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In situ study of the electronic structure of atomic
layer deposited oxide ultrathin films upon oxygen
adsorption using ambient pressure XPS†

Bao-Hua Mao,abc Ethan Crumlin,c Eric C. Tyo,d Michael J. Pellin,d Stefan Vajda,defg

Yimin Li,*bh Sui-Dong Wang*a and Zhi Liu*bch

In this work, ambient pressure X-ray photoelectron spectroscopy (APXPS) was used to investigate the effect

of oxygen adsorption on the band bending and electron affinity of Al2O3, ZnO and TiO2 ultrathin films (∼1

nm in thickness) deposited on a Si substrate by atomic layer deposition (ALD). Upon exposure to oxygen at

room temperature (RT), upward band bending was observed on all three samples, and a decrease in

electron affinity was observed on Al2O3 and ZnO ultrathin films at RT. At 80 °C, the magnitude of the up-

ward band bending decreased, and the change in the electron affinity vanished. These results indicate the

existence of two surface oxygen species: a negatively charged species that is strongly adsorbed and re-

sponsible for the observed upward band bending, and a weakly adsorbed species that is polarized, lowering

the electron affinity. Based on the extent of upward band bending on the three samples, the surface cover-

age of the strongly adsorbed species exhibits the following order: Al2O3 > ZnO > TiO2. This finding is in

stark contrast to the trend expected on the surface of these bulk oxides, and highlights the unique surface

activity of ultrathin oxide films with important implications, for example, in oxidation reactions taking place

on these films or in catalyst systems where such oxides are used as a support material.

Introduction

Ultrathin oxide films with thicknesses of approximately several
nanometers are key components in many important applica-
tions, such as gas sensing, passivation layers and catalysis.1 For
example, ultrathin TiO2 films have been used as the protective
layer on semiconductor photocatalysts, significantly improving
their photocorrosion resistance in photoelectrochemical (PEC)

water splitting.2,3 The deposition of a thin oxide layer creates a
new type of solid/solid interface, which inevitably alters the
energy-level alignment in the interfacial region and affects the
charge transfer process during redox reactions on the catalyst
surface. Furthermore, because of the ultrathin thickness and
the abundance of surface defects, the energy level alignment of
the oxide film is affected by a variety of environmental phenom-
ena such as surface adsorption at different pressures and tem-
peratures. Therefore, developing reliable in situ characterization
techniques for energy level alignment at the oxide surface/
interface is vital for applications using ultrathin oxide films.

Unlike bulk materials, ultrathin films have distinctive
electronic structures because of their restrained dimension,
different atomic structures and abundant surface defects.4,5

However, the electronic structure of ultrathin films has not
been explored as intensively as that of the bulk form. For
practical applications, understanding the electronic structure
changes of ultrathin films under different environments is
crucial. One important aspect is the influence of gas mole-
cule adsorption on the electronic structure.6–8 Chen et al. dis-
covered that this adsorption induced an electronic structure
change in semiconductors known as “surface transfer
doping”.9–11 Many techniques have been applied to study the
electronic structure, including X-ray photoelectron spectro-
scopy (XPS) and ultraviolet photoelectron spectroscopy
(UPS).12,13 Conventional XPS and UPS are limited to ultrahigh
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vacuum (UHV) conditions. Therefore, an appropriate tech-
nique allowing for in situ studies of the electronic structure
of ultrathin films under near ambient conditions is of high
importance.

Ambient pressure XPS (APXPS) can measure the core level
spectra of materials and gas molecules in situ under near am-
bient pressure conditions, as shown in Fig. 1a. APXPS has
been successfully applied to study the band bending change
of materials upon gas adsorption.14,15 Fig. 1b shows how the
surface band bending change upon gas exposure is reflected
in core level binding energy (BESamp) changes in the samples.
In 2013, Axnanda et al. developed a work function measure-
ment method by recording the core level spectrum of Ar gas
in the vicinity of a sample using APXPS and successfully ap-
plied this method to measure the work function of PbS quan-
tum dots.16 The electronic levels of the gas-phase molecules
are referenced to the vacuum level (VL). In the vicinity of the
sample surface, the core level BE of gas molecules (BEGas) will
shift as the sample's VL changes. Thus, a sample work func-
tion change can be measured using the change in BEGas. This
ability to measure changes in work function, band bending,
and electron affinity upon gas adsorption makes APXPS an
ideal technique to study gas adsorption processes on differ-
ent surfaces and provide information on the electronic struc-
ture in more realistic environments than a vacuum.

In this study, we chose Al2O3, TiO2 and ZnO ultrathin
films created via atomic layer deposition (ALD) as model sys-
tems and monitored their interactions with oxygen via
changes in their subsequent electronic structure changes
using APXPS. By measuring the core level BEs of the samples
and gas molecules, the work functions and band bending of
these materials were obtained under both oxygen and
oxygen-free conditions. Based on these band bending and
work function results, we also deduced the electron affinity
changes, which were strongly influenced by the adsorbed oxy-
gen species.17 In addition, we also studied the effect of tem-
perature on the oxygen adsorption behavior and the afore-
mentioned electronic properties. This work provides
experimental information that can improve our understand-

ing of oxygen adsorption on different metal oxide ultrathin
films under environments relevant to practical applications,
which is crucial for the design of new catalysts and electronic
devices.

Experimental

The Al2O3, TiO2, and ZnO ultrathin films were prepared via
ALD on top of an n-type (phosphorus-doped) Si (110) wafer
using a custom viscous flow ALD reactor. The thicknesses of
the Al2O3, TiO2, and ZnO films were 0.74 nm, 1.88 nm, and
0.78 nm, respectively. A detailed description of the fabrica-
tion procedure can be found in previous reports.18–20

The APXPS experiments were performed at the bending-
magnet beamline 9.3.2 of the Advanced Light Source, Law-
rence Berkeley National Laboratory. This beamline can per-
form XPS experiments under different gas atmospheres with
pressures up to 1 Torr. A detailed description of the APXPS
setup can be found in previous reports.21 The samples were
mounted on a sample holder along with a piece of gold foil
for energy calibration. The XPS spectra of all samples and Ar
were recorded under pure Ar and mixed Ar/O2 atmospheres
to study the effect of oxygen adsorption. The Ar in the analy-
sis chamber was used as the reference for work function mea-
surement. Ar, an inert gas, was chosen for this purpose be-
cause of its non-interacting nature with samples.16 All XPS
peak positions were calibrated using Au f7/4 (84 eV). Two indi-
vidual UHV leak valves were used to introduce oxygen (Air
Gas, UHP) and Ar (Air Gas, UHP) to the analysis chamber. A
calibrated Baratron gauge was used to monitor the total pres-
sure in the analysis chamber. The photon energy of the X-ray
used in this experiment was 770 eV.

Results and discussion

First, the core level spectra of interest of the ultrathin films
were collected to measure their band bending. As shown in
Fig. 1b, band bending is caused by the electric field in deple-
tion regions because of charge transfer between the adsorbed
molecules and the semiconductor surface. This electric field
and potential change also affect the core level of the semicon-
ductor, and thus, the core level BE change can be used to cal-
culate the band bending change.15,22,23 The core level BEs of
Ar gas molecules in the vicinity of the samples were mea-
sured to determine the work function changes. The samples
were connected electronically with the analyzer and therefore,
their Fermi levels were equivalent to that of the analyzer dur-
ing the XPS measurement. When the sample work function
changes, the sample's VL will also change. We can directly
correlate the core level XPS BE change with the work function
change of a sample as described previously.24 For the calibra-
tion, different bias voltages (−2 V to +2 V) were applied to
highly oriented pyrolytic graphite (HOPG) to obtain the rela-
tionship between the Ar 2p BE and the sample work function
(Fig. S2, ESI†). HOPG was chosen for this purpose because of
its inert nature upon gas exposure. Using this method, the

Fig. 1 (a) Schematic diagram of the experimental setup with
photoelectrons emitted from both the sample and Ar gas molecules in
the vicinity of the sample surface. (b) Schematic diagram of the band
bending and work function measurement using APXPS. BESamp and
BEGas are the core level BEs of the sample and gas molecules,
respectively. VL and VL′ are the vacuum levels of the sample before
and after gas adsorption. EC is the edge of the conduction band and EV
is the edge of the valence band.
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linear relationship of the Ar 2p BE with the sample work
function was obtained, as shown in eqn (1):

Φsamp = −1.03BEgas + 256.24 (1)

where Φsamp is the sample work function, and BEgas is the BE
of Ar 2p3/2.

After establishing the relationship between the Ar 2p BE
and the sample work function, we measured the XPS spectra
of the Al2O3 ultrathin film at room temperature (RT). As
shown in Fig. 2a, the Al 2p BE was 75.85 eV in 200 mTorr Ar,
slightly higher than that of bulk Al2O3.

25 After introducing
200 mTorr oxygen, the BE of Al 2p decreased by 0.61 eV to
75.24 eV. The lowering of the Al 2p BE in Al2O3 is not attrib-
uted to an Al chemical state change because in this case, un-
der an oxygen environment, the Al 2p BE should shift to a
higher value, and not exhibit the downshift observed here.
Another interesting phenomenon is that the BE change was
reversible when the introduction of oxygen and Ar was alter-
nated, which is consistent with the results of our previous
work.14 This lowering of the BE upon exposure to oxygen
resulted from the surface band bending effect.15,26 We used
the measured Ar 2p BE to determine the work function of the
sample. As shown in Fig. 2b, the BE of Ar 2p3/2 was 245.51 eV
in the absence of oxygen. According to eqn (1), the work func-
tion of Al2O3 was 3.36 eV under this condition. However, after
oxygen introduction, the BE of Ar 2p3/2 shifted to 245.04 eV,
and the work function of Al2O3 was determined to be 3.84 eV,
corresponding to an increase of 0.48 eV resulting from oxy-
gen adsorption.

To further investigate the effect of temperature on oxygen
adsorption, XPS of the Al2O3 ultrathin film was performed at
80 °C. This temperature was chosen because it is a frequently
applied temperature for various catalysis reactions involving
Al2O3 film supports to prevent catalyst particle aggregation.18

As shown in Fig. 2c, the BE of Al 2p was 75.62 eV at 80 °C un-
der 200 mTorr Ar. After introducing 200 mTorr oxygen, the
BE decreased to 75.27 eV, indicating an upward band bend-

ing of 0.35 eV upon oxygen adsorption. The BE of Ar 2p3/2
was 245.38 eV (Fig. 2d) in the absence of oxygen at 80 °C,
and thus, the work function of the Al2O3 film was 3.49 eV. Af-
ter oxygen was introduced, the BE of Ar 2p3/2 was 245.07, cor-
responding to a work function of 3.81 eV, and an increase of
0.32 eV after oxygen adsorption.

According to the literature, two types of oxygen chemisorp-
tion exist: strong chemisorption and weak chemisorption.7

Substantial work has been conducted to investigate the
electronic structure changes caused by these two types of oxy-
gen chemisorption.6,27,28 Geistlinger et al.7 demonstrated that
strongly chemisorbed species could undergo delocalized
charge transfer with the substrate to create a depletion layer,
thereby resulting in band bending;6,7 however, they also
reported that these species exert relatively little influence on
the electron affinity change. In contrast, weakly chemisorbed
species can form dipoles on the surface and subsequently
vary the surface electron affinity, but they typically do not
change the band bending significantly. As shown in Fig. 3,
both the band bending and electron affinity changes contrib-
ute to the work function change and their relationship can
be described by eqn (2):

ΔΦ = ΔVs + Δχ (2)

where ΔΦ is the change in the work function, ΔVs is the
change in the band bending and Δχ is the change in the
electron affinity.17

In our study, the Al2O3 ultrathin film exhibited upward
band bending after oxygen exposure at both RT and 80 °C. As
described above, this result indicates the existence of strongly
chemisorbed oxygen species on the Al2O3 ultrathin film sur-
face at both temperatures; these species undergo delocalized
charge transfer with the substrate and create a depletion
layer that results in band bending.6,7 However, bulk Al2O3

Fig. 2 XPS spectra of Al 2p and Ar 2p on Al2O3 ultrathin films under Ar
(red curves) and Ar + O2 atmospheres (blue curves): (a) Al 2p of Al2O3

at RT, (b) Ar 2p of gas phase Ar at RT, (c) Al 2p of Al2O3 at 80 °C and
(d) Ar 2p of gas phase Ar at 80 °C.

Fig. 3 Scheme of the electronic structure change of n-type semicon-
ductors upon oxygen adsorption. ΔVs, Δχ and ΔΦ are the changes in
the band bending, electron affinity and work function, respectively.
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with a well-defined surface structure is known to be a fairly
inert oxide exhibiting no oxygen adsorption at temperatures
below 500 °C.29 The distinctive oxygen adsorption behavior of
the ultrathin film and bulk Al2O3 can be attributed to the
abundant defects on the surface of Al2O3 ultrathin films.30–32

The values of the change of band bending after introducing
oxygen at these two temperatures were also different: 0.61 eV
at RT vs. 0.32 eV at 80 °C. We attribute this diminished band
bending effect at 80 °C to either increased oxygen desorption
or increased carrier density in the Al2O3 ultrathin film at
higher temperature.33

Using eqn (2), the electron affinity change of the Al2O3

ultrathin film was determined to be −0.13 eV upon oxygen ad-
sorption at RT (Table 1). As proposed by Geistlinger, such an
electron affinity change can be attributed to weakly
chemisorbed species undergoing localized charge transfer
with the oxide surface.6,7 The localized charge transfer be-
tween the molecules and the adsorption site on the surface
will create dipoles and generate a potential drop across the
dipole layer that is equal to the electron affinity change. How-
ever, at 80 °C, the electron affinity change of the Al2O3 film
before and after oxygen exposure was only −0.03 eV (Table 1),
indicating that almost no weakly chemisorbed oxygen was
present under these conditions. This finding can be attrib-
uted to the relatively weak binding of these species with the
substrate and their ready desorption at higher temperatures.

In addition to Al2O3, we also studied oxygen adsorption on
ZnO and TiO2 ultrathin films at RT. ZnO and TiO2 are two
semiconductor materials that are widely used for catalysis
and devices.18,34,35 As shown in Fig. 3a, the BE of Zn 3p3/2 in
an Ar atmosphere was 90.48 eV. After the introduction of oxy-
gen, the BE shifted to 90.04 eV, indicating that the adsorp-
tion of oxygen on the ZnO film results in an upward band
bending of 0.44 eV. The change in the work function was also
recorded by measuring the core level spectra of Ar gas in the
vicinity of the ZnO film (Fig. 3b). The BE of Ar 2p3/2 was
245.34 without oxygen and changed to 245.04 eV after the in-
troduction of oxygen. According to eqn (1), the work function
of the ZnO film was 3.53 eV under oxygen-free conditions
and 3.85 eV after the introduction of oxygen. Thus, oxygen
adsorption increases the work function by 0.32 eV.

Similarly, for the TiO2 film (Fig. 4c), the Ti 2p3/2 BE was
459.93 eV without oxygen and shifted to 459.62 eV after oxy-
gen introduction, corresponding to a band bending of 0.31

eV on the surface of the TiO2 film caused by oxygen adsorp-
tion. As shown in Fig. 4d, the BE of Ar 2p3/2 was 245.15 eV
near the TiO2 film surface in an Ar atmosphere, and this
value increased to 244.83 eV after oxygen introduction.
According to eqn (1), the work function of the TiO2 film in an
Ar atmosphere was 3.73 eV and increased to 4.06 eV after the
introduction of oxygen, thus, oxygen adsorption increased
the work function by 0.33 eV.

All of the results from the three tested samples are sum-
marized in Table 1. Upward band bending shifts were ob-
served in all three samples after the introduction of oxygen,
indicating that strongly chemisorbed oxygen species formed
on all three surfaces. The different band bending observed
on different oxide films could be related to the different
charge carrier concentrations and amounts of strongly
chemisorbed oxygen on the oxide thin films.17

According to eqn (2), the electron affinity change for the
ZnO ultrathin film was −0.12 eV in the presence of oxygen,
similar to that of the Al2O3 ultrathin film at RT (Table 1). In
contrast, the electron affinity of the TiO2 ultrathin film
showed almost no change after oxygen adsorption at RT,
suggesting the absence of weakly chemisorbed oxygen on the
TiO2 surface.

For all three oxide films, oxygen adsorption shifts the
band bending at the interfaces upward, indicating the exis-
tence of negatively charged surface oxygen species (strongly
adsorbed species). The extent of this upward band bending
should increase as the surface coverage of the negatively
charged oxygen species O2

−δ and the charge δ on each oxygen
species increase. We observed that the magnitude of upward
band bending exhibited the following order: Al2O3 > ZnO >

TiO2. This ordering indicates that the surface concentration
of O2

−δ on the Al2O3 ALD film is much larger than that on the
TiO2 film because more negatively charged oxygen typically
adsorbed on TiO2, leading to a larger δ per adsorbed oxygen.

We also observed that oxygen adsorption on Al2O3 and
ZnO thin films at RT decreased the surface electron affinity.
This decrease suggests that an oxygen species with its dipole
pointing away from the surface should be present. The

Table 1 Band bending, work function, and electron affinity changes of
metal oxide ultrathin films after oxygen introduction. The electron affinity
change was determined using eqn (2) and measurements of the bending
and work function changes

Sample and
temperature

Band bending
change (eV)

Work function
change (eV)

Electron affinity
change (eV)

Al2O3, RT 0.61 0.48 −0.13
Al2O3, 80 °C 0.35 0.32 −0.03
ZnO, RT 0.44 0.32 −0.12
TiO2, RT 0.31 0.33 0.02

Fig. 4 XPS spectra of the TiO2 and ZnO ultrathin films under Ar and
mixed Ar + O2 atmospheres at room temperature: Zn 3p (a) and Ar 2p
(b) of the ZnO sample, and Ti 2p (c) and Ar 2p (d) of the TiO2 sample.
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disappearance of the electron affinity change at 80 °C shows
that this oxygen species is weakly adsorbed.

Conclusions

Based on our APXPS results, two distinctive types of adsorp-
tion sites likely exist on ultrathin ALD oxide films and are re-
sponsible for the adsorption of two species: electron rich
sites at which O2

−δ adsorbs, and electronegative sites that
interact with the lone electron pairs of oxygen atoms in the
polarized species with dipoles pointing away from the sur-
face. Estimation of the surface densities of the two adsorp-
tion sites based on the surface coverage of oxygen species at
RT revealed that the overall surface densities of these sites
are very small (on the order of 10−2 ML; see the ESI†). Such
quantities are very difficult to probe using conventional XPS.
However, APXPS band bending and electron affinity measure-
ments can not only reveal the effects of these adsorption sites
but also differentiate their different contributions. The sur-
face coverage of the strongly adsorbed species scaled in the
following order: Al2O3 > ZnO > TiO2. This finding, which is
in stark contrast to the trends expected to occur on the sur-
face of the bulk counterpart of these oxides, underlines the
unique surface activity of ultrathin oxide films, which may
have important implications, for example, in oxidative reac-
tions taking place on these films or in catalyst systems where
such oxides are used as a catalyst support.
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