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S1. C 1s core-levels 

 

Figure S1. Left panel: C 1s spectra recorded at normal photoelectron exit angle (h=1487.1 

eV) for the films produced at 100°C, at 225 °C, and 300°C. A Shirley background is subtracted. 

Right panel: Effect of the Ar bombardment (1 keV, 10-5 mbar, 8 min). The C 1s spectrum is fitted 

with sum of Gaussians (FWHM=1.15 eV). The peak at 289.3 eV is characteristic of the COO 

unit of carboxylic acids and esters.  

Sample   𝐼𝐶 1𝑠

  𝐼𝑇𝑖 2𝑝

 

100°C 0.149 

100°C plus Argon 0.024 

225°C 0.203 

225°C plus Argon 0.007 

300°C 0.079 

Table S1. The 
  𝐼𝐶 1𝑠

  𝐼𝑇𝑖 2𝑝
 ratio as a function of growth temperature and Ar-bombardment 

We consider the argon-sputtered 225°C film for which a large part of carbon contamination 

is eliminated. We can make two simplifying assumptions. First we assume that C atoms are 
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found only at the surface (the C carbon content in the bulk is zero). As C is detected by XPS 

this means that the cleaning is not complete. We can also assume that C atoms are evenly 

distributed from the surface to the depth. With this second assumption we can estimate an upper 

bound value of C concentration in the film.  

The XPS intensity of core-level a X distributed evenly in depth is given by the following 

equation: 

IX = K × TX Level(KE) × nX × σX Level(hν) × X Level(KE)     (1) 

where K is a geometric constant, TX Level(KE) the transmission factor of the hemispherical 

analyzer (working at a given pass energy) for photoelectrons of kinetic energy KE, σX Level(hν) 

the photoionization cross-section at excitation energy hν, and X Level(KE) the inelastic mean 

free path of photoelectrons of kinetic energy KE. nX is the number of atoms X per unit volume. 

The knowledge of 
  𝐼𝐶 1𝑠

  𝐼𝑇𝑖 2𝑝
 gives (

𝑛𝐶

𝑛𝑇𝑖
)

𝑋𝑃𝑆

 through 

(
𝑛𝐶

𝑛𝑇𝑖
)

𝑋𝑃𝑆

=
IC 1s

ITi 2p
×

σTi 2p

σC 1s
×

Ti 2p

C 1s
×

TTi 2p

TC 1s
       (2) 

(
𝑛𝐶

𝑛𝑇𝑖
)

𝑋𝑃𝑆

 contains the transmission factors of the photoelectrons, which depend on the kinetic 

energy KE. T(KE) varies typically as 𝐾𝐸−𝑚 with m~0.5.[1] Therefore 
TTi 2p

TC 1s
≈ (

1027

1201
)

−0.5

 that 

is 1.08, close to 1. Thus, we will neglect changes in the transmission factor and we will 

calculate: 

(
𝑛𝐶

𝑛𝑇𝑖
)

𝑋𝑃𝑆

≈
IC 1s

ITi 2p
×

σTi 2p

σC 1s
×

Ti 2p

C 1s
        (2) 

that is: 

(
𝑛𝐶

𝑛𝑇𝑖
)

𝑋𝑃𝑆

≈ 0.007 ×
0.1069

0.01367
×

22.00

24.80
= 0.048  
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Therefore, considering a TiO2 stoichiometry, an upper bound estimate of C content is 1.6 at% 

in the Ar-sputtered 225°C film.  

 

S2. O 1s core-level 

The O 1s spectra are shown in Figure S2. The main component at ~530.5 eV is attributed to 

O2- bulk ions (O3c). However, there is a “tail” at higher binding energy that is represented by 

two Gaussians at ~531.6 eV (BE=1.1 eV with respect to O2-main peak) and ~532.7 eV 

(BE=2.2 eV). This tail is attributed to hydroxyls (OH).[2],[3],[4],[5],[6] These hydroxyls can 

be incorporated during the film growth. Indeed, formed after the H2O step, some Ti-OH bonds 

may not react during the successive TDMAT half-cycle. Hydroxyls can also form at the surface 

as the film is exposed to water (last cycle) and exposed to air before being introduced in the 

XPS setup. On the clean anatase (101) surface water breaks into H+ and HO- species (23% of 

the adsorbed molecules according to an XPS study[4]). H+ adsorbs on an O2c site forming a 

bridging OH, while HO− binds to a Ti5c
4+ site, forming a terminal OH. The O 1s BE of hydroxyls 

and molecular water on (101) anatase were calculated by Patrick et al..[5] O3c and surface O2c 

oxygens contribute to a peak at 530.2 eV. The terminal OH is found at 531.3 eV (BE=1.1 eV 

from the main O2- peak), and the bridging OH at 532.0 eV (BE=1.8 eV). Therefore, the O 1s 

components found at BE =1.1 eV and 2.2 eV in the experimental spectra could be attributed 

to hydroxyl groups. The calculated O 1s BE of molecular water sitting on a Ti5c
4+ site of anatase 

is 3.8 eV when it is isolated from the co-adsorbed OHs, reduced to 3.1 eV when molecular 

water makes a H donor bond with a nearby OH. Therefore, we do not find evidence for 

molecular water adsorbed on the surface.  

The attribution of the high BE O 1s components only in terms of hydroxyls must be 

considered with a caveat. For instance, Saari et al. [7] consider that they can be attributed to  
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Figure S2. Left panel: O 1s spectra recorded at normal photoelectron exit angle (h=1487.1 

eV) for the films produced at 100°C, 225 °C, and 300°C. A Shirley background is subtracted. 

The O 1s spectra are fitted with sums of Gaussians (FWHM=1.1 eV). Right panel: effect of the 

Ar bombardment (1 keV, 10-5 mbar, 8 min). The FWHM is indicated. 

Table S2. Decomposition of the O 1s spectra (Figure S2) into three components. Binding 

energies (in eV) and weights (%) are given. 

 

peroxo interstitials. Moreover, from the C 1s spectra (Figure S1) we know that carbon-

containing species are adsorbed on the surface. They can result from an incomplete reaction of 

TDMAT with H2O, but as the samples are transported in air, carbon species can also adsorb on 

the sample surface, in particular alcohols and carboxylic acids. Indeed, the C 1s spectrum shows 

100°C 100°C plus Ar 225°C   225°C plus Ar 300°C 

530.61 (82.6) 

531.74 (12.9) 

532.83 (4.4) 

530.72 (80.2) 

531.73 (15.3) 

532.79 (4.5) 

530.47 (82.1) 

531.64 (11.2) 

532.91 (6.7) 

530.72 (73.2) 

531.96 (20.1) 

533.38 (6.7) 

530.46 (83.4) 

531.43 (11.5) 

532.51 (5.1) 
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a clear peak at 289.3 eV in the C 1s spectrum that is due to a carboxylic COOH unit or an 

ester.[8],[9] Unfortunately, these oxygen-containing carbon compounds also produce peaks in 

the 531.6-533.0 eV energy interval, and thus complexify the interpretation of the experimental 

O 1s spectra. The O 1s component of an alcohol is found at ~532.8 eV, the two inequivalent 

oxygen atoms components of aliphatic carboxylic acids are at 531.96 and 533.24 eV, and those 

of aromatic carboxylic acids are at 531.62 and 533.06 eV.[10] It should also be noticed that the 

component at 531.6 eV could be related to O vacancies.[11],[12] In fact, this component 

increases after the Ar-bombardment that induces O losses and the reduction of Ti4+ to Ti3+ and 

Ti2+ (Figure S4). 

 

S3. O/Ti atomic ratios with XPS 

We consider that O and Ti are evenly distributed in depth. Then the O 1s intensity IO 1s and the 

Ti 2p spectrum intensity ITi 2p are given by equation (1). From 
IO 1s

ITi 2p
 we can now calculate the 

ratio (
𝑛𝑂

𝑛𝑇𝑖
)

𝑋𝑃𝑆

 where 𝑛𝑂 and 𝑛𝑇𝑖 are the number of oxygen atoms and titanium atoms per unit 

volume, respectively:  

(
𝑛𝑂

𝑛𝑇𝑖
)

𝑋𝑃𝑆

=
IO 1s

ITi 2p
×

σTi 2p

σO 1s
×

Ti 2p

O 1s
×

TTi 2p

TO 1s
       (3) 

TTi 2p

TO 1s
≈ (

1027

956
)

−0.5

 is 0.97, i.e. close to 1. Neglecting changes in the transmission factor, we 

obtain: 

(
𝑛𝑂

𝑛𝑇𝑖
)

𝑋𝑃𝑆

≈
IO 1s

ITi 2p
×

σTi 2p

σO 1s
×

Ti 2p

O 1s
        (4) 

(
𝑛𝑂

𝑛𝑇𝑖
)

𝑋𝑃𝑆

values are given in Table S2.  
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We first consider the “as-grown” (not sputtered) samples. Taking the whole O 1s intensity, we 

get (
𝑛𝑂

𝑛𝑇𝑖
)

𝑋𝑃𝑆

 in the 2.33 to 2.48 range for the films grown in the 100°C-300°C range. However, 

if we consider only the bulk O2- intensity and eliminate the high BE components of dubious 

assignment (due to contamination), then (
𝑛𝑂

𝑛𝑇𝑖
)

𝑋𝑃𝑆

 is close to 2 (1.95-2.03).  

It is also very instructive to notice that the Ar bombardment leads to a heavy loss of oxygen 

in agreement with the observation of the Ti3+ and Ti2+ oxidation states in the Ti 2p spectra (see 

Figure S5). 

 

Sample IO 1s(𝑡𝑜𝑡𝑎𝑙)

ITi 2p

 (
𝑛𝑂

𝑛𝑇𝑖
)

𝑋𝑃𝑆

  

(Total O) 

IO 1s(O2−)

ITi 2p

 (
𝑛𝑂

𝑛𝑇𝑖

)
𝑋𝑃𝑆

 

(only O2−)  

100 °C 0.868 2.45 0.717 2.02 

100°C plus Ar 0.807 2.27 - 1.82 

225°C 0.879 2.48 0.721 2.03 

225°C plus Ar 0.744 2.10 - 1.53 

300°C 0.827 2.33 0.690 1.95 

Table S3. Ti 2p normalized O 1s intensities( 
IO 1s(𝑡𝑜𝑡𝑎𝑙)

ITi 2p
 and 

IO 1s(O2−)

ITi 2p
) and calculated ratios 

(
𝑛𝑂

𝑛𝑇𝑖
)

𝑋𝑃𝑆

 

 

S4. N 1s spectra: quantitative aspects 

The kinetic energies of the Ti 2p (1027 eV) and N 1s (1086 eV) photoelectrons are very 

close, therefore the transmission factor ratio 
TTi 2p

TN 1s
 is close to 1 (we can estimate that 

TTi 2p

TN 1s
≈
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(
1027

1086
)

−0.5

= 1.03). Therefore, assuming that all nitrogen species are located at the oxide 

surface, we can estimate the equivalent nitrogen surface density NN
XPS   by considering that  

IN 1s = K × TN 1s(KE) × NN
XPS × σN 1s(hν)       (5) 

and that 

ITi 2p = K × α × TTi 2p(KE) × nTi 2p × σTi 2p(hν) × Ti 2p(KE)   (6) 

where α is a coefficient (<1) accounting for the attenuation of Ti 2p signal by the top layer of 

nitrogen species. Then we get:  

NN
XPS ≈

  IN 1s

  ITi 2p
×

σTi 2p

σN 1s
×

TTi 2p

TN 1s
× α × Ti 2p × nTi

anatase    (7) 

 

Sample   IN 1s

  ITi 2p
 

NN
XPS 

(1014 cm-2) 

100°C 0.0219 6.3 

100°C plus Ar 0.0094 - 

225°C 0.0197 5.6 

225°C plus Ar 0.0025 - 

300°C 0.0069 2.0 

Table S4. 
  𝐼𝑁 1𝑠

  𝐼𝑇𝑖 2𝑝
 as a function of sample growth temperature and/or treatment. 𝑁𝑁

𝑋𝑃𝑆 values are 

calculated considering a constant transmission factor and the density of anatase. 

 

When the nitrogen content is below one monolayer (ML or ~1015 atoms/cm3) α ~1. NN
XPS values 

calculated in the limit of =1 are collected in Table S4 (we take 
TTi 2p

TN 1s
≈ 1 and nTi

anatase , i.e. 
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2.98×1022 cm-3). The nitrogen surface density is indeed in the 1014 cm-2 range, validating the 

estimation of . 

 

S5. N 1s spectra of the Ar bombarded “100°C” and “225°C” samples 

 

Figure S3. N 1s spectra of the Ar-bombarded “100°C” and “225°C” samples (1 keV, 10-5 

mbar, 8 min). A Shirley background is subtracted. Note the appearance of a component at 

397.1-397.3 eV due to the decomposition of the DMA molecule under the ion beam. 

 

Concerning the N 1s spectrum (Figure S6, Table S5), the sputtering leads to a strong decrease 

of N 1s signal. For the “100°C” sample, the 
  IN 1s

  ITi 2p
 ratio decreases from 2×10-2 to 10-2. For the 
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sputtered “225°C”, the 
  IN 1s

  ITi 2p
 ratio decreases from 2×10-2 to 2×10-3 (Table S3). In both cases, 

the Ar bombardment leads to the decomposition of the adsorbed molecules, as a fourth 

component in the ~397.1 eV-397.3 eV range shows up. This can be attributed to the 

decomposition of DMA and formation of an adsorbed nitrile.[13] 

 

100°C plus Ar 

BE (eV) 

225°C plus Ar 

402.27 (13.7) 

400.40 (33.4) 

398.71 (13.7) 

397.10 (33.4) 

- 

400.65 (19.5) 

398.68 (21.3) 

397.36 (59.2) 

Table S5. BE and weight (%) of the fitting components of N 1s spectra in Figure S6. 

 

S6. VBE determination 

 

Figure S4. Determination of the valence band edge (VBE). 
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We first calculate the background (green line) and then position a Gaussian function that 

best reproduces the O 2p edge. The binding energy of the valence band edge (VBE) is 

determined as the intersection of the tangent at the Gaussian inflexion point with the x-axis 

using the equation:[14] 

BE(VBE) = E(centroid) −
FWHM

√2 ln(2)
= E(centroid) − 0.849 × FWHM   (8) 

 

S7. Ti 2p and valence band of the Ar-bombarded “100°C” and “225°C” films 

Ar-bombardment cannot be carried out to make a composition profile of the titania layers. 

Already after eliminating a few surface monolayers, with Ar-bombardment (1 keV, 10-5 mbar, 

8 min) O losses induce a reduction of the sample. Indeed, we observe substantial amounts of 

Ti3+ and Ti2+ in the Ti 2p spectrum of the bombarded amorphous “100°C” and anatase “225°C” 

samples (Figure S5). Concomitantly, the density of shallow gap states in the valence band, that 

extends from the Fermi level down to ~0.4 eV below,[15] is sufficient to form a Fermi edge 

(Figure S6).  
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Figure S5. Ti 2p spectra of the Ar-bombarded “100°C” and “225°C” samples (1 keV, 10-5 

mbar, 8 min). A Shirley background is subtracted. The fitting components are Gaussians of 

FWHM 1.5 eV and 2 eV for the Ti 2p3/2 and Ti 2p1/2 levels respectively. 

 

Oxidation state 100°C plus Ar 

BE (eV) 

225°C plus Ar 

BE (eV) 

Ti4+ 

Ti3+ 

Ti2+ 

459.25 (60.3) 

457.58 (32.7) 

456.23 (7.0) 

459.08 (38.0) 

457.36 (34.0) 

455.53 (28.0) 

Table S6. BE and weight (%) of the fitting components of Ti 2p3/2 in Figure S4. 
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Figure S6. Valence band spectra of the Ar-bombarded “100°C” and “225°C” samples (1 keV, 

10-5 mbar, 8 min). No background is subtracted. The vertical line marks the position of the 

Fermi level. 
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