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ABSTRACT X-ray photoelectron spectroscopy (XPS) and Rutherford backscattering 

spectroscopy-elastic recoil detection analysis (RBS-ERDA) revealed that hydrogen in working 

gas for dc-plasma sputter-deposition resided in indium tin oxide (ITO) films, and generated the 

O– state seen as the suboxide-like O 1s peak in XPS. Growth of the suboxide-like O 1s peak was 

parallel with increase of the resided hydrogen quantified by RBS-ERDA. The first-principles 

band structure calculation revealed that the electronic structure of In2O3 crystal was realized 

typically for the most conductive as-deposited film grown in the gas containing hydrogen of 

1 %. The as-deposited film grown in the gas containing hydrogen more than 1 % exhibited 
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rather high density but low mobility of carriers, and showed the electronic structure above 4 eV 

originated from the O– state due to the resided hydrogen in addition to that of the most 

conducting one. Both well preserved In2O3 band structure and proper concentration of the O2– 

vacancy are indispensable for achieving the highest conductivity; however, the O– state lowers 

efficiency of the carrier doping using the O2– vacancy in the lattice, and increases density of the 

ionized scattering center for the carriers. 
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INTRODUCTION  

Indium tin oxide (ITO) has been the most widely used transparent conducting oxide in 

electronic device industry (1-3). Thin film deposition of ITO without any heat treatments has 

been of great interest for next-generation device applications (4-6), however it was reported 

that no substrate heating in deposition results in deteriorated characteristics such as 

amorphousness in crystallinity, and lowering in both optical transparency and electrical 

conductivity of the films (7, 8). The optical and electrical properties depend on local 

environments of chemical bonds in the films. In crystalline ITO n-type carriers are supplied 

from both oxygen vacancies (9, 10) and Sn4+ ions substituted for In3+ sites in the lattice, while 

in amorphous ITO oxygen vacancy is anticipated as a primarily source of the carriers, because 

tin is not efficiently activated (11).     

Koida et al. (12) prepared hydrogen-doped In2O3 films on glass substrate by rf-magnetron 
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sputtering without any intentional substrate heating. For incorporation of hydrogen to the film, 

they introduced H2O vapor into a chamber during the deposition. They revealed that the 

carriers of the as-deposited films were originated from doubly charged impurities, while those 

of the films annealed at 200 oC for 2h in vacuum were resulted from singly charged impurities. 

King et al. (13) concluded that muonium forms a shallow donor center in In2O3 with the 

activation energy of 47 ± 6 meV. They suggested that hydrogen behaves as a shallow donor in 

In2O3. Limpijumnong et al. (14) clarified that hydrogen located at the interstitial sites and that 

substituted for the oxygen sites in In2O3 are shallow donors. Their first-principles calculation 

revealed that the oxygen vacancy in both the 2+ charged and neutral states are stable in In2O3, 

although the oxygen vacancy in the 1+ charged state is never stable. Therefore, the carriers 

from doubly charged impurities of the as-deposited hydrogen-doped films by Koida et al. (12) 

are due to the oxygen vacancy in In2O3, and those from singly charged impurities of the films 

annealed in vacuum are due to hydrogen at the interstitial sites and/or hydrogen substituted 

for the oxygen sites in In2O3.  

We reported that hydrogen with the concentration of 1 % in working gas resulted in the 

highest conductivity and the transparency larger than 80 % in visible wavelength region for 

as-deposited ITO films grown by dc-plasma sputtering without any intentional substrate 

heating (15). Both preservation of periodical electronic band structure of In2O3 crystal lattice 

and proper concentration of oxygen vacancy accommodated in the lattice are indispensable 

for realization of the highest conductivity with high transparency for the as-deposited films of 

hydrogen-doped ITO without any intentional substrate heating. 

X-ray photoelectron spectroscopy (XPS) is suitable to examine in detail the valence states 
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of ITO films sputter-deposited in working gas containing hydrogen without any heat 

treatments. Since hydrogen radical generated in plasma is a strong reducing species (16), the 

radical reached the substrate surface in the deposition brings about not only oxygen vacancy 

and oxygen-indium vacancy pair but also hydroxyl-indium bond due to hydrogen resided in 

the film. Limpijumnong et al. (14) reported that the 1+ charged hydrogen at the interstitial 

sites prefers near the anions, and then the O−H bond lengths in In2O3 are slightly longer than 

that in H2O. Oxygen of such hydroxyl-indium bond is represented as O–, which gives rise to 

the suboxide-like oxygen O 1s peak in XPS. Usually, the suboxide-like O 1s peak appears at 

the higher-binding energy side than the lattice oxygen (O2–). No O 1s peak from both oxygen 

vacancy and oxygen-indium vacancy pair is seen in XPS; therefore, we anticipate observing a 

doublet peak for the O 1s electrons. Further, we expect occurring of simultaneous growth and 

reduction of the O 1s peaks located respectively at the higher- and the lower-binding energy 

sides with increasing the hydrogen concentration in the gas. Of course, the O– state lowers 

efficiency of the carrier doping using the O2– vacancy in the lattice, and increases density of 

the ionized scattering center for the carriers. An increase in the O 1s peak intensity ratio of the 

suboxide-like oxygen to the lattice oxygen implies lowering in both the carrier density and the 

mobility for the as-deposited films of hydrogen-doped ITO grown without substrate heating. 

Rutherford backscattering spectroscopy-elastic recoil detection analysis (RBS-ERDA) is 

the most suitable for quantitative analysis of hydrogen resided in the film. As mentioned 

above, we assumed that hydroxyl-indium bond in the film is originated from the resided 

hydrogen, and the O 1s peak intensity of the suboxide-like oxygen grows in proportion as the 

concentration of the resided hydrogen rises. Such assumption can be proved by observation of 

parallelism between change in the suboxide-like O 1s peak intensity and that in the 

concentration of hydrogen resided in the as-deposited film. We employed RBS-ERDA for 

quantification of hydrogen in the as-deposited film, and observed the parallelism between the 
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suboxide-like O 1s peak intensity and the concentration of hydrogen resided in the films.  

The suboxide-like O 1s peak accompanied by the lattice oxygen peak mirrors the 

electronic states of hydroxyl-indium bond added to the valence band of In2O3 crystal. The 

electronic band structure of In2O3 crystal can be considered only by theoretically because we 

never obtain experimentally perfect crystal and perfect surface of In2O3. Therefore, we also 

employed the first-principles band structure calculation using the WIEN2k package (17) for 

consideration of changes in the valence band spectra of the as-deposited films with the 

hydrogen concentration in the gas. The calculation revealed that bonding hybridization 

between the oxygen p and the indium s orbitals formed the bottom of the valence band at 6 – 4 

eV. The oxygen p component dominated the density of states ranging from 4 to 0 eV, at which 

the indium p state also contributed sparsely. The valence band structure of the as-deposited 

film grown with hydrogen of 1 % was typical to that of In2O3 crystal. The additional 

electronic structure above 4 eV, observed prominently in the valence band of the as-deposited 

films with hydrogen more than 1 % in the gas, was attributed to the O– state of oxygen in 

hydroxyl-indium bond.  

 

EXPERIMENT AND BAND STRUCTURE CALCULATION  

dc-Plasma Deposition. Films of ITO were deposited on a glass substrate by dc-plasma 

sputtering of a sintered target (Kojundo Chemical, Japan) in working gas containing hydrogen. 

The target consisted of In2O3 (95 wt. %) and SnO2 (5 wt. %). For the deposition, deuterium 

gas (99.99 % purity) was introduced to deposition chamber of the base pressure ≈1 × 10-7 

Torr with argon gas (99.9999 % purity). It is well known that protium related species such as 

1H2 and 1H2O molecules are usually involved in residual gas of vacuum systems, although we 
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denoted the gas pressure ratio of deuterium to argon as the hydrogen concentration [D] in the 

gas. The [D] value was in the range of 0 – 3.6 % for the deposition. The film thickness was 

≈200 nm. Transmission electron microscopy for cross-sectioned specimens revealed that the 

films deposited with [D] ≤1.5 % had monolithic structure, and that with [D] =3.6 % had the 

structure of agglomerated spherical grains. X-ray diffraction demonstrated that the films had 

randomly-oriented polycrystalline structure. Heat treatments such as substrate heating and 

post-deposition heating in air were eliminated to scrutinize changes in the valence states of 

oxygen of the films in relation to the [D] value in the deposition.  

XPS and RBS-ERDA. The core and valence electrons were excited with 

monochromatized Al Kα radiation (1486.6 eV). The In 3d5/2, Sn 3d5/2, O 1s, and valence band 

spectra were recorded with a hemispherical electron spectrometer (ULVAC-PHI 

model-1800L) in vacuum pressure less than 4.9 × 10-9 Torr at room temperature. The probing 

area at the sample surface and the electron take-off angle were set to 800 μmΦ and 45º, 

respectively. The spectrometer was calibrated by using the Au 4f7/2 (84.0 eV) electrons. The 

full width at half maximum of the Au 4f7/2 peak, as an indicator of resolution of the 

spectrometer, was 0.83 eV. The estimated electron energy uncertainty was ±0.15 eV in this 

experiment. Since all the samples were highly conductive, suddenly appeared core-hole can 

be readily screened by flows of densely populated n-type carriers. 

Hydrogen (H and D) atoms resided in the samples were quantified by RBS-ERDA method 

using the Tandem Accelerator installed at UTTAC in University of Tsukuba, Japan. Ions of 

He+ accelerated up to 2.5 MeV were injected at the angle of 15o to the sample surface. The 

recoiled ions (H and D) and the back-scattered ions (He) were collected by the detectors set at 

the angles of 30o and 150o with respect to the beam direction, respectively.  
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BAND STRUCTURE CALCULATION. In2O3 crystallizes to form the C-type rare-earth 

structure with cubic cell lattice constant of 1.0118 nm (18). The space group symmetry of the 

unit cell is Ia-3, and it contains 16 In2O3 formula units with fluorite-type unit cells 

accompanying systematic oxygen vacancies: indium atoms occupy Wyckoff positions 8b and 

24d, and oxygen atoms occupy Wyckoff position 48e. In the unit cell both 8a and 16c 

Wyckoff positions are empty, so 24 unoccupied sites are contained with 16 formula units of 

In2O3. The first-principles calculation was carried out to examine the electronic structure of 

In2O3. The calculation was performed using the WIEN2k code, which is based on the APW + lo 

method (17). We used the generalized-gradient approximation for the density functional theory. 

Muffin-tin radii R were chosen as 1.93 a.u. for indium and oxygen, and the cutoff wave number 

K for basis functions was set to be RK = 7.0. The number of k-points in an irreducible Brillion 

zone was chosen as 400. With these parameters, sufficient numerical convergences were 

achieved. 

 

RESULTS AND DISCUSSION  

Optical and Electrical Properties. The samples deposited with [D] <1.5 % are 

transparent for eye, but that with [D] =3.6 % looks grayish. Optical transmittance in the 

visible wavelength region was ≥80 % for the samples with [D] <1.5 %, but that with [D] 

=3.6 % was ≈35 %, as shown in Fig. 1 (A). Energy dispersive x-ray spectroscopy with 

scanning transmission electron microscopy demonstrated that the distribution of indium and 

that of oxygen for the cross-sectioned sample of [D] =3.6 % are inconsistent with each other, 

and suggested that hydrogen in the working gas led to reduction of ITO. Secondary electron 

microscopy revealed that the hydrogen definitely affected the surface morphology of the 
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samples. The film surface became smoother with increasing [D] to 1 %, but nucleation and 

growth of grains were apparent above [D] =1.5 %. Randomly oriented and agglomerated 

spherical grains were observed for the sample with [D] =3.6 %, which can give rise to 

enlargement of diffuse scattering at the film surface, and then reduce the optical transmission 

of the film. Such a decrease in the transmittance with the sample with [D] =3.6 % can be 

resulted from an enlargement of reflection at the film surface, and due to metallic indium 

component distributed randomly in the film.  

As shown in Fig. 1 (B), the sample with [D] =1 % demonstrated the lowest resistivity at 

room temperature, and almost flat temperature-dependence of resistivity. Koida et al. (12) 

reported that both the carrier density and the mobility of the as-deposited In2O3 films were 

temperature independent. Such a high conductivity and a high transparency would be resulted 

from both well preserved In2O3 band structure and proper concentration of the O2– vacancy in 

the lattice. The carrier density versus [D] plot exhibited an inverse V-shaped behavior peaked 

at [D] =1 %, as shown by the Fig. 1 (C). The mobility stayed at almost constant below [D] 

=1 %, but dropped rather rapidly above [D] =1 %. The sample with [D] =1 % exhibited the 

carrier density of ≈7 × 1020 cm-3 and the mobility of ≈50 cm2(Vs) –1. As it was expected, the 

carrier density of the ITO film was larger than that reported for the In2O3 film (12), while the 

mobility of the ITO film is almost the same as the reported one (12).  

It is well known that lattice defects resulting in mobile carriers of ITO are generally 

ionized, and they scatter carriers strongly (19-23). Both a low carrier density and a high 

mobility for the samples with [D] = 0 and 0.3 % suggest that the hydrogen with a low 
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concentration resulted predominantly in oxygen-indium vacancy pairs which form neutral 

defects in the crystal (24). The low density neutral defects scarcely affected carrier transport 

of the samples with [D] below 1 %. Judging from both rather high carrier density and low 

mobility for the samples with [D] =1.5 and 3.6 %, the hydrogen generated not only the doubly 

charged oxygen vacancies (25) sufficient for prevailing over the neutral defect formation but 

also singly charged impurities due to hydrogen at the interstitial sites and/or hydrogen 

substituted for the oxygen sites in In2O3 (12-14).  

An increase in the carrier density with [D] was expected from a simple assumption of the 

lattice oxygen withdrawal by hydrogen radical, while the carrier density decreased with [D] 

above 1 %. Therefore, hydrogen resided in the samples, and then the hydrogen formed 

hydroxyl-indium bond giving rise to the O– state. The O– state lowers the efficiency of carrier 

doping, and increases the density of ionized scattering center.  

XPS. The observed spectral features in XPS are usually labeled in terms of one-electron 

quantum numbers despite photoemission from a solid is evidently a many-body process. The 

photoelectron binding energy EB of a level j, EB(j), is the difference in the total energy of the 

system in its ground state and in the state with one electron missing in the orbital j, and can be 

expressed as EB(j) = –ε(j) from Koopmans’ theorem, where ε is the orbital energy. Therefore 

shifts of EB(j) with changes in the chemical and/or physical states can be written as ΔEB(j) = 

–Δε(j). For most situations encountered in XPS, the equation is so close enough to discuss the 

shifts reflecting changes in the electronic states of the samples.  

As shown in Figs. 2 (A) and (B), EBs of the In 3d5/2 and Sn 3d5/2 levels stayed at 444.4 and 

486.6 eV, respectively, notwithstanding the change in [D] from 0 to 3.6 %. Within the 

experimental uncertainty, the In 3d5/2 EB agreed well with those reported (26-30), and the Sn 
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3d5/2 EB agreed well with those reported (16, 30). Such invariance in the In 3d5/2 and Sn 3d5/2 

EBs regardless of the variation in [D] suggests that the periodic electronic band structure of 

In2O3 crystal lattice was scarcely affected by hydrogen in working gas for dc-plasma 

sputter-deposition of ITO films without intentional substrate heating.  

As shown in Fig. 3, the samples exhibited two kinds of the peaks in the O 1s spectra. They 

demonstrated a systematic change in intensity with [D]. The lower EB side peak at 530.0 eV, 

originated from the lattice oxygen (27-30), became less intense with increasing [D]. The 

higher EB side peak, positioned at 531.8 eV for the samples a – c, at 531.5 eV for the sample d, 

and at 532.0 eV for the sample e, is resulted from the suboxide-like oxygen (29, 30), and its 

intensity increased with increasing [D]. Figure 4 shows that the atomic ratio of lattice oxygen 

to indium was ≈1.5 for the sample with [D] =0 %, while for the samples with [D] =0.3 – 

3.6 % the value decreased to ≈1.1 and stayed at almost constant despite the variation of [D]. 

The intensity ratio of the suboxide-like oxygen to the lattice one increased almost linearly 

with [D] below 1.5 %, but grew rather rapidly at [D] =3.6 %. The growth of the suboxide-like 

oxygen at [D] =3.6 % reflects an increase of adsorbed hydrogen due to enlarged effective 

surface area by the structure consisted of agglomerated spherical grains. The growth in 

intensity of the suboxide-like oxygen suggests that resided hydrogen forms hydroxyl-indium 

bond, and the intensity of suboxide-like oxygen corresponds to population of the resided 

hydrogen.  

RBS-ERDA. Therefore, we examined the concentration of hydrogen resided in the 

samples by using RBS-ERDA. Although the concentrations of protium and deuterium in the 

sample were quantified separately by RBS-ERDA, we employed the sum of the population of 

protium and deuterium as a parameter of the concentration of hydrogen in the sample. Both 

protium and deuterium form similarly hydroxyl-indium bond, and the concentration of 
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deuterium is much higher than that of protium. Figure 4 also indicates that the concentration 

of the resided hydrogen in the sample correlated almost linearly to the [D] value. The change 

in the concentration of resided hydrogen was almost parallel to that in the intensity of 

suboxide-like oxygen. Thus, the suboxide-like O 1s peak originated from the resided 

hydrogen indicates an addition of the electronic structure of oxygen in hydroxyl-indium bond 

to that of ITO. The electronic structure of the O– state, which is overlapping with the valence 

band of In2O3 crystal, grows with increasing [D].  

Electronic Structure. As shown by the Fig. 5 (A), the samples demonstrated changes in 

the valence band spectra with [D], which were anticipated as a consequence of changes in the 

O 1s spectra. Both the onset and the hump positioned at 3 eV and at the Fermi energy EF, 

respectively, of the valence band spectra are consistent with n-type conductivity for all the 

samples. The samples a – d deposited with [D] <1.5 % showed the peak noted as A in the 

figure at around 8.3 eV. The energy of the peak A varied with [D]; 8.6 eV for [D] =0 %, 8.4 

eV for [D] =0.3 %, 8.1 eV for [D] =1 %, and 8.3 eV for [D] =1.5 %. The samples a – d 

showed also the valley noted as B in the figure at 7.7 eV. The energy of the valley B was 

independent of the [D] value. Only the sample c deposited with [D] =1 % exhibited the dip 

denoted as C in the figure at 5.8 eV. The sample e deposited with [D] =3.6 % showed rather 

complicated structure which can be partitioned into two components; the component similar 

to the sample c and that above 4 eV which gradually increases in intensity with EB, as shown 

by the difference spectrum (e – c) in Fig. 5 (B). The valence band structure of In2O3 crystal 

mentioned below was apparently smeared by the additional structure above EB =4 eV 

originated from the O– state. Even in the sample d deposited with [D] =1.5 %, we see the 

structure above 4 eV, as shown by the difference spectrum (d – c) in Fig. 5 (B). The 

difference spectra (b – c) and (a – c) in Fig. 5 (B) showed no structure above 4 eV additional 



S.K / June 1, 2017 / Revised manuscript of am-2009-006676 
 

 12 

to the valence band spectrum of the sample c. The samples deposited with [D] above 1 % 

demonstrated changes in the electronic structure reflecting the concentration of hydrogen 

resided in the samples. The change in the valence band is consistent to, but is less sensitive 

than that in the O 1s peak. Such a discrepancy in sensitivity for the change is based on the 

photoionization cross section of the wavefunctions. The cross section of the O 1s, O 2p and In 

5s levels are 0.40 × 105 , 0.24 × 103 and 0.10 × 104 burn, respectively, in excitation with Al 

Kα radiation (31). 

Figure 6 shows the calculated density of states (DOS) of In2O3 crystal. While the 

local-density approximation failed to reproduce the band gaps of semiconductors and 

insulators, the approximation succeeded to describe the valence and conduction bands of 

various compounds. In In2O3 crystal bonding hybridization between the oxygen p and the 

indium s orbitals formed the bottom of the valence band (below 4 eV). The oxygen p 

component dominated the DOS ranging from 4 to 0 eV, at which the indium p state also 

contributed sparsely. The conduction band above –1 eV consisted of the oxygen p and the 

indium s orbitals with antibonding hybridization.  

Similar to the experimental valence band spectra shown in Fig. 5 (A), we see the features 

A, B and C even in the calculated DOS in Fig. 6. The peak A in the total DOS, consisted of 

the oxygen p and the indium s bonding states, positioned at 5.3 eV. The valley B in the total 

DOS, reflected predominantly the valley in the oxygen p partial DOS, located at 4.2 eV. The 

dip C in the total DOS was due to the dip in the oxygen p partial DOS, and positioned at 2.7 

eV. When we move the onset of the DOS by +3 eV for comparison with the experimental 

spectra of the samples with n-type conduction, the features A, B and C locate at 8.3, 7.2 and 

5.7 eV, respectively. Each of the features in the theoretical DOS agrees with that in the 

experimental spectrum of the sample c (A: 8.1 eV, B: 7.7 eV and C: 5.8 eV) in Fig. 4 (A). 

Therefore, the oxygen p and the indium s and p states hybridized well in the sample c. The 
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periodic electronic band structure of In2O3 crystal was well preserved in the sample deposited 

with [D] =1 %. 

 

CONCLUSIONS  

In XPS of ITO films dc-plasma sputter-deposited in working gas containing hydrogen, the 

core-level electrons of indium and tin showed no change in spite of variation of [D], while the 

O 1s and the valence band electrons exhibited systematic spectral changes with [D]. The 

suboxide-like oxygen and the lattice oxygen corresponded to the components at the higher 

and lower EB sides of the doublet O 1s peak. The suboxide-like oxygen peak grew and the 

lattice oxygen peak diminished simultaneously as the [D] value increased.  

RBS-ERDA revealed that hydrogen resided in the samples increased with increasing [D] 

in the deposition, and the growth of the suboxide-like O 1s peak is parallel to the increase of 

the resided hydrogen. Therefore, hydrogen in the working gas resided in solids at almost 

constant rate, and then formed hydroxyl-indium bond represented as the O– state. 

The spectral intensity above 4 eV in the valence band increased with the [D] value. The 

electronic structure is additional to that of In2O3 crystal and corresponds to the O– state. The 

first-principles band structure calculation revealed that the sample deposited with [D] =1 % 

preserved well the periodic band structure of In2O3. Although the samples deposited with [D] 

<1 % indicated no electronic structure of the O– state, the samples deposited with [D] >1 % 

exhibited the additional structure due to the O– state overlapping with the valence band of the 

sample deposited with [D] =1 %.  

Growth of the suboxide-like O 1s peak is consistent with that of the electronic structure of 

the O– state. The O– state originated from the resided hydrogen lowered the efficiency of 

carrier doping using the O2– vacancy in the lattice, and increased the density of ionized 

scattering center for the carriers. Both well preserved In2O3 band structure and proper 
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concentration of the O2– vacancy are indispensable for achieving a high conductivity and a 

high transparency of ITO. 
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Figure captions 

Fig. 1 Optical transmittance spectra measured with a JASCO V-550 ultraviolet-visible 

spectrometer (A), and temperature dependence of resistivity ρ measured with two probe 

method (B) of the samples deposited with [D] of 0 (a), 0.3 (b), 1 (c), 1.5 (d), and 3.6 % (e). 

Carrier density N (open circle in the left hand scale) and mobility μ (closed circle in the right 

hand scale) of the samples measured with van der Pauw method at room temperature as a 

function of the [D] value (C). 

Fig. 2 In 3d5/2 (A) and Sn 3d5/2 (B) spectra of the samples deposited with [D] of 0 (a), 0.3 (b), 

1 (c), 1.5 (d), and 3.6 % (e). The arrows are guides for eye. 

Fig. 3 O 1s spectra of the samples deposited with [D] of 0 (a), 0.3 (b), 1 (c), 1.5 (d), and 3.6 % 

(e). The arrows are guides for eye. 

Fig. 4 The atomic ratio of the lattice oxygen to indium (lower panel), and the O 1s peak 

intensity ratio of the suboxide-like oxygen to the lattice oxygen by XPS (closed circle in the 

right hand scale) and the atomic ratio of hydrogen [H]+[D] to metal [In]+[Sn] by RBS-ERDA 

(open circle in the left hand scale) of the samples as a function of the [D] value (upper panel). 

Fig. 5 Valence band spectra (A) of the samples deposited with [D] of 0 (a), 0.3 (b), 1 (c), 1.5 

(d), and 3.6 % (e), and their difference spectra (B) relative to the sample c. For obtaining the 

difference spectra, the intensity of the valence band was normalized by the In 4d peak (18.2 

eV) before subtraction. The arrows and horizontal lines are guides for eye. 

Fig. 6 Calculated DOS of In2O3 crystal. The top of the valence band was set to zero in the 

energy scale. The energy scale is inverted so that DOS can be directly compared with XPS 

spectra in Fig. 5. 
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S.L Fig.1 
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S.L Fig.2 
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S.L Fig.3 
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S.L Fig.4 
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S.L Fig.5 
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S.L Fig.6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

-4 -2 0 2 4 6 8
0

20

40

O p 
In s 

In p 

C

B

A

In s 

O p 

Total

 

 

D
O

S
 (

s
ta

te
s
/e

V
)

Energy (eV)



S.K / June 1, 2017 / Revised manuscript of am-2009-006676 
 

 24 

S.L TOC figure 
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