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Effect of Mn substitution on the electronic structure for Mn-doped indium-tin oxide
films studied by soft and hard x-ray photoemission spectroscopy
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We report the electronic structure of In; g_,Mn,Sny,03 (x = 0.0, 0.2, and 0.3), which combines transparency,
ferromagnetism, and semiconducting properties, by means of hard x-ray photoemission spectroscopy (HAX-
PES), soft x-ray resonant photoemission spectroscopy (RPES), and x-ray absorption spectroscopy (XAS). The
spectral shape of the Mn L-edge XAS spectra indicates that the valence of the substitutional Mn ions is divalent.
The peak position of the In 3d and O 1s core-level spectra shifts toward lower binding energy with Mn
concentration suggest the hole doping due to the Mn?* ions. The valence-band spectra exhibit the well-defined
features associated with the donor states across the Fermi level Er and the valence-band edge. The valence-band
maximum (VBM) shifts to lower binding energy and the spectral weight near Er decreases with increasing Mn
concentration, which is consistent with the hole doping nature observed in the core-level shift. The Mn 2p-3d
RPES reveals that the hump structure around 1.9 eV above the VBM originates from the Mn 3d impurity band
and the valence-band state consists of the O 2p band strongly hybridized with the Mn 3d orbital. Furthermore,
there is no contribution of the Mn 3d orbital to the spectral weight close to Er. Our results reveal the entire
valence-band structure of In; s, Mn,Sn,0O3 and the effect of the Mn substitution, which provides the important
information related to the physical properties such as transparency, electrical conductivity, and ferromagnetism
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for the functional materials.
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I. INTRODUCTION

Impurity states by substitution of the cation site play an
important role for the fascinating properties of the semicon-
ducting materials such as high conductivity, transparency, and
ferromagnetism. It is crucial to describe how the electronic
state is changed by impurity substitution and is expected to
provide a guideline for material design. The doped ions form
a textbook hydrogenic impurity state and its energy level is
located in the vicinity of the conduction-band bottom or the
valence-band top, which is so-called shallow impurity state
[1]. On the other hand, the deep impurity state due to the
doped transition metal has been discussed intensively. Hal-
dane and Anderson have shown that the multiple charge state
is formed within the band gap of semiconductors [2], and the
systematic variation of the charge state with chemical trend
has been studied [3—6]. Furthermore, the vacuum pinning
rule of the transition-metal impurity state and the bound state
induced by the negative Coulomb interaction have also been
discussed [7-11]. Thus, the electronic state of the isolated
transition-metal impurity in semiconductors has been the sub-
ject of much debate.
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Indium-tin oxide In,_,Sn, O3 is one of the most important
materials in the transparent semiconductors using the appli-
cations such as transparent electrodes of flat panel displays,
organic light emitting diodes, and solar cells [12-14]. The
crystal structure of the pristine In,Oj3 is the cubic-bixbyite
type structure as shown in Fig. 1(a). In,O3 has filled O 2p
orbitals of O?~ ions and empty In 5s orbitals of In** ions [15],
showing the direct band gap ~2.9 eV [16-20]. The carrier
concentration and the electrical resistivity can be controlled
by Sn substitution for In site as well as the oxygen vacancy
[13,15,21]. Here, the In>* ion is replaced to the Sn** ion. The
substitutional Sn impurity forms the donor level and injects
the Sn S5s electrons into In,O3. Previous Mossbaur spec-
troscopy and x-ray and neutron diffraction studies proposed
that the oxygen coordination surrounding the substitutional
Sn ion strongly depends on the doping concentration [22-24].
For the low-doping region, the Sn** ion is coordinated by six
oxygen anions, which is so-called b site and d site according
to the Wyckoff’s notation [Fig. 1(b)]. On further doping, the
seven- or eight-coordinated Sn** ion is realized. The only
six-coordinated Sn** can introduce the electrons into the
system. Moreover, the high-temperature ferromagnetism in
In,_,Sn, O3 has been reported by adding the spin degree of
freedom due to the transition-metal impurity [25-36]. Naka-
mura et al. have successfully synthesized In,_,_,Mn,Sn,O3

©2023 American Physical Society
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FIG. 1. (a) Crystal structure of the cubic-bixbyite type structure
In, O3 and (b), (c) schematics of the b site and d site in the bixbyite
structure visualized by VESTA [38]. The open circle indicates the
structural vacancy.

films on substrates showing ferromagnetism, low electri-
cal resistivity of the order of 10~* Qcm, and high optical
transmittance by using the radio frequency (rf) magnetron
sputtering methods [28,29,37]. The variation of the electronic
structure by the impurity doping, however, remains to be
clarified in spite of possessing all the important properties for
the device application.

In this study, we have investigated the electronic structure
of In; g Mn,Snp,03 by means of the hard x-ray photoe-
mission spectroscopy (HAXPES), the soft x-ray resonant
photoemission spectroscopy (RPES), and the x-ray absorp-
tion spectroscopy (XAS) in order to reveal the effect of Mn
substitution for the electronic state. The divalent state of the
substitutional Mn ions has been determined by the Mn L-
edge XAS spectra. The In 3d and O 1s core-level spectra
are slightly shifted toward lower binding energy with Mn?*
substitution in contrast with the Sn 3d core level. Moreover,
the finite intensity around the Fermi level Er and the spectral
onset around the binding energy Ep of 2.8 eV in the valence-
band spectra are corresponding to the donor state formed
by Sn substitution and the valence-band edge, respectively.
The valence-band maximum (VBM) shifts to lower binding
energy and the spectral intensity at Er decreases with Mn
doping, suggesting the hole doping due to the Mn>* substi-
tution. In addition, the hump structure around Eg = 1.9 eV
was observed above the VBM. To extract the partial density
of states of the Mn 3d orbital in the valence band, we have
performed the Mn 2p-3d RPES for In;s_,Mn,Sng,03. The
RPES revealed that the hump structure is originating from
the Mn 3d states and the observed spectral weight at Eg is
negligibly hybridized with the Mn 3d states. In addition, the
valence-band structure is strongly hybridized with the O 2p
band and the Mn 34 orbitals.

II. EXPERIMENTAL SETUPS

Mn-doped indium-tin oxide films In;g_,Mn,Sny,03
(x=10.0, 0.2, and 0.3) were grown epitaxially by the rf
magnetron sputtering on yttria-stabilized zirconia (111)
substrates [39,40]. The carrier concentrations were estimated
to be 2.83 x 102 cm™3 for x = 0.0, 1.42 x 10*° cm ™3 for
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FIG. 2. Core-level photoemission spectra of (a) In 3d, (b) O 1s,
and (c) Sn 3d for In; g, Mn,Sny,0; (x = 0.0, 0.2, and 0.3) films.
The dashed curves indicate the replica of the spectra of x = 0.0. The
data were collected at hv = 7940 eV.

x=0.2, and 7.52 x 10'® cm~3 for x = 0.3 from Hall effect
measurements [41].

Soft x-ray RPES and XAS measurements were performed
at BL23SU at SPring-8 with a Scienta SES2002 electron
analyzer. The incident photon energy was set to hv = 635—
660 eV. The total-energy resolution was about 180 meV for
circularly polarized light hv = 635-660 eV. The measurement
chamber was maintained in ultrahigh vacuum of higher than
1.5 x 107'° Torr. HAXPES measurements were carried out at
BL09XU of SPring-8 with a Scienta R4000 electron analyzer
[42]. The incident photon energy was set to hv = 7940 eV
with the linear polarized light. The total-energy resolution was
190 meV for hv = 7940 eV. The base pressure of the chamber
was 1.0 x 10719 Torr. The data were collected at T = 300 K
without surface treatment because of the large probing depth
of hard x-rays. For the relatively surface-sensitive soft x-ray
region, we have confirmed that the there is no additional struc-
ture due to the surface contamination. The binding energy was
calibrated by using the Fermi edge of the gold reference.

III. RESULTS AND DISCUSSION

Figures 2(a)-2(c) show the core-level photoemission
spectra taken at hv = 7940 eV. The In 3ds;, core level for
In; §Snp,035 (x = 0.0) is located at Eg = 444.56 eV and
that of the O 1s core level is located at Eg = 530.35 eV,
as shown in Figs. 2(a) and 2(b). The binding energies of
those core levels agree with the previous results of In,Os3,
indicating that the valence state of In is trivalent In3*:
4d'°55°5p° [15]. Considering more carefully, however,
there are slight difference of the peak positions between
In; §Sng 03 and In,Os. The binding energies of In 3ds,, and
O 1s for In; §Sng O3 are higher than those of ~444.4 eV and
~530.2 eV for the previous HAXPES results of the pristine
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In, O3, respectively [43—45]. These positive shifts suggest the
variation of the chemical potential A, that is, the electron
doping by Sn substitution. On the other hand, the Sn 3ds,,
core level of In;gSng,05 is located at Egp = 486.65 €V,
as shown in Fig. 2(c), which is distinctly lower than that
at Eg ~ 487.1 eV of Sn*"0,: 44'°55°5p° and higher than
that at Ep ~ 486.2 eV of Sn’*0: 44'955?5p" [46,47]. The
peak position of Sn 3ds/, for In; gSng,03 is located at the
middle of that between Sn** and Sn**. It is well known
that the Sn ion is a valence skipper; that is, the tetravalent
Sn** and the divalent Sn>* are stable. As one possibility, the
screening effect due to the Sn Ss electron localized around
the substitutional Sn** ion can be considered. The doped
electrons have the nature of Sn S5s orbital and the Sn S5s
electron screens the Sn 3d core hole, since the substitutional
Sn ions form the donor state below the In 5s conduction band
across Ep. The resultant position of the Sn 3d core level of
In; §Sng,05 shifts from that of Sn** toward lower binding
energy. Thus, the Sn ions are expected to inject the Sn Ss
electrons into In, O3. Actually, the screening effect also can be
seen in the lineshape of Sn 3d core level. The spectral shape of
Sn 3d becomes asymmetric, since the asymmetric lineshape
is due to the screening effect of the conductive electrons [48].

As for the Mn substitution, the In 3d and O 1s core-level
spectra of In; g_,Mn,Sny 03 in Figs. 2(a) and 2(b) are shifted
toward the lower binding energy in going from x = 0.0 to
0.3, indicating the hole doping. In contrast, the peak positions
of the Sn 3d core-level spectra do not change with the Mn
doping as shown in Fig. 2(c). Figure 3 shows the Mn doping
dependence of the XAS spectra for In; g_Mn,Sny 03 com-
pared with the other Mn oxides. The observed Mn-L edge
spectra for In;g_,Mn,Sng,03 are very similar to that for
MnO and are completely different from that for Mn metal,
Mn, 03, and MnO,. Judging from the comparison of the Mn
L-edge spectra, it is concluded that the valence of Mn in
In; s_«Mn,Sng,0; is the divalent Mn>*, dominantly. Thus,
the substitutional Mn?* ion acts as acceptor providing the hole
into In; g, Mn,Sng,03. These results are entirely consistent
with the shifts of the binding energies for the In 3d and O 1s
core-levels with increasing Mn concentration.

The valence-band photoemission spectra measured at hv =
7940 eV are displayed in Fig. 4(a) and are basically consistent
with the previous photoemission spectra of In,O3 [18,53,54].
The VBM is determined by the linear extrapolation of the
valence-band edge. The energy of the VBM decreases from
Eg = 2.80 to 2.61 eV with increasing x, which suggests the
hole doping by Mn?* substitution. Here, we compare the
VBM with the core-level shifts with Mn doping as shown
in Fig. 4(b). The variation of the VBM is quantitatively in
good agreement with the shifts of the In 3d and O 1s core-
levels, while the Sn 3d core-level exhibits a different behavior.
Figure 4(c) shows the near-Ey spectra of In; g_,Mn,Snp,03
(x = 0.0, 0.2, and 0.3), which is the enlarged view of Fig. 4(a).
The spectral weight close to Erp is weakened in going from
x = 0.0 to 0.3. Here, we discuss that there is no shift of the
Sn 3d core levels with Mn doping. For x = 0.0, the donor
state crosses Er and the bound Sn 5s electrons around the
substitutional Sn ions with a net positive charge strongly
screen the Sn 3d core hole rather than the other core levels.
The screening effect works toward shifting the Sn 3d core
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FIG. 3. Mn L-edge XAS spectra for In; g_,Mn,Sng,0; (x = 0.2,
and 0.3) films compared with that of Mn metal, MnO, Mn,03, and
MnO, [49-52]. The reference data were shifted to allow for a better
comparison.

T ; l _ |
© In; 5, Mn,Sn,05 | 72 0-1(b) o b
= TR O SET 1
‘ oy ol T E
5 ]
Z E e
E s ..
~~ 0 01F @ VBM @ _
2 2 VB
= 5 0-Ols |
= 5-02F 5 g %
E - o
— x=02 5 I | I ]
s
2 Mn concntration x
w)
= ] I I
g /f’:? © In; g Mn,Sng ;05
b §' = 0.3
.= — =03
= —x-02
2
[z}
=)
B
— =
. 1
4 5 > 2 1 O

Binding energy (eV) Binding energy (eV)

FIG. 4. (a) Leading edge of the valence-band photoemission
spectra for In; g Mn,Sny,03 (x = 0.0, 0.2, and 0.3) films. The data
were taken at hv = 7940 eV. The linear extrapolations were used
to deduce the VBM. (b) Relative energy shift of the In 3d, Sn 3d,
and O 1s core levels compared with that of the energy of the VBM.
(c) Enlarged view of the near-Ef spectra of panel (a).
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FIG. 5. (a) Mn 2p-3d RPES spectra of In; 3_,Mn,Sny,03 (x =
0.3) film. The data were collected from hv = 637 to 645 eV with
the circularly polarized light. The each photoemission spectrum
was angle-integrated. (b) X-ray absorption Mn L-edge spectra for
In; g ,Mn,Sng,0; (x = 0.3) film compared with CIS spectra taken
from the intensity around 1.9 eV of panel (a). (c) Image plot of the
resonant valence-band spectra of panel (a). (d) On- and off-resonance
spectra at hv = 640 eV and 638 eV, respectively. (e) Enlarged view
of the near-Er spectra. The intensity of the off-resonance spectra is
multiplied by eight for easy comparison.

level to the lower binding energy side. The Mn?* substi-
tution relaxes the screening effect through the reduction of
the spectral weight at Er due to the hole doping, and the
Sn 3d core level should be shifted to the higher binding
energy. However, the hole doping due to the substitutional
Mn?* induces the shift of the Sn 3d core level to the lower
binding energy side. The core-hole screening effect and the
hole-doping effect compensate each other thereby making the
different shifts of the Sn 3d core level with Mn doping from
those of In 3d and O 1s. In addition, the suppression of the
spectral weight at Er causes the reduction of the asymmetric
lineshape of the core level with Mn doping as shown in Fig. 2.
Here, it should be noted that the bump around Eg = 1.9 eV
for the photoemission spectra of Fig. 4(c) is enhanced in the
Mn-doped samples of x = 0.2 and 0.3.

For the purpose of examining the nature of the structures
around Eg = 1.9 eV as we mentioned in Fig. 4(c) and the
effect of the Mn?T substitution to the valence-band, we have
performed the Mn 2p-3d RPES for In; g_,Mn,Sng,0;3 (x =
0.3). Figure 5(a) shows the photon energy dependence of
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FIG. 6. Schematic diagram of the single-particle levels for the
Mn 3d levels of the substitutional Mn>* ions to the cation In**
sites in Injg_,Mn,Sng,05;. The Mn 3d levels split into the spin
configuration 7, and e, levels and the e, levels are hybridized with
host dangling-bond states (DBH). The In vacancy is denoted by V;. .
The dashed line indicates the donor state for the substitutional Sn
ions and/or the oxygen vacancy. The figure has been made based on
the theoretical calculation reported by Raebiger et al. [55].

the valence-band spectra. The valence-band spectra strongly
depend on the photon energy. To clarify the resonant struc-
ture, we plot a constant-initial-state (CIS) spectrum from the
spectral intensity around Eg = 1.9 eV in Fig. 5(b). The CIS
spectrum is clearly observed and agrees with the Mn L;-edge
x-ray absorption spectrum, indicating that the structure around
Eg = 1.9 eV is originating from the Mn component. The
image plot of Fig. 5(a) is displayed in Fig. 5(c) and exhibits the
Mn 2p-3d resonant behavior in the wide region of the valence
band. Here, the on- and off-resonant spectra for 7v = 640 and
638 eV were determined from the CIS spectrum, respectively.
The on-resonant spectral weight is widely distributed in the
region from Eg = 1 to 14 eV. These results suggest that the
substitutional Mn?* is strongly hybridized with the O 2p
orbital. On the contrary, there is no finite intensity close to Ef,
that is, the absence of the Mn contribution near Er as shown
in Fig. 5(e).

Single-particle defect levels formed by substitution of the
transition metal for the In>" site in In, O3 were calculated by
Raebiger et al. [55]. The Mn 3d orbital for the substitutional
Mn ions splits into the crystal-field levels of e, and 1, or-
bitals, reflecting the nearly octahedral symmetry [Figs. 1(b)
and 1(c)]. These levels further split into the spin configuration
tr and ey levels and the doubly degenerate ey levels are
hybridized with host dangling-bond states (DBH), as shown in
Fig. 6. For the Mn>* ion, the calculated crystal-field resonance
(CFR) states (¢S™® levels) lie between the valence band and
the conduction band, and the tEF R states are fully occupied
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and located in the valence band, namely tiei. We speculate
that the feature around 1.9 eV derived from the Mn 3d orbital
corresponds to the e%r states.

Our spectroscopic findings reveal that the substitutional
Mn?* ions act as the hole dopant and inject the hole into
the system. This suggests that the Mn substitution can con-
trol the number of carriers with keeping the transparency.
However, the reduction of the number of carriers due to the
Mn substitution indicates the compensation of the electron
doping from the donor state by Sn substitution and the hole
doping by Mn substitution. Moreover, the Mn 3d orbital is
strongly hybridized with the O 2p orbital mainly consisting
of the valence band state, and there is no contribution of the
substitutional Mn 3d orbital at Er. These results would be
informative for the functional material design and provide the
important implications for the dilute ferromagnetism that has
been reported in many indium-tin oxide system.

IV. CONCLUSION

We have performed HAXPES and XAS on
In; g_Mn,Sng,0s3 films in order to investigate the electronic
structure and the effect of the Mn substitution. From
the Mn L-edge XAS spectra, we found the divalent state of
the substitutional Mn ions. The Mn substitution induces the
shifts toward the lower binding energy of VBM, suggesting
the hole doping. Moreover, we have performed the Mn
2p-3d RPES to reveal the contribution of the valence band
from the substitutional Mn ions. The resultant RPES spectra

show that the valence-band structure at Eg = 1.9 eV within
the band gap between the In 5s and/or Sn Ss conduction
band and the O 2p valence band is originating from the
Mn 3d orbital. Moreover, there is no contribution of the
Mn 3d orbitals at Ep, while the Mn>" ions are strongly
hybridized with the O 2p orbital. Our spectroscopic
results provide useful insights into In;g_,Mn,Sng,03
showing transparency, high electrical conductivity, and
ferromagnetism.
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