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Abstract We report on the preparation and character-
ization of high purity manganese (3-9 wt.%) doped indium
tin oxide (ITO, In:Sn = 90:10) films deposited by sol—gel
mediated dip coating. X-ray diffraction and selected area
electron diffraction showed high phase purity cubic In,O3
and indicated a contraction of the lattice with Mn doping.
High-resolution transmission electron microscopy depicted
a uniform distribution of ~20 nm sized independent parti-
cles and particle induced x-ray emission studies confirmed
the actual Mn ion concentration. UV-Vis diffuse reflec-
tance measurements showed band gap energy of 3.75 eV
and a high degree of optical transparency (90%) in the
100-500 nm thick ITO films. X-ray photoelectron spec-
troscopy core level binding energies for In 3dsp
(443.6 eV), Sn 3ds, (485.6 eV) and Mn 2p3,, (640.2 eV)
indicated the In**, Sn** and Mn** oxidation states. Mag-
netic hysteresis loops recorded at 300 K yield a coercivity
H. ~ 80 Oe and saturation magnetization Mg ~ 0.39 up/
Mn?** ion. High-temperature magnetometry showed a Curie
temperature 7, > 600 K for the 3.2% Mn doped ITO film.
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1 Introduction

Dilute magnetic semiconductors (DMS) whose lattices are
partially substituted by magnetic ions have proven to be
very useful in building an all-semiconductor platform for
next generation spintronics-based multifunctional devices
[1]. To integrate electronics, magnetics and photonics, it is
mandatory to develop semiconductors that are not only
ferromagnetic at room temperature, but which also have a
tunable carrier density, large mobility, high magnetic
moment and high optical transparency in order to be used
in devices for spin injection and detection. Recently,
transition-metal (TM) doped oxide semiconductors such as
TiO, [2, 3], ZnO [2-7] and SnO, [8-11], have received
much attention due to indications suggesting room-tem-
perature ferromagnetism (FM). Such high-temperature FM
has been theoretically predicted in many TM doped sys-
tems with Mn as one of the favored dopants [12]. The
authors [13] have recently observed room-temperature FM
in sputter deposited Cr doped In,O5 Philip et al. [14] have
reported FM in Mn doped indium tin oxide thin films
grown on silicon and sapphire substrates by a thermal
evaporation process. Their samples showed the anomalous
Hall-effect suggesting that this material may be a very
promising candidate for spintronics applications. Indium
tin oxide (ITO), being a non-stoichiometric n-type wide
band gap semiconductor [15] with interesting electrical and
optical properties and wide spread applicability [16-18],
adds to the interest in developing FM in this material.

In this work, we report the synthesis of ferromagnetic Mn
doped ITO films in nanostructured form using an inexpen-
sive sol—gel based chemical method [19, 20]. The samples
were investigated using particle induced x-ray emission
(PIXE), x-ray diffraction (XRD), spectrophotometry, x-ray
photoelectron spectroscopy (XPS), transmission electron
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microscopy (TEM) and magnetometry, the details of which
are given elsewhere [8].

2 Experimental results and discussion

XRD patterns of 3.2% and 4% Mn doped ITO deposited on
soda lime silica glass, presented in Fig. 1, showed strong
peaks of the cubic In,O5; phase. No separate peaks were
observed for SnO,, as the In,O3 matrix is known to take-up
high amounts of Sn [21]. Crystallite sizes estimated from
the (222) and (400) lattice planes using the Scherrer
equation yield 16.6 + 0.2 nm and 17.2 + 0.2 nm for the
3.2% and 4% Mn doped ITO samples respectively. The
lattice parameters for the cubic Mn doped ITO system were
0.998 + 0.001 nm and 1.004 = 0.001 nm for the 3.2% and
4% Mn doped samples respectively, both of which are
lower than the 1.12 nm reported for pure In,Os; phase
[JCPDS Card No. 06-0416]. Such a decrease in the lattice
parameter is expected when smaller Mn®* and Sn** ions
substitute for relatively bigger In>* ions [22].

The PIXE data obtained from the two Mn doped ITO
samples are shown in Fig. 2. Elemental concentrations
were estimated by simulating the experimental PIXE
spectra after removing the background due to bremsstrah-
lung. Respectively, the approximate compositions
(Mn:In:Sn) of these samples estimated from the PIXE data
were 3.2:88.6:8.2 and 4.0:86.8:9.2.

UV-Vis spectra of the samples (Fig. 3) show a high
degree of transmittance (~90%) suggesting that Mn doping
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Fig. 1 X-ray diffraction patterns of 3.2% and 4% Mn doped ITO thin
films on soda lime silica glass. The peaks are indexed to the cubic

In,O5 phase
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Fig. 2 Relevant regions of the PIXE spectra obtained from the Mn
doped ITO films. Peaks due to Na, Mg, Al and Si are from the silica
coated soda lime substrate

does not modify the high transparency of the ITO films. The
respective band gap energies of 3.77 £0.02 eV and
3.72 £ 0.02 eV, estimated for the 3.2% and 4% Mn doped
samples by plotting the absorption coefficient (o) = —[In(T/
100)]/t (where T is transmittance % and t is the film thick-
ness) as a function of energy, are comparable to the 3.7 eV
reported for pure ITO and are shown in the inset of Fig. 3.
The XPS survey spectrum recorded from the 3.2% Mn
doped ITO sample is presented in Fig. 4 along with
detailed In, Sn and Mn core binding energy regions shown
as insets. XPS concentration estimates obtained using the
peak intensities were consistent with the experimental
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Fig. 3 The UV-Vis spectra of the Mn doped ITO samples measured
in the percentage transmittance mode. The inset shows band gap
energy estimates
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Fig. 4 XPS survey spectrum of the 3.2% Mn doped ITO film. Insets
show detailed In 3d, Sn 3d and Mn 2p regions of the spectrum

doping levels and in reasonable agreement with similar
results obtained from PIXE. The observed binding energies
for In 3ds,, Sn 3ds,, and Mn 2ps), were 443.6, 485.6 and
640.2 eV respectively. These binding energies are com-
parable to those reported for the In**, Sn** and Mn?" states
in the literature [23]. The observed binding energy of Mn
(640.2 eV) is comparable to that of Mn?* in MnS (639.9—
640.4 eV). This is possibly due to a similar type of strong
hybridization [24] (between the s—p states of the host and
the d state of the dopant) in Mn(II) doped ITO that occurs
in MnS. However, the binding energy is higher than that of
Mn° in Mn metal (638.8 €V) and lower than the reported
binding energies of Mn>* in MnO (641.0 eV), Mn>" in
Mn,O; (641.4 eV) and Mn;0, (641.2 eV), and Mn** in
MnO, (642.4 eV). Consequently, the presence of any of
these Mn oxides in all of the investigated samples is ruled
out. This also shows that the chemical environment of the
doped Mn ions in the ITO host is different from that of the
Mn ions in any of these manganese oxides.

TEM micrographs of the 3.2% and 4% Mn doped ITO
films showed nearly spherical nanoparticles with average
grain sizes of 16 and 18 nm (see Fig. 5) respectively. High
resolution TEM images (Fig. 5b, e) and electron diffraction
(ED) patterns (insets of Fig. 5a, e) were collected from
several different spots on the same sample to confirm the
uniformity in particle size, distribution and crystalline
phase which reveals the nanostructured feature of the film.
The ED data showed the expected ring patterns for cubic
In,O5 with lattice parameter a = 1.000 £ 0.002 nm, in
good agreement with that obtained from XRD. Approxi-
mate concentrations of the Mn, In and Sn distributions in
the samples, estimated using energy dispersive x-ray
analysis (EDX) spectra taken from multiple spots in the
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Fig. 5 (a) and (b) show TEM images of the 3.2% Mn doped sample
(inset of (a) shows the electron diffraction pattern), at different
resolutions; (¢) and (d) show the particle size distribution of 3.2% and
4% Mn doped ITO samples respectively; (e) shows the high
resolution TEM image taken from the 4% Mn doped ITO sample
with the inset showing the electron diffraction pattern; (f) shows the
EDX pattern taken from 3.2% Mn doped ITO film showing well-
defined peaks due to In, Mn and Sn

sample (shown in Fig. 5f), were in reasonable agreement
with estimates from PIXE studies.

Figure 6 shows a well-defined hysteresis loop obtained
from the 3.2% Mn doped ITO sample (volume of the sample
film = 4.25 x 10~ cm?) at 300 K with saturation magne-
tization M = 14 emu/cm® and coercivity H. ~ 80 Oe sug-
gesting the presence of a ferromagnetic component in the
sample. Assuming that all the doped Mn ions contribute to
the FM, this gives a low saturation magnetic moment of
~0.39 pg/Mn* ion for the 3.2% Mn doped ITO film. This
magnetic moment is only half of the magnitude reported by
Philip et al. [14] on Mn doped ITO films deposited using
reactive thermal evaporation. The 4% Mn doped ITO film
showed a similar hysteresis loop at 300 K but with a much
lower M, = 3 emu/cm® and H, ~ 67 Oe.

Figure 7a shows the magnetization of the 3.2% Mn
doped ITO sample measured as a function of temperature 7
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Fig. 6 Room-temperature hysteresis loop obtained from the 3.2%
Mn doped ITO thin film. Inset shows the coercive field

at a constant magnetic field H = 8,000 Oe in the 5-300 K
range. The sample magnetization decreases with increasing
temperature over this temperature range suggesting that the
sample has a strong paramagnetic component in addition to
the weak ferromagnetic component as observed in other
systems also [10]. The magnetization M fits reasonably
well with the modified Curie—-Weiss law

C

T+ 0 M)

X=1Jo+
where magnetic susceptibility y = M/H, zo = 1.75 x 107
emu/cm’ Oe represents a non-paramagnetic (mostly fer-
romagnetic) component, Curie constant C = nu’/3kg and 0
is the Curie—Weiss temperature which represents magnetic
exchange interactions between the paramagnetic spins, n
number of magnetic ions/g and u is the magnetic moment
of the ion. This fit, shown in Fig. 7a, yields 0 = 1.094 K
and C = 0.00365 emu K/cm® Oe. The presence of a strong
paramagnetic component is further confirmed by measur-
ing the M versus H variation at 5 K shown as the inset of
Fig. 7a. Ignoring the weak ferromagnetic part, this data fits
reasonably well with the Brillouin-function-based form for
a paramagnetic system, given by

- { (21; 1) o {(21 2+J 1)y] ~ (21_]) coth (2y—J) }

(2)
where y = g“kBTJH, M, is the saturation magnetization, g is

the spectroscopic splitting factor (g = 2.0023 for free
electrons), ug is the Bohr magneton and k is the Boltzmann
constant. This fit yields a total angular momentum J = 2.80
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Fig. 7 Plot showing the variation in the sample magnetization with
the temperature of the 3.2% Mn doped ITO film measured with
H = 8 kOe using a (a) physical property measurement system in the
5-300 K range and (b) vibrating sample magnetometer in the 300—
800 K range. The solid line in the main panel of (a) is a fit using the
modified Curie—~Weiss law. The inset in (a) shows the M versus H
data measured at 5 K, along with a fit (solid line) using Eq. 2

and an effective magnetic moment p = g[J(J + 1)]” 2=6.5.
These values are in reasonable agreement with the
expected p = 5.9 for Mn>* ions with spin S = 5/2 and the
2+ oxidation state indicated from XPS [22, 23]. These
results indicating the presence of a strong paramagnetic
component in the sample in addition to the weak ferro-
magnetic part explain the low magnetic moment of
0.39 ug/Mn** ion in the 3.2% Mn doped ITO film. This
value was estimated by assuming that all the dopant ions
contribute to the ferromagnetic magnetization, which
obviously is not true due to the observed paramagnetic
component. Since this moment is less than 10% of the
expected magnetic moment for Mn>* ions, it seems rea-
sonable to assume that probably less than 10% of the doped
Mn ions are ferromagnetically coupled in the sample. This
is not too unexpected since such low magnetic moments
have been reported in a large number of recent studies in
TM doped semiconductor oxides [10] in general and in Mn
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doped ITO films [15] in particular. Coey et al. [10] have
argued that the weak FM observed in transition metal (B)
doped semiconductor oxides of the general formula (A;_
xBx)(O@s), depends strongly on the doping concentration x
and oxygen vacancy (¢) concentration ¢. FM in these
oxides occur only when ¢ is greater than the polaron per-
colation limit J, and x below its percolation limit of Xp.
According to this model, doped spins in oxides could result
in (i) ferromagnetic coupling mediated by shallow donor
electrons that form bound magnetic polarons, (ii) antifer-
romagnetically coupled nearest neighbor cation clusters
and (iii) isolated paramagnetic spins. Here ferromagnetic
coupling needs the presence of oxygen vacancies in the
neighborhood of the dopants, while the latter two result
wherever such oxygen vacancies are absent. Since in
nanoparticles of semiconductor oxides, oxygen vacancies
are most prominent on the surface of the particles and
because the surface atomic concentration for 16-18 nm
sized particles are close to 10% of the total number of
atoms in the particle, the ferromagnetic coupling may be
realized primarily on the surface region of the particles. As
a result, the oxygen rich core might have dopants existing
mostly as isolated paramagnetic ions or antiferromagnetic
clusters. Thus, the presence of both ferromagnetic and
paramagnetic components in our Mn doped ITO films is
qualitative understood based on this model. However, more
experimental evidences are necessary to confirm this pos-
sibility and will be undertaken in future.

The temperature dependence of the magnetization of the
sample above room temperature is shown in Fig. 7b indi-
cating a T, = 600 K due to the ferromagnetic component.
Above ~800 K, these measurements could not be carried
out due to experimental limitations.

3 Conclusions

We have demonstrated the development of above room-
temperature FM, albeit weak in strength, in spin coated Mn
doped transparent ITO thin films with coercivity
H. ~ 80 Oe and saturation magnetization Mg ~ 0.39 up/
Mn?* ion. No evidence of any impurity phases were ob-
served in the samples from detailed ED, high-resolution
TEM, XPS and magnetometry, suggesting that the ob-
served FM may be intrinsic.
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