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Large band gap semiconductors are typically doped in order to enhance their photocatalytic, photovoltaic,
and other chemical and optoelectronic properties. The identification of dopant position and its local environ-
ment are essential to explore the effect of doping. X ray techniques, including extended x ray absorption fine
structure, x ray photoelectron spectroscopy, and x ray diffraction, were performed to analyze the Nd
�0 to 1.5 at. % � dopant location and the structural changes associated with the doping in anatase TiO2 nano-
particles, which were synthesized by metalorganic chemical vapor deposition. Nd ions were determined to
have a trivalent chemical state and substitute for Ti4+ in the TiO2 structure. The substitutional Nd3+ ions cause
anatase lattice expansion along c direction with a maximum value of 0.15 Å at 1.5 % Nd doping level and the
local structure of the dopants changes towards rutile like configuration. The lengths of the nearest neighbor
Nd-O and Nd-Ti bonds increase by 0.5–0.8 Å compared to their counterparts in the pure TiO2 host structure.
The substitutional nature of Nd3+ dopants explains why they are efficient not only for charge carrier separation
but also for visible light absorption in TiO2.
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I. INTRODUCTION

Doping methods have been extensively utilized for modi-
fying the electronic structures of TiO2 nanoparticles to
achieve new or improved catalytic,1 electroptical,2,3

magnetic,4 and other chemical and physical properties. Dop-
ants can segregate on TiO2 nanostructure surfaces or they
can be incorporated into the lattice, where the dopants can be
on substitutional, interstitial or both sites. Dopants with dif-
ferent locations have different impact on the TiO2 properties.
For instance, the effect of dopants on TiO2 photoreactivity
critically depends on dopant location and coordination in the
particles. It is mostly the substitutional dopant ions that con-
tribute to the change of electronic structure and light absorp-
tion efficiency of the host. The substituational dopant ions
can induce an electronic coupling effect with the host atoms
and bring possible electron states within the band gap of the
semiconductors. The dopant related localized states on either
the top of the valence band or below the conduction band are
favorable to the band gap change, which in turn affects the
photon absorption. For example, the anatase Ti1−xNxO2 has
been confirmed to be active to the visible light rather than
only ultraviolet due to the presence of well localized N 2p on
the top of O 2p valence band.5

The location and the local bonding configurations of the
dopants in TiO2 are difficult to predict theoretically. The co-

ordination environment of the dopants is affected not only by
the nature of the dopant such as ionic radii and concentration
but also by the synthesis method. For dopant ions with sizes
comparable to that of the host ions, it is conceivable that it
would be easier for them to occupy the host sites as opposed
to the dopants that have much larger or much smaller radii.
Thermodynamically, the quantity of dopants in the lattice
will be limited by the maximum equilibrium solid solubility
limit of the dopants in TiO2 nanoparticles. For different syn-
thesis processes, the dopant position may also change. Dop-
ant ions are initially absorbed on the surface of TiO2 par-
ticles during the hydrolysis step in the sol-gel method. A part
of these ions are then incorporated in substitutional or inter-
stitial sites of TiO2 after calcination.6 The dopant may also
form separate dopant related phase�s� during the calcination
process, such as the formation of the CoTiO3 phase in the
Co3+ doped TiO2 by sol-gel.7 In spite of a large quantity of
literature dealing with the effect of dopants on the chemical
and physical properties of TiO2, there is very little informa-
tion available on the location of the dopant and their local
environment. The lack of a complete description of the dop-
ant locations in the host is one of the sources which resulted
in many contradictory properties for the same type of dop-
ants even when the concentration levels of the dopants were
the same. For example, there is disagreement about whether
the Cr3+ dopant enhances or inhibits the photoactivity of
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TiO2.8–11 A similar controversy also exists for Fe3+ doped
TiO2.12–14 Therefore, to better understand the role of the dop-
ants, it is important to use appropriate characterization tech-
niques to measure the local structures of the dopants in a
TiO2 lattice. Such information will also help with the selec-
tion of the right dopant for the specific application of TiO2
nanoparticles.

Extended x ray absorption fine structure �EXAFS� is a
powerful technique due to its direct measurement of short-
range structural details selectively, i.e., around x ray absorb-
ing atoms in the sample. It has been successfully applied to
obtain local environment information of dopants.15–20 In this
paper, the dopant Nd location and its local structure in TiO2
nanoparticles synthesized by metalorganic chemical vapor
deposition �MOCVD� have been determined. Structural dis-
tortions of TiO2 at various concentrations, 0 to 1.5 at. %, of
Nd3+ are investigated by using EXAFS and other x ray tech-
niques. Expansion of the unit cell and changes in the local
structure around dopants are observed in the doped samples.
In the previous study, we have reported Nd induced tailoring
of TiO2 band gap.21 This work obtains the structural model
of Nd3+ ion doping, namely, that Nd3+ ions enter the TiO2
lattice substitutionally. Such a mechanism of doping allows
the possibility to introduce electron states into the band gap.

II. EXPERIMENT AND DATA ANALYSIS

All Nd doped and undoped TiO2 nanoparticles were syn-
thesized by MOCVD. The details of the deposition system
and sample preparations were described elsewhere.21,22 The
particle size and crystal structures were respectively deter-
mined by dark field images and selected area diffraction pat-
terns obtained from transmission electron microscopy
�TEM�. The crystal structures and average size were con-
firmed and the crystal lattice constants were determined by x
ray powder diffraction �XRD�, which is equipped with a
graphite crystal monochromator using Cu K� radiation
�K�1=1.5405 Å and K�2=1.5444 Å�. Besides the range
scans �2�=20° –60° �, high resolution scans for anatase
�101� and �200� peaks were carried out with scan speed of
0.05° min and short point interval of 0.002°. To precisely
determine the peak positions, the K�1 and K�2 peaks were
resolved. The lattice constants were calculated based on
�101� and �200� peak positions. The surface composition and
dopant state of the samples were determined by x ray pho-
toelectron spectroscopy �XPS�, which employs Al K� excit-
ing radiation as x ray source. High resolutions scans were
done for Nd �4d� peaks to verify the dopant chemical state.
The chemical compositions were also analyzed by energy
dispersive x ray spectroscopy �EDS�, which is attached to a
scanning electron microscopy system.

Local structure change of the dopant Nd in the TiO2 was
investigated by using EXAFS. Nd L3-edge and Ti K-edge
EXAFS data were collected at the UNICAT beamline facility
33 BM at the Advanced Photon Source and at the NIST
beamline facility X23-A2 at the National Synchrotron Light
Source. The Nd data from the Nd doped TiO2 were measured
by collecting the Nd fluorescence using a large area ioniza-
tion chamber. The transmission mode was used to measure
the Nd2O3 and TiO2 standards.

III. RESULTS AND DISCUSSION

A. Structural and chemical analysis

All TiO2 nanoparticle samples in this experiment have
anatase crystal structure with an average size around 22 nm.
The anatase crystal structure was confirmed by the selected
area electron diffraction patterns analysis. The diffraction
patterns showed typical anatase diffraction rings from crystal
planes including �101�, �004�, �200�, and �105�. The anatase
structure and average size of the samples is also consistent
with the XRD measurements. The analysis of the structure
and particle size by TEM and XRD has already been re-
ported elsewhere.21 Figure 1 is a high resolution transmission
electron microscopy lattice image of 1.5 at. % Nd doped
anatase TiO2 nanoparticles. However, at such a low level of
doping, no specific dopant related regions could be identified
in this lattice image.

Dopant concentrations and chemical states were obtained
from EDS and XPS, respectively. The Nd concentrations
range from 0 to 1.5 at. % and the corresponding ratios of
Nd:Ti extended from 0 to 0.046.21 Figure 2 shows the high
resolution XPS scans of Nd 4d region of the doped samples.
All the Nd 4d peaks are positioned at around 122 eV, which
are shifted from a metallic Nd0 peak position �118 eV�.23

The positive binding energy shift of Nd 4d results from the
decrease of electron density, suggesting that the dopant is
present as Nd3+ ions in the TiO2 nanoparticles.24,25 The quan-
tification of the chemical state is helpful for further exploring
the detailed Nd3+ associated chemical bonding information
in the crystal lattice, such as bond lengths.

B. Average lattice distortion

XRD shows a lattice constant change upon doping TiO2
with Nd. No separate dopant related phases were found sug-
gesting little or no dopant oxide phase within the XRD de-
tection limit. However, both �101� and �200� peak positions

FIG. 1. A high resolution TEM atomic image of 1.5 % Nd doped
TiO2 nanoparticles.
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showed a slight shift to the smaller angles with the increase
of Nd concentration. Figure 3�a� shows the XRD patterns for
�101� peaks of doped and undoped samples. Peak fits for the
K�1 �solid line�, K�2 �dotted line�, and the composite fit are
shown. The figure shows that the lattice space is enlarged
after the doping. The TiO2 lattice constants were calculated
based on anatase �101� and �200� diffraction peak positions
and the characteristics of anatase tetragonal structure. Figure
3�b� plots the lattice constants “a” and “c” as a function of
Nd concentration. The lattice constant increase is observed
with the increase of Nd level along the c-axis only. The
lattice constant “a” along the basal planes remains more or
less constant. The maximum elongation of c-axis is about
0.15 Å, from 9.516 Å �0% Nd� to 9.671 Å �1.5% Nd�. The
lattice expansion from XRD indicates the possibility of Nd3+

ions substituting Ti4+ sites because of the large difference of
the ionic radii between the dopant and host ions
�Nd3+:0.983 Å and Ti4+ :0.605 Å, with a coordination num-
ber of 626� causing the enlargement of the TiO2 lattice con-
stant. Nevertheless, XRD determines only the average peri-
odic structure and does not offer insights to any local
structural distortion.

C. Local structure around dopants

In this section we present analysis and results for the first
and second nearest neighbor shells of Nd obtained by EX-
AFS. EXAFS data were analyzed by an IFEFFIT27 package.
For each measured X ray absorption spectrum, the AUTOBK
code28 was used to normalize the absorption coefficient,
��k�, by the absorption edge step and separate the EXAFS,
��k�, from the isolated atom absorption background, �0�k�:

��k� =
��k� − �0�k�

��0�k�
,

where k is the photoelectron wave number, k
=�2m�E−E0� / 2, E is the photon energy, and E0 is the pho-
toelectron energy origin �chosen at the middle of the absorp-
tion edge jump�. Figure 4 shows the k2-weighted EXAFS for
the Nd2O3 reference and two doped samples. Visual exami-
nation of the data shows that the local environment in the
doped samples, while similar for the 1 % and 1.5 % dopings,
is drastically different from that in the Nd2O3 structure.
These data are, therefore, inconsistent with any model that
assumes Nd atoms segregating into Nd2O3-rich local regions
in a TiO2 host.

Figure 5�a� depicts the Fourier transform magnitudes of Ti
K-edge k2-weighted ��k� data and fit of the data for pure
rutile TiO2. This sample was analyzed first, in order to cali-
brate our modeling strategy against the known structure of a
model compound, which is also a prototype local structure of
Nd entering rutile TiO2 structure substitutionally. The data
k-range was 2–10.5 Å−1. Fitting was performed by a nonlin-
ear least square method employed in IFEFFIT that utilizes
theoretical scattering amplitudes and phases of the photo-
electron calculated by FEFF6 code.29 Fitting was performed
within the r-range �1.1–3.4 Å� corresponding to the follow-
ing n-degenerate shells of Ti nearest-neighbor linkages �only
single-scattering photoelectron paths were obtained to domi-
nate EXAFS in this range�: n=6 for Ti-O1, 2 for Ti-Ti2, and
8 for Ti-Ti3 pairs in rutile TiO2 structure �Figure 6�a��.30,31

As described below, we did not include the Ti-O2 pairs
�Table I� for pure TiO2 since they contribute in the same
distance range as Ti-Ti2, the latter being much stronger con-
tribution as obtained by FEFF simulation. We varied six vari-
ables: the �E0 correction to the photoelectron energy origin,
the isotropic lattice expansion/contraction factor, the ampli-

FIG. 2. XPS of Nd 4d region for samples with various Nd dop-
ing concentrations.

FIG. 3. �Color online� �a� XRD anatase �101�
diffraction peaks; �b� TiO2 lattice parameters “a”
and “c” �right� as a function of Nd concentration.
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tude reduction factor, and three Debye-Waller factors, for
each shell independently. Nearest neighbor distances ob-
tained in the fit �Table I� were found within the error bars
from the tabulated crystallographic values, thus attesting our
fitting procedure as reliable.

Similar analysis procedure was applied to fit the Nd
L3-edge EXAFS spectra of Nd2O3 and Nd:TiO2 samples.
The spectra of 1 % Nd doped TiO2 and the Nd2O3 reference
are shown in Figs. 5�b� and 5�c�, respectively. Figure 5�b�
presents the best fit of the Nd:TiO2 EXAFS assuming that
Nd substitutes for Ti in rutile TiO2. Theoretical FEFF paths
Nd-O1, Nd-Ti1, Nd-Ti2, and Nd-O2 were calculated and the
theoretical EXAFS signal was then fit to the data in r-space
by varying corrections to the model distances of these pairs,
the Debye-Waller factors, and the �E0 correction. The am-
plitude reduction factor was not varied in the fits and held
equal to its value obtained from the analysis of the Nd2O3
reference compound. Best fit results for the Nd nearest
neighbor pair distances are tabulated in Table I for both
doped samples. Interestingly, while separate refining of
Ti-O2 and Ti-Ti2 contributions to the Ti K-edge EXAFS in
TiO2 is hindered due to the interference of these pairs con-
tribution to EXAFS; such degeneracy can be lifted if the
lengths are no longer similar. In the case of Nd:TiO2, both
types of paths can be resolved by EXAFS.

The local structure of Nd in the Nd2O3 reference com-
pound was also fit by using the most dominating single-
scattering photoelectron paths calculated theoretically by
FEFF6 for the Nd-O and Nd-Nd bonds by using available
crystallographic information.32 The crystal structure of this
compound contains 8 Nd-O and 12 Nd-Nd pairs in the
nearest-neighboring shells, and its EXAFS is drastically dif-
ferent from those in the Nd:TiO2 samples �Figs. 4 and 5�.

It is important to emphasize that we also attempted to fit
the local structure of Nd in the Nd:TiO2 samples to other
models including Nd with anatase local structure, Nd with
Nd2O3 local structure, and Nd with Nd2O3 local structure
with Ti replacing Nd in the second �metal� shell. Interest-
ingly, the best fit quality was obtained for the model where
the local structure around Nd is the same as that around Ti in
rutile TiO2. These results are discussed in the following sec-
tion.

The local structure distortion can be revealed in both an-
gular distortion and length distortion of chemical bonds. In
anatase, two apical and four equatorial oxygen atoms in the
TiO6 octahedron primitive cell form the Ti first O shell �O1�
with a local symmetry of D2d, whereas in rutile, the local
symmetry of Ti-O bonds changes to D2h.30 After the incor-

FIG. 4. �Color online� k2-weighted, background subtracted and
edge-step normalized Nd L3-edge EXAFS data in the reference
Nd2O3 and two doped samples.

FIG. 5. The Fourier transform magnitudes of EXAFS spectra of
k2-weighted ��k� data and FEFF6 fits for �a� Ti K-edge for pure
rutile TiO2; �b� Nd L3-edge for 1 % of Nd doped TiO2; and �c� Nd
L3-edge for Nd2O3.
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poration of Nd, the local structure changes to rutile like for-
mation. Namely, with the Nd ions in the Ti positions, the
angle of two equatorial Ti-O bonds �O-Ti-O� increases
whereas the angle of one equatorial and one apical Ti-O
bond �Ti-O-Ti� decreases. Eventually, the structure is in re-
semblance to the rutile TiO6 configuration �Fig. 6�b��. More-
over, the change of metal-oxygen and metal-metal bond
lengths is also evident �Table I�. The measured Ti-O1 and
Ti-Ti1 distances �r� from Ti to the first O shell and the first
Ti shell are 1.95�1� Å and 2.96�2� Å, respectively. However,
the large difference from these distances is found in Nd
doped samples. For example, the Nd-O1 and Nd-Ti1 lengths
in 1 % of Nd doped TiO2 are 2.48�1� Å and 3.75�6� Å, re-
spectively. Very similar results were obtained for 1.5 % of
Nd doped TiO2. There is about 0.5 Å length expansion from
Ti-O1 to Nd-O1 as well as Ti-Ti2 to Nd-Ti2. In addition, the
elongation of the Nd-Ti1 bond length relative to Ti-Ti1
reaches 0.8 Å.

D. Substitutional Nd3+ ions in TiO2 lattice

The change of TiO2 lattice constants and Nd dopant local
structure strongly indicates that Nd3+ ions have substituted
the Ti4+ ions. The large difference of ionic radius ��0.4 Å�
between Nd3+ and Ti4+ causes local lattice expansion and the
concomitant local strain field at the Nd dopant sites. In ad-
dition, the different electronic structure of Nd3+ and Ti4+ can
cause a variation of electronic interactions at the atomic level
and further induce the lattice distortions. The electronic ef-
fect induced lattice distortion has also been observed in the
As doped single crystal Si system.33 Besides the crystal lat-
tice distortions, the electronic structure and band gap change
of doped TiO2 agrees well with the existence of substitu-
tional Nd3+ ions.21

The substitutional Nd3+ is useful to enhance certain prop-
erties of TiO2 nanoparticles. For instance, to neutralize the
electric charge in TiO2, the substitutional Nd3+ ions form
Nd-O bonds by introducing possible oxygen vacancies into
their vicinity. The empirical composition relation in doped
samples can also be formulated as NdxTi1−xO2−0.5x. The oxy-
gen vacancies have capability to trap photo-excited electrons
to increase the lifetime of the holes. Therefore, substitutional

doping of Nd3+ provides several advantages. For example, it
can greatly enhance the photoreactivity of TiO2 nanopar-
ticles not only by realizing visible light absorption but also
by achieving high efficient electron/hole separation. The vis-
ible light absorption is achieved because the substitutional
Nd3+ ions introduce electronic states on the bottom of the
TiO2 conduction band edge and form a new highest unoccu-
pied molecular orbital to narrow the band gap. The effective
charge carrier separation becomes possible due to the strong
trapping effect in the lattice induced by the substitutional
dopant. We have already experimentally and theoretically
confirmed these possibilities.21

IV. CONCLUSION

We have studied the Nd dopant location and lattice struc-
ture distortion in the anatase TiO2 nanoparticles synthesized
by MOCVD. Nd was determined to have a trivalent chemical
state by XPS. Average structural distortion and local struc-
tural change in the doped TiO2 nanoparticles were detected
by XRD and EXAFS techniques, respectively. The average
lattice constant is enlarged along the c-axis with a maximum
value of 0.15 Å for 1.5 % Nd doped sample. The local struc-
ture of Nd is similar to the rutile configuration. The lengths
of Nd-O1 and Nd-Ti2 bonds in doped samples have a 0.5 Å
increase and the increase of Nd-Ti1 length reaches 0.8 Å
compared with Ti associated bonds in a pure TiO2 structure.
All these results strongly support that Nd3+ ions are situated
at the substitutional locations and cause lattice distortions in
the TiO2 nanoparticles.
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TABLE I. Comparison of Ti-NN and Nd-NN distances in the
TiO2 structure for TiO2 and Nd:TiO2 �1% and 1.5% of Nd�, respec-
tively. Ti-O2 contributions are not included in TiO2 analysis, since
they interfere in the same distance range with Ti-Ti2, as described
in the text. Such degeneracy is lifted in the case of Nd:TiO2 EX-
AFS data.

NN N R �Å�

TiO2 1% Nd 1.5% Nd

O1 6 1.95�1� 2.48�1� 2.45�1�
Ti1 2 2.96�2� 3.75�6� 3.75�7�
Ti2 8 3.56�3� 4.07�3� 4.06�4�
O2 8 — 4.20�4� 4.18�5�

FIG. 6. �Color online� Schematics of �a� rutile structure and �b�
rutile like Nd local structure in TiO2 nanoparticles.
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