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Abstract
By atomic layer deposition, we prepared  TiO2 thin films, which do not crack upon thermal treatment at 450–500 °C. The 
calcination changes the film’s work function by tens of meV, as evidenced by electrochemical impedance (Mott-Schottky) 
and Kelvin probe analyses. In contrast, the work function of ALD-SnO2 is enhanced by hundreds of meV after this heat treat-
ment. The work function of calcined ALD-SnO2 films is by ca. 0.3–0.4 eV larger than that of the cassiterite single-crystal 
electrode. The as-prepared ALD-SnO2 film exhibits significant anodic photocurrent at potentials, when the calcined film is 
photoelectrochemically inactive. The ALD growth of  SnO2 on the Au(111) substrate occurs preferentially at the Au grain 
boundaries. In spite of its non-conformal morphology, the Au-supported  SnO2 film still blocks perfectly the anodic oxidation 
of ferrocyanide. Electrochemical doping of ALD-SnO2 by lithium causes a decrease of the work functions by 0.1–0.2 eV 
in a broad range of film thicknesses.
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Introduction

SnO2 and  TiO2 are top important n-type semiconducting 
oxides, which have been thoroughly studied in the past 
[1–3]. The work function and conduction band minimum of 
these oxides represent salient characteristics for understand-
ing their electrochemistry, and for the development of appli-
cations, e.g., in energy conversion and storage [1–5]. Yet, the 
available data are often inconsistent, which provoked con-
flicting debate in the past [6]. We have recently addressed 
this problem by a comparative study of well-defined  TiO2 
single crystals, and found that the differences in the work 
functions can be as high as ≈1 eV, if they are measured by 
the three standard techniques, i.e., ultraviolet photoelectron 
spectroscopy (UPS), Kelvin probe, and electrochemical 
impedance spectroscopy (determination of flat band poten-
tial by the Mott-Schottky analysis) [6]. These changes are 

mainly ascribed to different environments of the investigated 
surface. Indeed, the operando-photoelectron spectroscopy of 
the  TiO2 surface under electrochemical control provided an 
identical value of flat band potential as the Mott-Schottky 
plot [7].

A recent review by Patel et al. [2] pointed out that the 
flat band potentials were sometimes measured incorrectly 
and on inappropriate materials, e.g., on nano-porous elec-
trodes. The single-crystal electrodes are ideal for fundamen-
tal studies, but practical applications rely on polycrystalline 
(nanocrystalline) materials. They are frequently deposited 
in thin films on transparent conducting substrates, such as 
F:SnO2 (FTO), and subjected to subsequent thermal anneal-
ing for applications, e.g., in dye-sensitized and perovskite 
solar cells [1, 3–5, 8–10]. Characterization of these films by 
flat band potentials is challenging, sometimes even impos-
sible for fundamental reasons [2]. On the other hand, the 
compact nm-thin films can ultimately mimic the behavior 
of single-crystal electrodes by empowering the creation of 
space-charge layer and band-bending in contact with the 
electrolyte solution. A basic condition is that the films must 
not contain pinholes accessible for the electrolyte solution 
[2]. Atomic layer deposition (ALD) is a versatile technique 
to grow high-quality dense films, and the measurement of 
flat band potentials on  TiO2 [11–13] and  SnO2 [14, 15] thin 
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films on the FTO substrates provided reasonably consistent 
data.

The as-grown ALD-TiO2 was quasi-amorphous, but 
crystallized to anatase upon heat treatment at 500 °C [11]. 
Unfortunately, this treatment is accompanied by cracking 
of titania thin films [12], which essentially precludes the 
determination of flat band potential (VFB) in the calcined 
films as discussed above. Interestingly, the ALD-made  SnO2 
thin films were found to be stable against thermal cracking, 
and this allowed the measurement of flat band potential even 
for the heat-treated nm-thin  SnO2 films [14, 15]. They were 
again quasi-amorphous at the usual deposition temperatures 
(below ca. 150 °C) [5, 16, 17], but tetragonal rutile phase 
was detected by X-ray diffraction at higher deposition tem-
peratures [16–18]. The tip-enhanced Raman spectroscopy 
confirmed better crystallinity for post-annealed  SnO2 films, 
too [8].

Our previous electrochemical study of ALD-SnO2 
revealed a large upshift of the VFB for calcined  SnO2: by ca. 
0.5 V in films which were treated at 450 °C as referenced 
to the VFB value of the as-prepared (amorphous) film [14]. 
This observation was qualitatively confirmed by a follow-
up UPS study by Lee et al. [8] reporting on the 0.35 eV 
enhancement of the work function (φ) in the ALD-SnO2 
calcined at 300 °C. If we do not consider the effect of dif-
ferent environments surrounding the investigated surface 
(electrolyte solution or vacuum) [6], the work function is 
simply related to VFB:

where e is the electron charge; V0
SHE is the potential of the 

standard hydrogen electrode (SHE) in the absolute scale; 
V0

SHE ≈ − 4.44 V [19]. VFB is quoted at pH correspond-
ing to the isoelectric point of the electrode material, and is 
expressed in the SHE scale [6]. The isoelectric point was 
reported to be 7.9 for ALD-TiO2 and 8.2 for ALD-SnO2 [20]. 
(We may note that these values are quite different from those 
reported in earlier literature, particularly for  SnO2.) In addi-
tion to thermal calcination, which significantly enhanced the 
VFB and φ values of  SnO2, a small decrease (by about 0.15 V 
and 0.1 eV, respectively) was observed for ALD-SnO2 thin 
films, which were subjected to electrochemical doping with 
Li in an aprotic medium [15]. The electrochemical doping 
was ascribed to a substitution of  Sn4+ by  Li+ [15]. This reac-
tion is obviously excluded with  TiO2, in which Li is accom-
modated by insertion, causing even structural changes in the 
crystal lattice [21].

The quasi-amorphous ALD-TiO2 thin films exhibited 
their VFB values typically in the range from ca. − 0.1 V to 
0.1 V vs RHE (reversible hydrogen electrode) [2, 11, 12], 
which is nearly identical to the corresponding values found 
for crystalline anatase thin films and even for the anatase 

(1)� = −eVSHE

0
+ eV

FB

single crystal (− 0.16 to − 0.1 V vs. RHE) [2, 6]. To the 
best of our knowledge, the striking difference between the 
thermal sensitivity of quasi-amorphous  SnO2 and  TiO2 was 
not yet satisfactorily explained. (Quite surprisingly, there 
are almost no data for VFB of  SnO2 single-crystal electrodes 
[2] which would allow analogous comparison of quasi-
amorphous and crystalline  SnO2.) Furthermore, a recent 
study of vacuum-evaporated tin oxide films revealed just 
the opposite effect of thermal treatment (180–200 °C): a 
decrease of VFB in the calcined films [10], rather than an 
increase which was reported for ALD-SnO2 [8, 9, 14, 15]. 
Eventually, the high sensitivity of ALD-TiO2 to thermal 
cracking [12] is yet another complication of the measure-
ment of the VFB upon calcination. All these open questions 
ask for new studies and for extended materials’ characteri-
zation by several independent methods to account for the 
alternations caused by the environment effects [6].

Experimental section

Materials and electrodes

FTO glass (NSG10, Nippon Sheet Glass, 10 Ohm/sq) was 
cleaned ultrasonically using deionized water, acetone, iso-
propyl alcohol, and ethanol for 10 min in each solvent. 
The Au(111) substrates (11 × 11  mm2, 250 nm Au, 2.5 nm 
Cr intermediate layer on borosilicate glass, Arrandee) 
were fabricated by flame annealing and cooled down in 
an argon atmosphere. The  TiO2 and  SnO2 films were pre-
pared by thermal-mode ALD in the R-200 standard reac-
tor (Picosun, Finland). The  TiO2 films were prepared using 
tetrakis(dimethylamido)titanium(IV) (TDMATi from Strem 
Chemicals) and water (EpiValence). The TDMATi was 
evaporated at 85 °C. The substrate temperature was 150 °C 
(in some cases also 200 °C) and the pressure was 1000 Pa 
during the deposition. One  TiO2 deposition cycle comprised 
of pulse-purge sequence: 1.6 s TDMATi – 6 s  N2 – 0.1 s  H2O 
– 8 s   N2. The  SnO2 films were fabricated by alternating 
pulses of tetrakis(dimethylamido)tin(IV) (TDMASn from 
Strem Chemicals) and water. The evaporation temperature for 
TDMASn was 65 °C. The substrate temperature was 118 °C 
and the pressure was 700 Pa during the deposition. One  SnO2 
deposition cycle consisted of 1.6 s TDMASn pulse time, 
6 s  N2 gas purge, 0.1 s  H2O pulse time, and 9 s  N2 purge. The 
growth rate was 0.141 nm/cycle (for  TiO2) and 0.061 nm/
cycle (for  SnO2); calibrated by ellipsometry (EP4, Accurion). 
Nitrogen (Messer Technogas, 99.999%) was used as the car-
rying and purging gas. For post-annealing, the as-prepared 
films were calcined for 1 h in the air at the given tempera-
ture (450 °C or 500 °C); the heating ramp was 5 °C/min. The 
naturally doped, black  SnO2 single crystal (5 × 5 × 0.5  mm3; 
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cassiterite (001) orientation) was purchased from SurfaceNet, 
GmbH (Germany). It was contacted by Ga-In alloy to a Cu 
wire, and sealed using TorrSeal epoxy (Varian).

Characterization methods

Kelvin probe measurements (macroscopic variant) were 
carried out using the KP020 instrument (KP Technology 
Ltd). The gold probe was positioned close to the sample 
surface and the contact potential difference was measured. 
The electrical connection to the sample surface was realized 
by using an indium tape. Work functions were calibrated 
using a freshly peeled-off highly oriented pyrolytic graphite; 
its work function was set to 4.6 eV [22]. Peak force Kelvin 
probe force microscopy (KPFM) was studied using the peak 
force Kelvin probe, Dimension Icon (Bruker, USA) with the 
SCM-PIT-V2 tip. The contact potentials were calibrated by 
gold using the Al/Si/Au PFKPFM-SMPL standard (Bruker); 
the work function of Au was set to 5.1 eV [23]. Tapping 
mode atomic force microscopy (AFM) images were obtained 
using Dimension Icon microscope with silicon cantilever 
VTESPA-300 (resonant frequency fres ≈ 300 kHz, spring 
constant k = 42 N·m−1, nominal tip radius 5 nm, Bruker, 
USA).

Electrochemical measurements

Electrochemical measurements were carried out with Auto-
lab 302 N apparatus (Metrohm) equipped with a frequency 
response analyzer (FRA). The counter-electrode was a plati-
num wire (or Pt mesh for impedance measurements) and the 
reference electrode was Ag/AgCl (sat. KCl). The electro-
lyte solution was 0.5 M KCl; its pH was adjusted by HCl. 
Alternatively, the electrolyte solution was also 0.1 M lithium 
bis(trifluoromethylsulfonyl)imde (LiTFSI) in acetonitrile. 
In this case, the reference electrode was non-aqueous Ag/
AgCl (sat. LiCl in ethanol) which was interfaced by a bridge 
with 0.1 M LiTFSI. Its potential was calibrated using fer-
rocene (200 µL of 0.1 M acetonitrile solution per 10 mL of 
electrolyte solution added and tested using the Pt working 
electrode). The electrolyte solution was purged with Ar, and 
the measurement was carried out under Ar in a closed elec-
trochemical cell.

Electrochemical impedance spectroscopy (EIS) was 
investigated in the frequency range from 100 kHz to 0.1 Hz 
(modulation amplitude 10 mV) at varying potentials. Spectra 
were evaluated using Zview (Scribner) software by fitting 
to a Randles-type circuit. Here, RCT is the charge-transfer 
resistance, which is parallel to the constant phase element 
(CPE) to account for non-ideal capacitive behavior [6, 11, 
12, 14, 24]. Electrochemical impedance spectra were evalu-
ated using ZView (Scribner) software by fitting to a stand-
ard Randles-type equivalent circuit as in [6]. The circuit is 

composed of the charge-transfer resistance (RCT), which 
is parallel to the constant phase element (CPE). The cir-
cuit further contains a series resistance, RS, characterizing 
the ohmic resistance of electrodes, electrical contacts, and 
electrolyte solution, and the Warburg impedance, ZW corre-
sponding to the ionic transport in solution. The impedance 
of CPE equals [24]:

with ω being the EIS circular frequency; B (admittance 
pre-factor) and β (exponent) are the frequency-independent 
parameters of the CPE (0.8 ≤ β ≤ 1; experimental values 
were from 0.8 to 0.9). The interfacial capacitance, C, is cal-
culated from [24]:

The source data (RCT, B, and β) were determined by fit-
ting the complete impedance spectra (measured at each 
applied potential from 100 kHz to 0.1 Hz). This obviously 
removes the problem of “frequency dispersion” of the Mott-
Schottky plots [12].

Photoelectrochemical measurements were performed in 
an Ar-saturated 0.1 M  Na2SO4 solution (pH 10; adjusted by 
0.1 M NaOH) and the cell was equipped with a fused silica 
optical window. The photoelectrochemical cell was placed in 
a dark room and controlled by the Zahner workstation. The 
films were illuminated from the front side by the UV LED 
diode (LS365-2) intensity of 100 W/m2. The photoexcitation 
was applied with 5 s dark/light intervals. During this test, 
the pH of the electrolyte solution was unchanged within the 
experimental error (± 0.05 pH). The passed charge of water 
oxidation was of the order of 1 mC, which translates into 
ca.  10−8 mol of  H+. This amount of photogenerated protons 
is then smoothly neutralized by the electrolyte solution of 
pH 10.

Electrolytes, solvents, and other chemicals were of the 
standard quality (p.a. or electrochemical grade) purchased 
from Aldrich or Merck. LiTFSI was dried at 200 °C in a 
vacuum and subsequently handled in a glove box under Ar. 
Acetonitrile (99.8%, anhydrous) was further dried by a 4A 
molecular sieve.

Results and discussion

As discussed above, the preparation of dense  TiO2 films by 
post-annealing of quasi-amorphous ALD-TiO2 (1–6 nm in 
thickness) failed due to the thermal cracking [12]. The film 
damage can be quantified by electrochemical tests with suit-
able redox probes, such as [Fe(CN)6]3−/4−, which selectively 
distinguish the charge-transfer reactions occurring on the 
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 TiO2 surface and on the supporting FTO in the denuded 
areas of the film [12].

By screening of experimental conditions, we found 
that the pinhole-free and thermally unperturbed films can 
be grown simply by enhancement of the  TiO2 film thick-
ness. Figure 1 shows an example of the 22-nm-thick  TiO2 
film exhibiting perfect blocking even after its calcination at 
450–500 °C in air. To the best of our knowledge, this is the 
first demonstration that dense amorphous ALD-TiO2 film 
can survive the thermal crystallization without cracking. 

The onset potential of ferricyanide reduction during cyclic 
voltammetry is similar for all our  TiO2 films, independent of 
the post-calcination (Fig. 1). This potential is known to scale 
with the flat band potential of the electrode material [10]; 
hence, cyclic voltammetry evidences that the VFB is nearly 
intact by heat treatment.

The Mott-Schottky plots provide a more accurate analysis 
of the VFB change upon thermal treatment (Fig. 2). The found 
VFB equals − 0.08 V vs. RHE for the as-prepared quasi-
amorphous ALD-TiO2. It only slightly increases to 0.0 V 
vs. RHE for the same material after calcination at 450 °C. 
Our finding essentially matches the work of Hoffeditz et al. 
[13] reporting on small changes of VFB caused by calcination 
(0.008 V decrease), but thermal cracking of the film was not 
tested in the cited work. The doping density (ND) from the 
slope of the Mott-Schottky plot is 2.1 ∙  1020  cm−3 and 3.7 
∙  1020  cm−3 for our pristine and calcined film, respectively 
(Fig. 2). These values are comparable to the donor densities 
reported by others [11, 12] (but we need to admit that they 
actually just upper estimates assuming the projected area of 
electrodes).

The width of space-charge layer (W) can be determined 
from the equation:

ε0 is the permittivity of free space, εr is the dielectric con-
stant (εr ≈ 55 for  TiO2 anatase) [12], e is the electron charge, 
kB is the Boltzmann constant, and T is temperature. Equa-
tion (4) predicts (for the 1 V band-bending and the experi-
mentally found ND values) the width W of 5 nm and 4 nm for 
our pristine and calcined films, respectively. Hence, the used 
 TiO2 film thickness (22 nm) is sufficient to accommodate 
the depletion layer, without its penetrating into the support-
ing FTO, which occurs for thinner films [12]. Yet, the main 
conclusion from our analysis is that the strong enhancement 
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Fig. 1  Cyclic voltammogram of a bare FTO electrode (dashed 
line) and that covered by ALD-TiO2 thin film; 22  nm in thickness 
(black line: as-prepared; red lines: calcined at 450  °C and 500  °C, 
respectively). Scan rate 50  mV/s. Electrolyte solution is 0.5  mM 
 K4Fe(CN)6 + 0.5 mM  K3Fe(CN)6 in aqueous 0.5 M KCl, pH 2.5. The 
voltammograms of calcined samples are offset for clarity, but the cur-
rent density scale is the same for all voltammograms

Fig. 2  The Mott-Schottky plot 
for ALD-TiO2 thin film, 22 nm 
in thickness. Left chart: as-
prepared film; right chart: the 
same film after calcination at 
450 °C. The electrolyte solution 
is aqueous at 0.5 M KCl, pH 4. 
Potentials were measured with 
Ag/AgCl reference electrode but 
are recalculated against RHE
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of VFB caused by thermal crystallization (which occurs for 
the ALD-SnO2 thin films [14]) is not replicated for  TiO2.

Kelvin probe measurement on the same film (22 nm 
 TiO2) provided the work functions of 4.22 eV, 4.22 eV, and 
4.21 eV for the as-prepared film, calcined at 450 °C and 
calcined at 500 °C, respectively. (Additional data are col-
lected in Table S1, Supporting Info.) The found values are 
not too far from the work function reported for the Kelvin 
probe measurement on anatase (101) single crystal, 4.40 eV 
[6]. This confirms that the thermal treatment and/or crystal-
lization of ALD-TiO2 has a small effect on its work function, 
which is in sharp contrast to ALD-SnO2.

To get further insight into these differences, we have 
investigated the photoelectrochemical current/voltage plots 
under intermittent irradiation by UV light (Fig. 3). Our com-
parison of  TiO2 and  SnO2 illustrates the principal differences 
in the photoelectrochemical activity of quasi-amorphous 
and calcined films. In terms of the classical Gärtner-Butler 
model, the onset of anodic photocurrent theoretically coin-
cides with the VFB. This is nearly fulfilled for crystalline 
 TiO2, but ALD-TiO2 films exhibit significant overpotential 
(≈0.4 V) for the photocurrent generation [2]. The behavior 
of  SnO2 is qualitatively different: Fig. 3 (right chart) shows 
that anodic photocurrent flows on quasi-amorphous  SnO2 
even at potentials, when the calcined film is still photoelec-
trochemically inactive. Also, the onset potential of cathodic 
dark current, which is another measure of switching from the 
depletion to accumulation regime of the semiconductor [25], 
exhibits the same trends for  SnO2 and  TiO2: this potential is 
more positive for the calcined vs. the as-prepared  SnO2. On 
the other hand,  TiO2 shows negligible or slightly opposite 
changes (Fig. 3 left chart) after calcination.

Figure 4 shows the Mott-Schottky plot for the commer-
cial  SnO2 single crystal; cassiterite (001) orientation. The 
analysis gives VFB = 0.41 V vs. RHE and ND = 1.3∙1020  cm−3. 
There are surprisingly few earlier studies of the VFB on  SnO2 
single crystal [2]. The classical paper by Bolts and Wrighton 

[26] reported a value of 0.31 V vs. RHE. The second paper 
by King et al. [27] quoted 0.44 and 0.56 V vs. RHE for  SnO2 
single crystals in the (100) and (111) orientations, respec-
tively. In the first case, the Mott-Schottky measurement was 
made at a single frequency only [26]. In the second case, 
this experimental detail is unknown, and furthermore, there 
seems to be some inconsistency between the text and pic-
tures in [27] (the value of 0.56 V appears to be overestimated 
by ca. 0.1 V).

In spite of these small deficiencies, the literature data for 
 SnO2 single crystal are still roughly comparable to our value 
(VFB = 0.41 V, Fig. 4). This finding, however, raises a gen-
eral question about the thermal crystallization of ALD-SnO2 

Fig. 3  Linear sweep voltam-
metry under intermittent UV 
light. The photoexcitation was 
applied with 5 s dark/light 
intervals. Electrolyte solution 
is aqueous 0.1 M  Na2SO4, pH 
10. Left chart: ALD-TiO2 film, 
thickness 22 nm, blue line: as-
prepared; red line: calcined at 
450 °C, black line: calcined at 
500 °C. Right chart: ALD-SnO2 
film, thickness 22 nm, blue line: 
as-prepared; red line: calcined 
at 450 °C

Fig. 4  The Mott-Schottky plot for  SnO2 single-crystal cassiterite  
electrode, (001) orientation. The electrolyte solution is aqueous  
0.5  M KCl, pH 4. Potentials are measured with Ag/AgCl reference 
electrode but are recalculated against RHE
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films. The latter exhibit the VFB of 0.2 V vs. RHE for the 
as-received films, and 0.7 V vs. RHE for the same films 
after calcination at 450 °C [14]. In other words, the ther-
mal crystallization of ALD-SnO2 provides a material with 
significantly more positive VFB than that of the  SnO2 single 
crystal (by ca. 0.3 V).

To verify this unexpected finding, we investigated the 
work function independently by Kelvin probe measurements. 
Figure 5 shows the data for ALD-SnO2 deposited at the FTO 
substrate for varying film thicknesses between 5 and 120 nm. 
Our values for the as-prepared quasi-amorphous films are 
comparable to the work function reported by Baena et al. 
[28] from UPS (4.46 eV for the 15-nm film) but somewhat 
larger than the values of 4.15–4.18 eV reported by others 
from similar experiments [8, 16]. More importantly, we 
observe a ca. 0.5 eV increase of the work function, if the as-
prepared film is calcined at 450 °C. The corresponding work 
functions determined from the VFB values [14] and Eq. (1) 
equal 4.2 eV and 4.7 eV for the as-prepared and calcined 
 SnO2 thin-film, respectively. (The same evaluation routine 
gives the work function of 4.4 eV for our  SnO2 (001) cas-
siterite single-crystal electrode, cf. Figure 4.)

The Kelvin probe measurements of our  SnO2 single crys-
tal provided the work function of 4.48 eV. For the sake of 

swift comparison, this value is shown in Fig. 5, too. It is 
quite close to the work function calculated from the electro-
chemical data (4.4 eV); see the previous paragraph. More 
importantly, our Kelvin probe measurements confirm that 
the thermal treatment of ALD-SnO2 provides a material with 
a significantly larger work function (by ca. 0.4 eV) than that 
of a cassiterite single crystal. Hence, there must be some 
other mechanisms (beyond simple crystallization) which 
cause such a dramatic enhancement of the work function 
of the calcined ALD-SnO2. The explanation is still unclear, 
but Aygüler et al. [5] discussed the influence of deep trap 
states below the Fermi level, which are attributed to defects, 
e.g., oxygen vacancies in  SnO2. Another cause of defect 
states could be hydrogen impurities incorporated during 
ALD growth [16]. The defect formation (and the electronic 
structure near the Fermi level) depend in a complex way on 
deposition temperature, substrate, oxidant agent  (H2O,  O2, 
or  O3), and ALD growth mode (thermal or plasma enhanced) 
[16, 29]. Details are collected in Table S3 (Supporting Info).

Our finding qualitatively agrees with the recent work of 
Erdenebileg et al. [30] reporting on a strong downshift of 
the conduction band minimum of ALD-SnO2 deposited at 
various temperatures: their UPS study indicated a downshift 
of 0.66 eV for the film deposited at 200 °C as compared to 
the film deposited at 80 °C. In a similar work, Kuang et al. 
[17] reported a downshift of 0.62 eV for films deposited at 
200 °C as referenced to films grown at 50 °C. On the other 
hand, these data on ALD-SnO2 sharply contrast the changes 
of VFB in vacuum-evaporated  SnOx thin films [10]: in this 
case, the VFB dropped by ca. 0.25 V for film annealed at 180 
and 200 °C. We have no simple explanation for this paradox 
(it was not discussed in the cited work), but we should note 
that the vacuum-evaporated films contain some amount of 
Sn(II) impurities, perhaps SnO [10].

We further investigated the  SnO2 films, which were sub-
jected to electrochemical doping by Li. To this purpose, the 
 SnO2 films were grown by ALD either on FTO or Au(111) 
substrates. The as-received films were subsequently treated 
in the solution of 0.1 M LiTFSI + acetonitrile following the 
procedure described in [15]. Figure 5 summarizes the data 
for our FTO-supported films. The doping causes the drop 
of work functions by ca. 0.1–0.2 eV in a broad range of 
the film thicknesses, except for the thickest film (120 nm) 
which we shall not discuss at this point. The drop of φ val-
ues observed for thin films by Kelvin probe measurements 
is in good accord with the changes found by photoelectron 
spectroscopy and electrochemistry [15]. The actual drop of 
φ values is in the same range (from 0.1 to 0.2 eV) for all the 
used three standard techniques. Detailed data are collected 
in Table S2 (Supporting Info).

Figure S1 (Supporting Info) presents the work functions 
of  SnO2, which were determined by peak force Kelvin probe 
force microscopy (KPFM) on the Au(111) substrate. For 

Fig. 5  Work functions determined by Kelvin probe measurement for 
 SnO2 films of varying thicknesses deposited on FTO. Blue circles 
are for the as-prepared (quasi-amorphous) films. Red circles are for 
the same films calcined at 450  °C in air. Black squares are for the 
same films after electrochemical doping with Li. The lines connect-
ing experimental points are guides for the eyes. The green dashed line 
indicates the value of the work function determined by the Kelvin 
probe measurement of cassiterite (001) single-crystal
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comparison, Fig. S1 also shows the corresponding data from 
the standard macroscopic Kelvin probe (KP) measurements 
of the same samples. The effect of calcination is still obvious, 
but KPFM almost does not distinguish the effect of Li doping. 
We ascribe this observation to the fact that in KPFM, the tip 
interacts with the surface closely, and thus the probe proper-
ties can be changed by contamination with material from the 
sample. The Li doping is known to affect the film down to 
several nm underneath the surface only [15].

The second reason for perturbation of the work functions 
measured on Au(111) substrates consists in the fact that the 
ALD deposition of  SnO2 Au(111) is inhomogeneous. This is 
documented by AFM images shown in Fig. 6 (additional data 
are presented in Fig. S2, Supporting Info). The as-prepared 
 SnO2 films on Au(111) show preferable deposition at the Au 
grain boundaries, which is particularly expressed for thicker 
 SnO2 layers (Figs. 6 and S3). Interestingly, these irregular 
films still exhibit good blocking function, probed by the 
standard ferri-/ferrocyanide test (Fig. S5, Supporting Info). 
Calcination at 450 °C causes smoothing of these irregulari-
ties in addition to the crystallization-driven coarsening of the 
 SnO2 film which is seen at the flat areas of Au(111) substrate 
(Fig. S3). This effect was previously investigated by SEM and 
TEM microscopy on FTO-supported  SnO2 films [14].

Due to the larger roughness of the bare FTO substrate, 
AFM does not distinguish the nanomorphology of thin  SnO2 
film from the structure of the FTO substrate. There are no 
significant differences between the roughness and nanomor-
phology of the bare FTO substrate, evidencing that  SnO2  
coverage is conformal (Fig. S3, S6). (The conformal morphol-
ogy of ALD-SnO2 on FTO is directly seen by cross-sectional 
SEM images reported by others [8, 9, 17, 28].)The differences 
in deposition mechanism can explain variations of Kelvin probe  
data for  SnO2 films deposited on different substrates. More 

specifically, the work functions measured on Au-supported 
films are, in general, less reliable due to the complicated film 
morphology. The high-resolution AFM images (Fig. S4) do 
not show any significant differences in the nanomorphology 
of the bare and Li-doped  SnO2 film deposited on Au(111).

Conclusions

The 22-nm-thick  TiO2 thin film grown by ALD on the 
FTO substrate does not crack upon thermal treatment at 
450–500 °C in the air (like thinner films; 1–6 nm). This is 
evidenced by blocking the ferrocyanide oxidation. Such a 
thermally stable  TiO2 film is suitable for the investigation 
of the changes of flat band potentials (work functions) dur-
ing the transformation from quasi-amorphous to crystalline 
(anatase) form. The variations are of the order of tens of 
meV, as indicated by EIS (Mott-Schottky) and Kelvin probe 
analyses. The found values for ALD-TiO2 films are even 
comparable to those for the  TiO2 (anatase) single crystal. 
Hence, the transformation of quasi-amorphous  TiO2 to crys-
talline anatase has only a small effect on the work function.

In sharp contrast to the behavior of  TiO2, the ALD-SnO2 
exhibits a dramatic enhancement of the work function, by 
hundreds of meV (typically 0.5 eV) as a result of calcina-
tion. This is confirmed by all the standard techniques, i.e., by 
EIS, photoelectron spectroscopy, Kelvin probe, and KPFM. 
The photoelectrochemical current/voltage plots under inter-
mittent irradiation by UV light provide yet another dem-
onstration of the differences in work functions: the quasi-
amorphous  SnO2 exhibits significant anodic photocurrent at 
potentials, when the calcined film is still photoelectrochemi-
cally inactive. The thermal treatment of ALD-SnO2 provides 
a material with a significantly larger work function than that 

Fig. 6  AFM taping-mode height 
(3D) images (5 × 5 µm2) of the 
120-nm-thick ALD-SnO2 film 
deposited on Au(111) substrate. 
A As-prepared film; C the same 
film after calcination at 450 °C. 
The bare Au(111) substrate is 
shown in chart B. The vertical 
scale range is 60 nm for all plots



1942 Journal of Solid State Electrochemistry (2023) 27:1935–1943

1 3

of a cassiterite single-crystal electrode (001)-orientation (by 
ca. 0.3–0.4 eV).

The high-resolution AFM imaging requires flat sub-
strates, such as flame-annealed Au(111). However, the 
ALD growth of  SnO2 on gold is not conformal. Though the 
film is still well blocking the ferrocyanide oxidation, the 
taping-mode AFM images evidence preferential deposition 
at the Au grain boundaries. Consequently, the work function 
measurements of ALD films are less reliable on the Au(111) 
substrate compared to the FTO substrate.

Electrochemical doping of ALD-SnO2 by lithium causes 
a drop of work functions by ca. 0.1–0.2 eV as evidenced 
by EIS and Kelvin probe measurements in a broad range of 
the film thicknesses, but no obvious changes of the surface 
nanomorphology. In summary, the ALD-SnO2 film repre-
sents a unique material, whose work function can be tuned in  
the range of ca. 0.7 eV simply by doping or calcination. This 
behavior is not replicated for the ALD-TiO2 films.
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