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a b s t r a c t
Nitrogen was successfully incorporated into the surface of a SrTiO3 (1 1 1) single crystal by exposing it
to a microwave-induced glow discharge plasma of ammonia (NH3 ). The layers generated by the ﬂux
of active species in the plasma varied in composition and structure depending on the treatment time,
t. Substitution of oxygen by nitrogen along with the reduction of the crystal surface was observed by
X-ray photoelectron spectroscopy. The 0–150 nm thick top layer showed Sr and O deﬁciencies and was
identiﬁed as a mixture of nanocrystalline cubic rocksalt-type TiN, perovskite-type SrTiO3−ı –SrTiO3−x Ny
and amorphous phases. Deeper nitrogen diffusion into the crystal yielded perovskite-type nitrogen-doped
strontium titanate. The diffusion of N into the perovskite structure was characterized by the diffusion
coefﬁcient D = (2.1 ± 0.4) × 10−15
cm2 s−1 . The growth of the N-containing perovskite layers showed the
time dependency L [m] = 6.3 t [min]. Examination of the electronic properties revealed metalliclike electrical conductivity, superconductivity with Tc of up to 5 K, and negative Seebeck coefﬁcients of
up to S = −465 V K−1 at room temperature.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
SrTiO3 (STO) is a non-conducting material (band insulator) with
a band gap of 3.2 eV and a cubic perovskite-type structure (space
group Pm3̄m, unit cell parameter a = 3.905 Å). Surface-reduction of
STO leads to complex electronic properties due to surface structure
reconstructions and formation of chemical heterogeneities in the
topmost layer [2–4]. This turns it into a potential key material for
electronic applications [1]. However, as the electrical conductivity
[1,5–8] or the nanostructure self-assembly [9–16] of these materials
appear to crucially depend on the surface treatment and preparation techniques, further research is necessary on the relationship
between the surface structure and chemistry and the physical properties.
Here the changes in structure, composition and electronic properties of STO single crystals after the treatment with microwave
induced NH3 plasma are studied. The following modiﬁcations of
STO are expected: (i) cationic substitution [17], (ii) formation of oxygen vacancies [1,5,6,18], and (iii) an anionic substitution N3− → O2−
[19–22]. Substitution of O2− with N3− in perovskites is possible
due to the similar ion size of both elements. It has been shown
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that mixing of N 2p with O 2p states narrows the band gap in perovskites, so that STO doped with N can be used as photocatalytic
active material [23,24]. However, due to charge compensation,
complete anionic substitution of O2− by N3− in the perovskitetype structure necessarily implicates residual anionic vacancies
[25].
Samples were characterized by X-ray diffraction, optical and
transmission electron microscopy (OM, TEM), X-ray photoelectron
spectroscopy (XPS) and elastic recoil detection analysis (ERDA). The
measurements provided both data on the structural and physical
chemical properties of the materials and allowed conclusions about
the processes proceeding in the plasma.
2. Experimental
2.1. Sample preparation
SrTiO3 (1 1 1) single crystals from CRYSTEC were cut into rectangular bars of
1 mm × 0.5 mm × 10 mm. The plasma solid reaction was carried out in a quartz
tube placed in a domestic microwave oven [26] operated at 2.45 GHz with a power
of 700 W. Samples were placed in the active glow discharge region [27] in the
quartz tube. The temperature was measured by a K-type thermocouple attached
to the quartz plasma reactor. The plasma treatment started from room temperature; the maximum temperature of 400 ◦ C was reached after 2 min and remained
constant throughout the whole reaction. All samples were prepared at constant
ammonia (NH3 ) ﬂow of 100 ml min−1 keeping the pressure in the quartz tube at
10 mbar.
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Table 1
Description of sample properties after treatment.
Time of treatment (min)

Color in planar view
Thickness of the yellow layer (m) (by optical microscopy)
Thickness of the nanocrystalline layer, NL (nm) (by XPS analysis)
Superconductivity transition temperature at zero ﬁeld Tc (K)
Resistance at RT ()
N/Ti ratio in NL
O content in NL (at.%)

2

10

30

40

53

120

130

Dark blue
7
0–10
0 or (<2)
1.71
0.6
33

Dark blue
27
0–20
3.6
1166
0.86
19

Greenish
31
0–30
2.8
250
0.72
21

Greenish
56
0–50
4.2
89
0.87
21

Brown-gold
50
0–120
4.1
54
0.85
27

Brown-gold
73
0–150
3.2
6.32
1.1
54

Brown-gold
53
0–150
5
2.95
0.6
10

Fig. 1. GIXRD patterns of samples after different treatment times.

2.2. Characterization
The crystal structure of the samples was studied by X-ray diffraction using an
X’pert Panalytical diffractometer in standard –2 conﬁguration. The phase composition and the crystal structure of the topmost layer were determined by grazing
angle diffraction measurements (GIXRD) with an angle of incidence of 1◦ with

Fig. 2. Thickness of the yellow layer (N diffusion in STO) vs. synthesis time. (Inset)
A typical optical cross-section micrograph.

respect to the sample surface. The samples were also examined by a Zeiss Axioplan
optical microscope in planar and cross sectional view. TEM analysis and selected
area electron diffraction (SAED) was performed in a Philips CM30 microscope. The
heterostructures were thinned 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). Simulation of the

Fig. 3. The cross-section TEM images of (a) 2 min and (b) 53 min treated samples, respectively; (c) typical polycrystalline nanodiffraction pattern from the topmost layer and
the diffraction pattern simulated by JEM software (right).
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Fig. 4. (a) Cross-section of sample treated for 40 min (upper part), the region A at the interface and region B near the surface were analysed by FFT showing the [−1 1 2] STO
zone axis and the [0 1 1̄] zone axis of TiN, respectively. (b) HREM image of region A showing the interface between STON, TiN and the amorphous zone. (c) HREM image of
region B near the surface showing nanograins of TiN with [0 1 1̄] orientation.

diffraction patterns was performed by the JEMS software [28]. The XPS spectra were
obtained on a PHI Quantum 2000 spectrometer with monochromatic Al K␣ X-rays
(1486.6 eV). 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 and smoothed afterwards. Spectra were acquired at room temperature at a photoelectron take off angle
of 45◦ with respect to the surface plane. Electron ﬂood and ion guns neutralized the
sample charge. All spectra were referenced to the C 1s line at 284.6 eV. The intensity
ratios were evaluated using sensitivity factors supplied by the instrument manufacturer. For the depth composition analysis, a 4 KeV Ar+ ion gun was used to sputter the
samples. Samples were placed under a 2 mm metal mesh to enhance the electrical
contact. The sputtering rate was calculated from proﬁlometry measurements using
an Ambios X-1 instrument and was found to be ∼10 nm min−1 . The samples were
also characterized by ERDA [29] at the PSI/ETH Laboratory for Ion Beam Physics. A
127
I beam at 12 MeV was used with an angle of incidence of 18◦ and scattered recoils
were identiﬁed by the combination of a time-of-ﬂight spectrometer in a gas ionization chamber [30]. Electrical resistance determined by conventional four point

measurements [31] on a PPMS Quantum Design machine in the temperature range
from 2 to 300 K. The Seebeck coefﬁcient at room temperature was evaluated by an
Ozawa instrument using a conventional steady state method [32].

3. Results
3.1. Color and structural properties
The relation between the color of the samples in planar view and
the treatment time is presented in Table 1. The color of the transparent pristine samples changed into dark blue, greenish and ﬁnally
brown-gold as the time of the plasma treatment was increased.
Reduced STO single crystals are reported to have a dark blue or
greenish color [33].
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The bulk structure of the treated samples was investigated by
standard –2 X-ray measurements. These measurements revealed
that in the top 4 m thick layer of all treated samples the cubic
perovskite (Pm3̄m) structure with the same lattice parameter as
for the untreated crystal (a = 3.905 Å) was retained. Grazing angle
XRD, which is more sensitive to the topmost ∼100 nm thick layer,
was used to investigate the surface structure. The resulting XRD
patterns for all samples are presented in Fig. 1. By comparison
of the obtained diffraction patterns with the ICSD database, two
phases were identiﬁed. The ﬁrst one is a cubic perovskite SrTiO3
with a = 3.905 Å (ICSD no. 00-035-0734) and the second one is a
cubic rocksalt-type TiN with a = 4.225 Å (ICSD no. 01-087-0632).
The peak intensities of both polycrystalline phases increased with
increasing plasma treatment time showing a maximum value for
a sample treated for 130 min. Prior to TEM investigations, optical
microscopy pictures in cross-sectional geometry were taken for
every sample. The inset in Fig. 2 represents a typical cross-sectional
optical image taken in transmission mode. The middle part of the
samples became blue after 2 min of plasma treatment which can
be attributed to the formation of oxygen vacancies [1,14,33,34]. All
the samples possess a yellow top layer, with a thickness L depending on the plasma treatment time t. The yellow color might be due
to nitrogen atoms diffused into the perovskite structure [23,35].
The thickness of the yellow
layer can be ﬁtted by the solution of
√
Fick’s second law, L ∝ t, for a homogeneous system applying semiinﬁnite boundary conditions [36]. The ﬁtting results are shown in
Fig. 2.
Samples for TEM examination were prepared in cross-sectional
geometry and are shown in Fig. 3. Fig. 3a and b represent samples
treated for 2 and 53 min, respectively. The sample treated for 2 min
exhibits a surface defect structure formed by nanograins and dislocations (lines and loops). The nanograins are not interconnected.
The sample treated for 53 min reveals a ∼120 nm thick continuous layer of nanograins which are linked together. Examination of
the grains by nanobeam diffraction produced the same pattern for
all samples. Fig. 3c shows a typical diffraction pattern from the topmost polycrystalline layer. This ring pattern can be assigned to a TiN
phase; the broadening of some rings to SrTiO3−ı and STON phase.
The JEMS simulation in Fig. 3c conﬁrms the formation of TiN. Due
to the diffuse scattering intensities of the rings the dh k l evaluations
are associated with a slight degree of uncertainty. On the one hand,
this could be attributed to the overlapping of TiNx and SrTiO3−ı ,
SrTiO3−x Ny phases. On the other hand, the effect could be due to
amorphous regions around the nanograins. Fig. 4 shows the TEM
analysis of a sample treated for 40 min. The STO:N single crystal
(yellow part of the optical micrograph in Fig. 2) can easily be distinguished from the polycrystalline top-layer because of the contrast
difference observable in Fig. 4a. The two regions, marked with A
near the interface and B near the surface of the polycrystalline top
layer, are analyzed by fast Fourier transform (FFT). The analysis of
the STO:N interface region revealed a similar diffraction pattern as
for the perovskite-type STO with similar or rather indistinguishable (by TEM) cell parameters (Fig. 4a, bottom left). Analysis of the
Table 2
The binding energies and relative intensities of the Ti and O ﬁtted photoelectron
peaks at 25 and 75 nm depth for 40 min treated sample.
Peak ﬁtted

Binding
energy (eV)

Relative intensity,
25 nm

Relative intensity,
75 nm

Nitride
doublet

2p3/2
2p1/2

455.2
461.3

1
0.38

0.34
0.15

Shake-up
doublet

2p3/2
2p1/2

456.9
462.7

0.65
0.35

0.47
0.21

Oxide doublet

2p3/2
2p1/2

459.2
464.7

0.67
0.2

1
0.36
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Fig. 5. (a) Cation and (b) anion ratios for all the samples obtained by XPS measurements.

B-marked region yielded the zone axis of TiN (Fig. 4a, bottom right)
[37].
Fig. 4b shows the high-resolution electron microscopy (HREM)
image from the interface between STO:N and the polycrystalline
layer. The perovskite structure of STO:N and the cubic TiN structure
can both be recognized. The overlapping of both structures produces the Moiré fringes. Fig. 4c shows a HREM image of the surface
region with TiN nanograins oriented along the [0 1 1̄] zone axis. In
both Fig. 4b and c, amorphous zones with intercalated nanograins
are observed.
3.2. X-ray photoelectron spectroscopy and ERDA analysis
The chemical composition of the samples as function of the
depth and treatment time was studied by XPS. Fig. 5a and b represent the evaluation of the atomic concentration ratios of Sr/Ti
and N/O for all samples as a function of the depth. These proﬁles
clearly reveal two regions. The ﬁrst region concerns the topmost
layer (depth < 150 nm) which is characterized by higher Ti and N
contents. The thickness of this topmost Sr deﬁcient and N enriched
layer increases with increasing treatment time. The second region
(depth > 150 nm) has a smaller nitrogen content and the Sr/Ti concentration ratio is smaller than the theoretical value of STO, but
within the error margin (∼2%). The cation ratio was also analyzed
by ERDA revealing Sr depletion only in the ﬁrst region.
Fig. 6a shows high-resolution XPS spectra for the 40 min treated
sample at different sputtering depths. for the ﬁtting of the spectra
at 25 and 75 nm sputtering depth a model with three pairs of peaks
corresponding to the Ti 2p1/2 and Ti 2p3/2 doublets of Ti4+ , Ti3+ and
energy-loss shake-up satellites (see Table 2) was used. Comparison
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Fig. 7. Nitrogen concentration vs. depth for 130 min treated sample based on experimental XPS data. (Inset) Linear ﬁt in the depth range of 0.2–0.8 m.

of the spectra demonstrates that Ti is present in different chemical states in the two regions (Fig. 6b and c). The spectrum at 25 nm
depth is typical for the ﬁrst region and the spectrum at 75 nm depth
is typical for the second region. The Ti 2p spectrum obtained for the
ﬁrst region is shifted to lower binding energies conﬁrming preferential formation of Ti3+ –N bonds on the surface, while the spectrum
for the second region corresponds to the peak positions typical for
Ti4+ [38–41].

Fig. 6. (a) Reconstruction of the Ti 2p chemical shift during XPS depth proﬁle analysis; (b and c) deconvolution of the Ti 2p peaks 75 and 25 nm, respectively.

Fig. 8. (a) Temperature dependence of the resistances for plasma-treated samples,
(b) enlarged low-temperature region showing the superconductivity transition for
120 and 130 min treated samples.
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XPS composition analysis reveals maximum N content in the
sample treated for 130 min (Fig. 7). The high-nitrogen content
(∼35 at.%) was found in the topmost surface layer, which is strongly
Sr-depleted (3 at.%) and enriched with Ti (53 at.%). The nitrogen concentration decreases gradually from 35% to 3.5% with increasing
depth (0–150 nm), while the Sr content increases and the Ti content decreases simultaneously. The Sr content reaches ∼20%, which
is consistent with the cation stoichiometric composition of SrTiO3 .
In the range of 200–800 nm the nitrogen content decreases linearly
with depth (inset Fig. 7). In this deep region, the diffusion coefﬁcient for the diffusion of nitrogen into the perovskite lattice of
D = (2.1 ± 0.4) × 10−15 cm2 s−1 was calculated applying Fick’s second
law.
3.3. Electrical and thermoelectrical properties
Fig. 8a shows the electrical resistivity of the treated samples
as a function of temperature. The sample treated for 2 min (see
Fig. 3a), shows metallic behavior with a residual resistance ratio
R(300 K)/R(4.2 K) of ∼103 which is similar to the values obtained
for reduced STO crystals [5,8]. The samples with longer treatment
times exhibited superconductivity with Tc < 5 K and considerably
higher resistances (up to the k range) at temperatures above Tc .
The superconducting transition temperature also depends on the
treatment procedure (Table 1). The maximum transition temperature measured in zero magnetic ﬁeld reaches 5 K, which is close
to the value of Tc = 5.6 K for TiN [42] and higher than the values of
Tc max = 0.3 K for reduced STO [43]. The Seebeck coefﬁcients of the
studied samples are S ∼ −400 V K−1 at about 300 K which is two
orders of magnitude higher than the reported data for TiN with
S = −7.8 V K−1 [44], but lower compared to the values for reduced
STO with S = −890 V K−1 [45].
4. Discussions and conclusions
Plasma ammonolysis of SrTiO3 single crystals in a microwave
plasma partially replace O2− by N3− resulting in the formation
of layers with different compositions and structures. The analysis by GIXRD, TEM, XPS and ERDA shows that the microwave
plasma treatment results in modiﬁcations of the topmost surface layer (0–150 nm) are accompanied by depletion in Sr and
O atoms. In this region nanocrystalline grains of cubic rocksalttype TiN were formed together with perovskite-type STO:N and
amorphous material. Deeper layers (L ≥ 150 nm) had a yellow color
due to the formation of N-doped STO and revealed single crystal perovskite-type structure. The thickness of this N-doped STO
yellow layer increases with increasing treatment time and was ﬁtted with Fick’s second law, resulting
in the time relationship for
the diffusion length of L [m] = 6.3 t [min]. XPS depth proﬁle
quantiﬁcation of the N diffusion into STO yields a coefﬁcient of
D = (2.1 ± 0.4) × 10−15 cm2 s−1 .
The formation of this layered structure is attributable to the
properties of the microwave plasma used for the sample treatment.
The plasma treatment results in the decomposition of ﬂowing NH3
gas by microwave radiation and produces an active species ﬂux
in the discharge region [27] comprising active species of nitrogen,
hydrogen and electrons. The electron energy in the glow discharge
region is about 10–100 eV [25] which is 3 orders of magnitude
higher than those for atoms/ions. The active species damage the
sample surface causing loss of Sr and O from the surface of SrTiO3 .
In ion sputtering [14] and PLD thin ﬁlm growth [46] experiments,
similar Sr and O losses were observed. Moreover, after thermal
annealing, the formation of Sr and O vacancies have energetically
similar probability [47]. The formation of TiN or amorphous phases
in the topmost layer, can also be related to an excess of nitrogen at
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the surface. A comparable effect of degradation was observed in Ndoped SrTiO3 ﬁlms produced by reactive RF magnetron sputtering
in a Ar–N2 mixture [35].
Apart from the content of active species, the NH3 plasma also has
reductive properties, leading to a reduction of the crystal surface
and thus to the formation of new phases.
The diffusion of nitrogen into the perovskite structure
at the maximum temperature of 400 ◦ C applied during the
plasma treatments is characterized by a diffusion coefﬁcient of
D = (2.1 ± 0.4) × 10−15 cm2 s−1 .
The results of the electrical measurements of the treated samples also varied with the length of the treatment. For the sample
treated for 2 min, where the formed TiN nanograins at the surface
were yet not linked together, the value of the electrical conductivity
was in the range characteristic for metals. An increase of the treatment time yielded samples with interconnected TiN nanograins at
the surface. These samples exhibited much higher resistivities, but
also showed superconductivity with different Tc (<5 K). The sample treated for 2 min showed a metallic behavior, very similar to
reduced STO. The incorporation of a small amount of nitrogen into
STO single crystal has minor inﬂuence on the transport properties. Samples treated for a longer time reveal a surface layer of
mixed phases, i.e. TiNx , SrTiO3−x Ny , SrTiO3−ı (in interconnected
nanograins, Fig. 3b). The superconductivity with transition temperatures depending on the processing time (Fig. 8 inset) could
be assigned to the presence of a TiNx related phase. The transition
temperature in TiNx depends on the Ti/N content, reaching a maximum Tc = 5.6 K for Ti/N = 1. Small deviations from the stoichiometric
composition affect the transition temperature.
On the other hand the samples reveal a large negative Seebeck coefﬁcient S = −465 V K−1 at room temperature, which is two
orders of magnitude higher than for TiN and comparable to reduced
STO.
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