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Correlation of charge state of Mn with the increase in resistivity with Mn concentration is
demonstrated in Mn-doped indium tin oxide films. Bonding analysis shows that Mn 2ps,, core level
can be deconvoluted into three components corresponding to Mn?* and Mn** with binding energies
640.8 eV and 642.7 eV, respectively, and a Mn?* satellite at ~5.4 eV away from the Mn?* peak.
The presence of the satellite peak unambiguously proves that Mn exists in the +2 charge state. The
ratio of concentration of Mn?* to Mn** of ~4:1 suggests that charge compensation occurs in the
n-type films causing the resistivity increase. © 2010 American Institute of Physics.

[doi:10.1063/1.3481800]

In the quest for a reliable spin polarized material for
spintronic applications, intense research has been carried out
on oxide thin films doped with transition metals."” Indium
tin oxide (ITO) thin films, which are n-type transparent con-
ducting oxides with a band gap of ~3.75 eV,” when doped
with transition metals in few atomic percentages can become
diluted magnetic semiconductors (DMS), thus forming an
important class of materials for diverse technological
applications.1 A DMS is formed by doping a nonmagnetic
semiconductor, usually, with a few atomic percent of one or
more transition metals and the spins of the transition metal
ions retain their remanent alignment under the influence of
spin polarized carriers.* The excellent electrical conductivity
and reasonable mobility combined with the high optical
transparency which makes ITO one of the most widely used
transparent electrodes in liquid crystal displays, solar cells,
and electrochromic devices,3 also make it an excellent host
matrix for developing a DMS. Thin films of ITO doped with
transition metals such as Fe, Co, Ni, Cr, and Mn have been
found to exhibit room temperature ferromagnetism,s’6 which
is one of the prerequisites for these films to be used in spin-
tronic devices.”

The key to optimizing the properties of the transition
metal doped ITO films is an understanding of the chemical
environment of the dopant in the semiconductor matrix. It
has been observed that the charge state of the transition metal
dopant strongly influences the electrical and magnetic prop-
erties of DMS films.®’ For instance, increase in Mn concen-
tration has been found to result in an increase in resistivity
and a decrease in magnetization in Mn doped SnOz.8 It has
been reported that when doped with Mn, ZnO becomes
highly conductive at high temperatures but resistive at room
temperature, depending on the Mn concentration.” In Mn
doped CuO films, the observed increase in resistivity with
Mn doping has been assumed to be due to the Mn>* ions,
even though x-ray photoelectron spectroscopy (XPS) results
were inconclusive of the presence of Mn** and Mn** jons.'”
The presence of Mn?* ions has also been invoked to explain
the sharp decrease in lattice constant of Mn doped ITO
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(Mn:ITO) film as compared to that of undoped ITO film.” In
light of these reports, the possible existence of multiple
charge states of Mn which make any predictions on the prop-
erties of the grown films difficult has to be expected in
Mn:ITO films. Hence, it is important that oxidation state of
Mn in the films be identified. Here, we report XPS studies on
the charge state of Mn and its influence on the electrical
resistivity of Mn:ITO films.

Several methods such as reactive thermal evaporation,7
pulsed laser deposition,s’11 rf magnetron sputtering,12 and
sol—gel13 have been used to grow Mn:ITO thin films. In the
present work the films were deposited using dc reactive
sputtering on Si and Si/SiO, substrates, as described
elsewhere.'* The Mn compositions of the films reported
here were obtained using Rutherford backscattering
spectroscopy.]5 Mn:ITO films sputtered with two different
targets was estimated to have 1.6 and 4.3 at. % Mn. These
films will be henceforth referred to as 1.6% Mn:ITO
and 4.3% Mn:ITO, respectively. Similar Mn:ITO films on
Si/SiO, substrates had exhibited room temperature ferro-
magnetism.”> Grazing incidence x-ray diffraction (GIXRD)
was used to identify the phase as well as lattice constants of
the films. XPS was extensively used to identify the oxidation
state of Mn in the films. Electrical resistivity measurements
of the films grown on Si/Si0O, substrates were performed as
a function of temperature, using the linear four-probe method
to bring out the effect of Mn doping.

Figure 1(a) shows the GIXRD pattern obtained for 4.3%
Mn:ITO films on Si substrate. The patterns could be indexed
based on the cubic bixbyite structure of ITO. The films were
polycrystalline with mean crystallite sizes in the range 40-80
nm. When compared to ITO films, no additional peaks cor-
responding to any secondary phases could be detected in
Mn:ITO films. However, there is a systematic shift in the
(222) peak position toward lower “d” values with increasing
Mn concentration as shown in Fig. 1(b). The calculated lat-
tice constant (10.10+0.01 A) of ITO film matches well
with the reported value.” The lattice constants of 1.6%
Mn:ITO and 4.3% Mn:ITO films have been calculated as
10.06+0.01 A and 10.03+0.01 A, respectively. A similar
effect wherein a decrease in lattice constant with increase in
Mn content had been observed in films deposited on glass

© 2010 American Institute of Physics
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FIG. 1. (Color online) (a) GXRD pattern of 4.3% Mn:ITO film and (b) shift
in (222) peak position of ITO thin film with Mn doping.

32.0

substrates as well.”” To explain the decrease in lattice con-
stant, it has often been suggested that Sn** and Mn>* ions
having smaller ionic radii (0.83 A and 0.81 A, respectively)
substitute for larger (0.94 A) In** ions in an octahedral con-
figuration in Mn:ITO films.” It is to be noted here that Mn**
and Mn** ions also have smaller ionic radii (0.72 and 0.67
A) and it is possible that these ions may also be present.
However, in the previous reports7’12’13 there was little evi-
dence of the charge state of Mn making an unambiguous
explanation difficult. Hence, a detailed XPS study has been
performed on the films to bring out the charge state of Mn.

XPS studies were carried out in a Kratos Axis Ultra
DLD spectrometer equipped with a monochromatic Al K«
x-ray source (hv=1486.6 eV) operating at 150 W, a multi-
channel plate and delay line detector under a vacuum of
~10~ mbar. Measurements were performed in hybrid mode
using electrostatic and magnetic lenses, and the take-off
angle (angle between the sample surface normal and the
electron optical axis of the spectrometer) was 0°. All spectra
were recorded using an aperture slot of 300 um X700 um.
The survey and high-resolution spectra were collected at
fixed analyzer pass energies of 160 eV and 20 eV, respec-
tively. Samples were mounted in floating mode in order to
avoid differential charging.16 Charge neutralization was re-
quired for all samples. Binding energies were referenced to
the C 1s binding energy of adventitious carbon contamina-
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FIG. 2. (Color online) (a) XPS Survey spectra of ITO (solid line), 1.6%
Mn:ITO (dotted line), and 4.3% Mn:ITO (dashed line). The increase in
Mn 2p peak intensity (indicated by the arrows) with Mn concentration of
the deped filme s clearly seen.
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FIG. 3. (Color online) High resolution XPS spectra of In 3d core level.
Insets (a) and (b) show the high resolution XPS spectra of O 1s and Sn 3d
core levels, respectively.

tion which was taken to be 285.0 eV. The data were analyzed
with commercially available software, CASAXPS. The indi-
vidual peaks were fitted by a Gaussian (70%)-Lorentzian
(30%) (GL30) function after Shirley type background sub-
traction.

The XPS survey spectra obtained from ITO, 1.6%
Mn:ITO and 4.3% Mn:ITO films are shown in Fig. 2. Four
major peaks corresponding to In (In 3d), Sn (Sn 3d), O
(O 1s), and C (C 1s) for ITO film and an additional
(Mn 2p) peak for the Mn:ITO films can be clearly seen. The
presence of C 1s peak in the spectra is due to atmospheric
contaminants, which could be removed by Ar* sputtering of
the films. It is observed that the intensity of Mn (Mn 2p)
peak increases with the Mn concentration. High resolution
XPS spectra of In 3d, Sn 3d, and O 1s core levels have
also been obtained and are shown in Fig. 3. For ITO film, the
observed binding energies of 444.5, 486.5, and 530.2 for
In 3dsp, Sn 3ds;, and O s core levels, respectively, are in
excellent agreement with the values reported in previous
studies,'” " where ITO films were grown using different
techniques. The binding energies of In 3ds, and Sn 3ds),
indicates the charge state of In and Sn is predominantly +3
and +4, respectively, which is expected for good quality ITO
films."""

Figure 4 shows high-resolution XPS spectrum of
Mn 2pj;, core level from 4.3% Mn:ITO film along with the
deconvoluted components. The Mn 2p5,, line centered at
~641.2 eV was fitted using three components. The first
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FIG. 4. (Color online) Mn 2p;, core level XPS experimental spectra (open
circles) along with the deconvoluted components: Mn?* peak and satellite
(dashed lines), Mn** peak (dotted line) and the overall fit (solid line). The
inset shows the Mn 2p core level spectra (including the Mn 2p,, core
level).
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FIG. 5. (Color online) Variation in resistivity at 25 °C with Mn concentra-
tion for Mn:ITO films. The dotted line is only to guide the eye. The variation
in resistivity of ITO (circles), 1.6% Mn:ITO (triangles), and 4.3% Mn:ITO
films (squares) with temperature is shown as inset.

component is centered at ~640.8 eV. Its position is in
agreement with the binding energy of Mn?* as in MnO.***
The second component centered at ~642.7 eV is attributed
to Mn* as in Mn02.23’24 It is to be mentioned here that
metallic Mn has a 2p;,, line at 639 eV, while the line from
Mn** has a binding energy of ~641.7 eV.*""*** The obser-
vation of a satellite line (third component) spaced by
~5.4 eV from the first component further supports that the
dominant contribution is from Mn?*. The satellite excitation
is typical for MnO (Refs. 26 and 27) and is not present in
either Mn,0; or MnO, (Refs. 28-31) and is considered as a
signature of the presence of Mn”* as in MnO. A similar sat-
ellite peak for Mn 2p,,, is however buried in the tail region
of In 3ps,, for Mn:ITO films, as shown as inset to Fig. 4 and
hence is barely observed. From the integrated area under
each component, the ratio of Mn?* to Mn** is evaluated to be
~4:1, indicating that the dominant valance state of Mn in
Mn:ITO films is +2. Deconvolution using different back-
grounds (Tougaard and an exponential-like background with
Shirley component) to account for the contribution of the tail
of In 3p;, peak yielded similar results. Furthermore, the
~4:1 ratio is also obtained for the 1.6% Mn:ITO film.

The room temperature resistivity of the films as a func-
tion of Mn concentration is shown in Fig. 5. The observed
increase in the resistivity of the films (from 0.43 to
1.89 m{) cm) with increasing Mn concentration is explained
using the results from XPS analysis. The charge state of the
Mn ions that substitute for In** and/or Sn** ions has a direct
impact on the electrical properties of the films. In fact, incor-
poration of Mn”* ions reduces the carrier concentration’
while Mn** ions, like Sn** ions, can contribute additional
electrons to the conduction band. However, since Mn ions
enter the lattice predominantly as Mn?*, Mn incorporation
effectively results in hole doping which amounts to charge
compensation of the n-type films. The decrease in the carrier
concentration of the films directly results in the increase in
resistivity with increasing Mn concentration. Though pre-
dominant doping by Mn?* ions having higher magnetic mo-
ments compared to that of Mn** ions is desirable for improv-
ing the magnetic properties of the films, it essentially results
in increasing the resistivity. The variation in resistivity of the
films with temperature shown as inset to Fig. 5 reveals the
metal-like behavior of ITO and the Mn:ITO films. It is to be
noted here that ITO, depending upon the growth conditions,
can exhibit a semiconductor to metal transition at around
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room temperature.32 The observed metal-like behavior may
be attributed to enhanced scattering of the carriers, with in-
crease in temperature, which negates the contribution to con-
ductivity by the thermally activated carriers.”” Since Mn
doping only increases the resistivity without altering the
metal-like behavior, alternative growth conditions such as
lower oxygen partial pressure during sputtering and addi-
tional Sn** doping may help improve the electrical properties
without significantly affecting the magnetic properties of the
films.

In summary, dc reactive sputtered Mn:ITO films with
varying Mn concentration have been grown. The dominant
charge state of Mn in the films is found to be +2 and is
directly correlated with the observed increase in resistivity
with increase in Mn concentration. The results imply that
additional strategies need to be employed to independently
tune the magnetic and electrical properties effectively in
Mn:ITO films.
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