 eV, which is in agreement
with peak positions reported for STO [26, 29, 31].
The typical spectrum of N 1s in the SrTiO3−x Ny layer is
presented in figure 5(c). The fitting was performed using two
peaks located at 397.4 eV and 399.3 eV, which can be assigned
to the N–Ti and N–O bonds, respectively [7]. The high
intensity peak corresponds to N3− , which has been suggested
to replace the O anions in the perovskite lattice while the low
intensity peak corresponds to nitrogen interstitially bound to
O ions [7]. The ratio of N–Ti to N–O bonds was estimated to
be ca 6 : 1 (±10%).
The atomic distributions of Sr, Ti, O and N normalized
to 100% for the samples tin-1, tin-2, ston-1 and ston-2, as
a function of depth are presented in figure 6. Sample tin-1
(figure 6(a)) reveals a high percentage of N in the region of
0–300 nm (25 at% at 10 nm, table 1) suggesting substitution
of oxygen by nitrogen. This result is consistent with previous
XPS results since the Ti3+ peak intensity is larger than Ti4+ .
With increasing depth (300–550 nm) the N content decreases
while the oxygen content increases, which is also consistent
with a decrease in the Ti3+ /Ti4+ ratio.
The Ti concentration in the top 5 nm for all the samples
is low compared with Sr and O. This can be explained by the
segregations of SrOx and SrCO3 on the surface which were
reported on annealed and air-exposed STO samples [32–35].
XPS data of tin-2 (figure 6(b)) also reveal a high
percentage of incorporated N in the analysed range 0–100 nm
(16.3% at 10 nm, table 1). With increasing depth (100–550 nm)
the N content decreases gradually while the Sr/Ti ratio remains
unchanged and almost stoichiometric, which suggests more
efficient N diffusion in tin-2 treated with a higher ammonia
flow rate of 100 mL min−1 compared with tin-1.
The samples ston-1,2,3 show a lower N content in
comparison with tin-1 and tin-2, and it should be noted that an
increase in the plasma ammonia flow rate (>125 mL min−1 )
3
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Figure 3. (a) TiN nanodiffraction of the tin-1 surface region. (b) TEM image of tin-1 showing a layer with TiN nanograins. (c) [1 1 0]
Diffraction pattern of a SrTiO3−x Ny single crystal layer from tin-1. (d) TEM cross-section image of ston-1; [1 0 0] diffraction pattern inset.
(e) HREM of ston-1 showing stacking fault defects.

is presented in figure 8. In the temperature range 150–300 K
the mobility for oxynitrides (ston-1,2,3) follows the power-law
temperature dependence µH ∝ T −2.3 , which is characteristic
for electrons scattered by thermal phonons [38], whilst the
mobilities for oxygen deficient samples (sto-1 and sto-2) in the
same temperature range follow the µH ∝ T −2.9 dependence
similar to previous observations [39]. In the temperature range
2–50 K, the µH absolute values for ston-1,2,3 are within the
same order of magnitude as sto-2, while at room temperature
the mobilities for ston-1,2,3 are higher (∼50 cm2 V−1 s−1 ) than
for both sto-1,2 (∼10 cm2 V−1 s−1 ).

results in less N content (figures 6(c) and (d)) because TiN
nanocrystal formation is avoided.
3.2. Electrical transport properties
Figure 7 shows the temperature dependence of the resistance
for plasma treated single crystal ston-1,2,3 and two reduced
STO samples, sto-1 and sto-2. Sample sto-1 was prepared by
heating an STO single crystal in ammonia at 900 ◦ C and sto-2
is a reduced STO film prepared by PLD.
The aim was to compare the electrical properties,
and establish the possible influence of the N doping in
SrTiO3−δ , although it should be noted that the oxygen vacancy
concentration will vary (table 1). Furthermore, the doping
profile of oxygen vacancies is unknown and the presence
of reduced SrTiO3−δ below the SrTiO3−x Ny layer makes
determination of electrical conductivity for a pure SrTiO3−x Ny
phase rather difficult [18]. For the SrTiO3−x Ny /SrTiO3−δ
heterostructure the electrical current could probably penetrate
into the metallic-like SrTiO3−δ second layer and contribute to
determination of the total resistance. Nevertheless, it is clear
that incorporation of nitrogen affects the resistance behaviour
as seen in figure 7.
The resistances of ston-1,2,3 are metallic-like with a
residual resistance ratio R(300 K)/R(4.2 K) of ca 50. All
samples, ston-1,2,3 and sto-1,2, exhibit quadratic behaviour
for the resistance R ∝ T 2 at low temperatures 2–80 K, which is
typical for Fermi-liquid electron–electron interaction [36, 37].
The Hall mobility measured in the temperature range 2–300 K

4. Discussions and conclusions
The microwave plasma treatment incorporates N atoms into
the perovskite structure of STO. In this study, essentially two
types of samples are obtained as a consequence of changing the
ammonia flow rate and hence the plasma properties: (i) samples
with significant surface roughness, with TiN layer on the top of
SrTiO3−x Ny /SrTiO3−δ (for samples tin-1,2) and (ii) samples
with little surface damage and a single crystalline layer of
SrTiO3−x Ny on top of SrTiO3−δ (ston-1,2,3).
The increasing roughness and surface nitridation in plasma
treated samples indicate greater ion/electron bombardment at
lower flow rates and, as a result, enhancement of surface
reactions, whereas at the higher flow rates less energetic
plasma is indicated. It should be noted that in non-equilibrium
plasmas such as those used in this work, electron and ion
4
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Figure 4. Ti 2p XPS spectra as a function of depth for different samples: (a) tin-1, (b) tin-2, (c) ston-1, (d) ston-2, (e) sto-1, (f ) sto-2.

temperature are significantly different and interaction with
a solid immersed in the plasma is complex. Measurement
of the sample temperature can provide some indication of
the energy available in the plasma. Previous work on the
microwave sintering of ceramics has shown that, as a function
of plasma gas pressure, the sample temperature passes through
a maximum [40]. During our treatment studies we worked in a
region of 50 to 150 mL min−1 flows and by increasing the flow
rate sample temperature decreases, as shown in figure 9.
Considering plasma kinetics, low gas flow results in an
increase in the residence time of active species in the plasma
[17]. This increases the electron mean free path and the
plasma energy [41]. As the energy density of the plasma is
increased, the dissociation rates of H and N become higher
and more energetic N and H ions are generated to impinge on
the STO surface. This results in higher surface roughness and

formation of Sr-contained secondary phases on the first top
5 nm. Similar reactions were found after exposing the STO
surface annealed in air and high temperatures. Under those
conditions precipitation and evaporation of Sr with partial
X
••

Schottky reaction OX
O + Sr Sr ⇔ VO + VSr + SrOsurface were
proposed [33, 35, 42]. While a decrease in temperature by an
increase in gas flow significantly decreases surface etching
of Sr and O and TiNx formation is inhibited resulting in the
formation of SrTiO3−x Ny . A similar dependence of gas flow
on resulting oxide to nitride ratio formations has been reported
for the microwave plasma nitridation of TiO2 [43].
Substitutional nitrogen is preferentially incorporated in
the STO lattice at oxygen positions forming N–Ti bonds.
The small shoulder at 399.3 eV in the N 1s XPS spectrum
can be assigned to N–O bonds revealing that nitrogen ions
are also incorporated interstitially in the STO perovskite
5
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Figure 5. Typical core-level XPS spectra of (a) O1s, (b) Sr 3d and (c) N 1s for SrTiO3−x Ny layer taken from 10 nm depth.

Figure 6. Element distribution profiles of Sr, Ti, O, N as a function of depth for (a) tin-1. (b) tin-2. (c) ston-1. (d) ston-2.
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to contribute to valence band states, but also to conductionband states [7]. For samples ston-1,2,3 XPS measurements
indicate an interstitial : substitution ratio of 1 : 6 ( = ±10%).
Simultaneously, oxygen deficiency in the structure introduces
extra electronic levels below the bottom of the conduction band
producing delocalized electrons that contribute to the electrical
conductivity.
In SrTiO3−x Ny /SrTiO3−δ heterostructures
the average Ti chemical states calculated at 10 nm depth
(SrTiO3−x Ny layer) give +3.77, +3.45 and +3.86, for
ston-1,2,3, respectively. These chemical states of Ti provide
free electrons to the Ti 3d band, and are probably the dominant
carriers.
The electrical resistance of the SrTiO3−x Ny layer cannot
be subtracted from the total measured resistance of the
heterostructure due to the unknown doping profile in the
SrTiO3−x Ny and SrTiO3−δ layers. However, the electrical
resistance of the SrTiO3−x Ny /SrTiO3−δ heterostructures
reveals metallic-like behaviour and follows a quadratic
dependence of the temperature (R ∝ T 2 ) in the range 2–80 K.
This behaviour is different from the metal–semiconductor
transition occurring in the N-doped STO grown on MgO
and LaAlO3 substrates [44]. For the temperature range
80–300 K, the absolute values of the electrical conductance of
the N-doped samples ston-1,2,3 are higher compared with the
values of reduced STO, sto-1,2, and the same trend is observed
for the Hall mobilities [39, 45]. In the temperature range
150–300 K, ston-1,2,3 obey the same power-law µH ∝ T −2.3
in the Hall mobility, and are therefore independent of the
carrier concentration, which is attributed to the nanostructure
of the samples, for example crystallinity [39]. However,
the effect of crystallinity on electrical transport needs further
investigation, which will be provided by future TEM studies.
Nevertheless, an increase in the electron mobility in ston-1,2,3
at room temperature in comparison with sto-1,2 could be due
to a decrease in thermal phonon scattering resulting from a
decrease in the lattice distortions on nitrogen incorporation.

Figure 7. Resistance as a function of temperature for ston-1,2,3 and
sto-1,2.

Figure 8. Hall mobility as a function of temperature for ston-1,2,3
and sto-1,2.
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