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1. Images of AFM topography before and after a deionized-water leaching
and thermal annealing treatment on SrTiO; (001) surface

As-received After treatment

Figure S1. AFM topography images of SrTiO5 (001) film for (left) as-received and (right) after
2 treatment cycles of a deionized-water leaching and thermal annealing treatment, i.e., air
annealing (1000°C, 1 hour) and DI water leaching (30 sec). An atomically flat and step-terraced
surface structure can be seen on the right image.



2. Photon energy values for each probing depth and element

920 eV 810 eV 710 eV 520 eV

_ 810eV  710eV 520 eV 380 eV
_ 7106V 520eV 380 eV 250 eV

Table S1. Photon energy values used for depth profiling of each element considering the
formula of TPP 2M.S!




3. Band gap energy and conductivity of SrTiO; under both UHV and O,
condition

Temperature (°C) E,(eV) o(Q'em?')at UHV (10° mbar) o (Q'cm?)at O, 0.1 mbar

600 2.90 ~1.43 X103 ~7.41x10°6
500 2.99 ~7.19x107 ~3.72x10°¢
400 3.05 ~1.88%108 ~9.74%x103
300 312 ~1.19x10-1° ~6.16%10-1°
200 817 ~1.08x10-13 ~5.59%10-12
100 3.24 ~1.53x1018 ~7.92x1016

0 3.28 ~9.97x10-%7 ~5.16%10-%°

Table S2. The band gap energies and conductivities of SrTiO; at each temperature under UHV

(10 mbar) and O, (0.1 mbar) conditions calculated from the references.5 S3



4. Apparent binding energy of C 1s before the energy calibration

UHV 0O, 0.1 mbar

1.5 nm 2.4 nm 3.3 nm 1.5 nm 2.4 nm 3.3 nm

200°C 284.92eV  285.51eV  285.55eV 284.43eV 284.67eV 285.04eV
400°C 284.60 eV  284.58eV 284.76eV 283.61eV 283.60eV 283.87eV
500°C 284.66 eV  284.64eV  284.76eV - - -

600°C 284.60eV 284.65eV 284.72eV - - -

Table S3. C 1s binding energy of each pressure condition before the energy calibration. All C
Ls binding energies are calibrated to 284.5 eV.54



5. Characteristic core level spectra under both O, 0.1 mbar and UHV
condition

O, 0.1 mbar

Srady, (c) fTi 2032 (e) [01s

600°C

500°C

400°C

8

200°C

Intensity (Arb. units)

142 140 138 136 134 132 130 470 468 466 464 462 460 458 456 542 540 538 536 534 532 530 528

UHV

Ti 204, (f)

Intensity (Arb. units)

142 140 138 136 134 132 130 470 468 466 464 462 460 458 456 542 540 538 536 534 532 530 528
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure S2. AP-XP spectra of SrTiO3 (001) films during thermal annealing under both O, 0.1

mbar [red series, (a), (c), (e)] and UHV [blue series, (b), (d), (f)] condition with the surface

sensitive probing depth of 1.5 nm. Core level spectra of Sr 3d [(a), (b)], Ti 2p [(¢c), (d)], and O

Ls [(e), ()] are displayed for each annealing temperature step. The dotted vertical lines indicate_
the binding energy positions of SrTiO; lattice components at 500°C.



6. XPS fitting parameter for Sr 3d spectra under both O, and UHV condition

Sr 3ds, (SrO44y) Sr 3ds, (SrTiO;)
Binding energy (eV) FWHM (eV) Binding energy (eV) FWHM (eV)
0, 0.1 mbar 200°C 133.88 1.39 133.05 1.00
400°C 133.93 1.60 133.12 1.07
500°C 133.97 1.67 133.16 1.10
600°C 133.99 1.62 133.18 1.13
400°C 134.36 1.09 133.65 1.1
500°C 134.39 1.18 133.64 {815
600°C 134.58 1.48 133.76 1.1

Table S4. Spectral fitting parameters for Sr 3d AP-XP spectra in Fig. 1(b) and (c). Binding
energy positions of SrO;., and SrTiO; component are referenced in Ref. (S5).5° Full width half
maximum (FWHM) values and separations of doublets at each gaseous environment are
referenced in Ref. (S6).5¢



7. Comparison of surface chemical states under both O, and UHV condition
at 600°C
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Figure S3. AP-XP spectra of Sr 3d obtained at 600°C with probing depth of 1.5 nm during
both O, (red) and UHV (blue) condition. To compare spectral shapes, Sr 3d spectra are
superimposed to binding energy positions for SrTiO; lattice peaks. Sr 3d spectra under both
conditions are almost identical, showing the formation of the same surface chemical states
under both conditions.



8. Comparison of spectral shapes under both O, 0.1 mbar and UHV
condition
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Figure S4. Entire set of spectra in Fig. S2 are superimposed on the binding energy positions
of SrTiO; lattice peaks. For Sr 3d spectra, the formation of SrO,, surface oxide is clearly
observed under both annealing conditions as discussed in this report. In Ti 2p spectra of (d),
gray shaded area reveals emergence of Ti** component and formation of O vacancy (Vo) only
during UHV annealing process. During O, annealing, spectral weight corresponding to
hydroxide is reduced, shown in (e).



9. Sign of O vacancy formation under UHV in valence band region
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Figure S5. Valence band (VB) spectra of SrTiO; (001) film at probing depth of 1.5 nm under
UHYV condition during annealing from 200°C up to 600°C. During annealing in UHV, TiO,
layer in SrTiO; are gradually reduced, i.e., the formation of V. This feature is clearly visible
in the gray shaded area by the enhancement of spectral weight as temperature increases, which
is in good agreement with previous report.S’
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10. Binding energy offsets between both O, and UHV condition

O1s Ti 2p5, Sr 3ds,
A A A ¢ Averaged
: A

URV: g 1?n?bar (URV-— - URVE 1%bar (URV-" = URV 1?1:12bar URvV-="

' 0, 0.1 mbar) ’ 0, 0.1 mbar) : ' 0, 0.1 mbar) :
200°C 530.87 530.12 0.75 459.50 458.62 0.88 134.37 133.05 {1832 0.98
400°C 530.29 529.80 0.49 458.84 458.34 0.50 133.65 133.12 0.53 0.51
500°C 530.27 529.61 0.66 458 .82 458.30 0.52 133.64 133.16 0.48 0.55
600°C 530.37 529.83 0.54 458.97 458.44 0:53 133.76 133.18 0.58 0.55

Table S5. Characteristic binding energy positions of O 1s, Ti 2ps/,, and Sr 3ds,, as a function
of annealing temperature in Fig. 4(a). The A values, the binding energy offset values between
UHYV and O, conditions, are calculated for each temperature and each core level. In particular,
the A values at temperatures above 400°C, when charging effect is completely compensated,
are displayed in blue (400°C), orange (500°C), and red (600°C), respectively. The averaged A
values at the rightmost of the table are the average values of the binding energy offset values
at each temperature, i.e., average of A values of O 1s, Ti 2p;5, and Sr 3ds,,. At temperatures
above 400°C, the binding energy offset values are almost constant, ~0.54 eV on average,
signaling the band bends upward by ~0.54 eV during O, annealing.
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11. Observation of upward band bending under O, annealing in valence
band spectra
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Figure S6. (a) VB spectra of SrTiO; (001) film at probing depth of 1.5 nm and O, pressure of
0.1 mbar during annealing from 200°C up to 600°C. The position of valence band maximum
(VBM) is determined as the intersection of the leading edge (blue dotted line) of the VB spectra
and background. The positions of VBM as a function of annealing temperature are plotted in
(b). As annealing temperature increases up to 600°C, the position of VBM is shifted from 2.14
eV to 1.76 eV. This means that as the annealing temperature increases during the O, annealing
process, the formation of surface space charge layer and upward band bending become more
pronounced.
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12. Calculation of Debye length

The discussion of space charge layer is only valid when Debye length is bigger than the scales
of the space charge layer. Therefore, in order to discuss the formation and characteristics of the

space charge layer by charge separation, the Debye length is calculated and compared.

Debye length of a material Lp can be given asS8.

g0 kpT
e‘n

where, 0: permittivity of free space (~ 8.85 X 102 F-m'!)

£ . .
r: dielectric constant

k5. Boltzmann constant (~1.38 X103 J-K'

T': temperature of a material
€: elementary charge (~ 1.60 X 101° C)

N: charge density

n (m3)

600°C ~ 4630 =1 |3 x 10 ~ 131 % 10:°
500°C ~ 3220 =505 ¢ 1020 ~4.84 x 10
400°C ~ 2020 ~424 x 1017 ol 2 e 10
300°C ~ 510 ~2.19 x 1013 ~17.98 x 1073
200°C ~ 180 ~1.70 x 107 ~4.89
100°C ~200 ~3.50 x 103 ~3.19 x 10%
0°C ~ 240 ~8.95 x 10-%° ~591 x 1013

Table S6. Dielectric constant (ST) and charge density () values of SrTiO; as a function of
temperature.S% 5253 Charge density values are calculated by extrapolation from the referencesS>
$3, and Debye length is calculated by substituting the dielectric constant and charge density
values at each temperature into the above formula.
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As can be seen from Table S6, the thickness of the space charge layer within our probing depth
(< 3.3 nm) is much smaller than Debye length. Therefore, our discussion on the nature of space

charge layer is valid.
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