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ABSTRACT

Photoelectron emission spectroscopy in air (PESA) has been used to investigate titanium dioxide (TiO;)
deposited by atomic layer deposition (ALD). A procedure has been developed to unambiguously deter-
mine the photoemission threshold energy (also referred to as the “ionization potential”) of TiO, thin films,
avoiding inherent artifacts due to photoelectron emission from the substrate, which supplies misleading
results. This has been achieved using PESA measurements performed as a function of TiO, film thickness
on two substrates with different work functions. We find that proper measurements of the photoemis-
sion threshold energy (including work function and ionization potential) of thin films by PESA require
the use of films much thicker than their electron attenuation length (EAL). A photoemission threshold
energy of 5.0+ 0.2 eV is obtained for TiO, and has been attributed to a trap level due to oxygen vacancies,
which lie within the band gap of the TiO,. The analysis of the photoemission decay with film thick-
ness also provides a method for determining a “practical” (or effective) EAL at excitation energy slightly
above the photoemission threshold energy of the material. We extract an EAL for the deposited TiO, of
0.65+0.02 nm (at 0.5 eV). The procedure can also be adopted for determining the thickness of extremely

thin films, provided their thickness is smaller than their EAL.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

TiO,, is one of the world’s most produced pigments, being com-
monly used in paints, sunblock and toothpaste [1]. It is also a high
dielectric and high band gap semiconductor (Eg=3.2eV) that has
been used in applications ranging from solar cells [2,3], memory
devices[4], capacitors [4,5] to self-cleaning surfaces [6]. For many of
these applications, it is the unique surface structure and the desir-
able optoelectronic properties of TiO, that enable its use in such a
versatile manner.

An understanding of TiO,’s precise electronic structure is at the
core of its adoption in optoelectronic applications. Typical meth-
ods for studying such structures have been based on high-vacuum,
including X-ray photoemission spectroscopy (XPS), ultraviolet pho-
toemission spectroscopy (UPS) and Auger Electron Spectroscopy
(AES) [7-11]. More recently, photoelectron spectroscopy in air
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(PESA) has emerged as a suitable tool to investigate the ionization
potential of semiconductors and metal oxides, and the work func-
tion of metals at the low excitation energy level range of 3-6eV
[12-17].It has also been used as a powerful technique for the deter-
mination of the thickness of very thin SiO, films (1 monolayer up
to about 10 nm thick) and other properties related with the inter-
face of film/atmosphere, such as friction, oxidation, and mechanical
deformation [13]. In this technique, the photon excitation energy
is continuously varied and measurements are performed in air
atmosphere. The incident ultraviolet (UV) light beam excites elec-
trons from the sample to oxygen molecules in air, which are then
detected by an open counter [13].

Despite the obvious advantage of PESA being performed in
air, there are also a number of drawbacks. As for any photoelec-
tron technique, PESA is very sensitive to the surface since the
probed photoelectrons are extracted from a very thin layer at the
surface, usually less than 10 nm. For this reason, surface contam-
ination stemming from air exposure is a big concern. This factor
can result in the ionization potential of some materials deter-
mined by PESA to differ from those reported by ultra-high vacuum
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techniques measurements [12,13,18]. Notably, because PESA is an
air based technique, it is ideal for studying metal oxide materials,
which cannot undergo secondary oxidation processes during the
measurement. Another potential problemrelated to PESA measure-
ments is concerned with charging effects. In XPS a beam of electrons
may be used to neutralize charging in insulating materials due to
photoelectron emission, which is not adopted in PESA. However,
the very low excitation intensities (<1000 nW/cm? for PESA) ensure
that the use of sufficiently conductive substrates, such as indium
tin oxide coated glass, soda-lime glass, as well as many deposited
thin films, minimize these effects.

In this work we utilize PESA to investigate the photoelectron
properties of TiO,. This material has been previously deposited by
different techniques, such as atomic layer deposition (ALD) [19,20],
sputtering [21], solution processing [22] and thermal evaporation
[23]. Whilst each has specific benefits, we have chosen to focus on
the use of ALD due its highly controllable monolayer-by-monolayer
deposition approach.

Significant work has been previously carried out towards under-
standing the band structure of TiO, using electrochemical and
photoelectron spectroscopies [24,25]. From these, it is clear that
this material is n-type and has a deep valence band at a value rel-
ative to vacuum of greater than 7 eV. Interestingly, the ionization
potential of TiO,, as determined by PESA, was reported by Nakano
et al. [24] as 5.2 eV. This suggests that significant electron density
exists within the band-gap region, which has the capacity to dom-
inate the optoelectronic performance of this material. In this work,
we clarify the origin of this electron density.

We also propose a procedure to measure the photoemission
threshold energy (also referred to as the “ionization potential”) that
avoids inherent artifacts of PESA when studying very thin films.
This is based on the measurement of the photoemission thresh-
old energy of thin films with different thicknesses that have been
deposited on two substrates with different work function. Addi-
tionally, we develop a procedure to extract a “practical” electron
attenuation lengths (EAL), which is an important parameter in stud-
ies of solid surface using photoemission electron spectroscopy and
other surface electron spectroscopies [26,27]. It is used to estimate
the information depths of analyses performed by XPS/UPS/AES and
is one of the correcting factors in quantitative measurements. It is
also used in determining specimen thickness by electron energy
loss spectroscopy (EELS) [26]. We demonstrate here that the EAL
determined by PESA is also important in the determination of the
work function and the ionization potential of thin films and can be
used in determining the thickness of very thin film.

2. Experimental

The TiO, films were deposited in an ALD Cambridge Savannah
S100 reactor, at a temperature of 250°C. Titanium tetrachloride
(TiCl4) and water (H,0) were used as the precursors with pulse
duration of 0.01 sand 0.05 s, respectively. A5 s argon pulse between
each precursor pulse was used to clean the chamber from the pre-
vious precursor. Every layer was 0.08 nm thick, which is consistent
with the atomic layer deposition phenomenon and with previous
data reported in literature for films deposited with the same pre-
cursors, TiCl4 and H,0 [19,20].

PESA measurements were performed using an AC-2 Riken Keiki
spectrometer model, which allows measurements in the 3.4-6.2 eV
range. To avoid contamination from the surface after deposition,
the films were kept under inert atmosphere and PESA measure-
ments were performed within two days of film deposition. Using
this procedure, one reduces contribution from impurities on the
surface of the film, which has been one of the problems that give
contradictory results in measurements realized by this technique.

3. Results
3.1. PESA of TiO,

The band gap of TiO; is 3.2 eV, thus ultraviolet light (UV) is par-
tially absorbed by a TiO, coating and, for sufficiently thin films,
potentially partly absorbed by the underlying substrate. During
PESA, the emitted electrons stem from both of these contributions,
with that of the substrate being highly dependent on the thickness
of the TiO, coating. In order to experimentally solve the origin of
the PESA signal, we developed a procedure that consists of deter-
mining the photoemission threshold energy as a function of the film
thickness from the same film, but deposited on two different sub-
strates with different work function. This enables us to remove the
contributions of the substrate. In this work we adopted aluminum
(work function in the 3.0-4.4 eV range, depending on the air expo-
sure time and the probing technique [12,13,18]) and CdTe (work
function=>5.2 eV), Fig. 1. The inset in Fig. 1 displays the procedure
for determining the photoemission threshold energy. It shows the
emission intensity (I) as a function of the excitation energy. The sig-
nal is zero (or, better, equal to the background) for energy smaller
than the ionization potential and increases linearly when one plots
113 (for semiconductor, as in the inset) or I'/2 (for metals) as a func-
tion of energy [13]. The intersection of the slope of that curve with
the background supplies the photoemission threshold energy.

Fig. 1 shows that the photoemission threshold energy for very
thin TiO, films deposited on CdTe is different from those deposited
on aluminum. This arises because, for very thin films, most of the
PESA signal comes from the substrate. Thus, for TiO, deposited on
CdTe, the photoemission threshold energy of very thin films tends
to be similar to the effective ionization potential obtained for solu-
tion processed CdTe (5.2 +£0.2eV). On the other hand, it tends to
be similar to that of aluminum (4.2 eV) for very thin TiO, films
deposited on aluminum (with an inherent native oxide coating).

As the TiO,, film gets thicker, the PESA signal tends to originate
predominantly from the film. One can observe in Fig. 1 that the pho-
toemission threshold energy for TiO, films that are thicker than 60
monolayers (~5 nm) on both substrates approaches the same value
(5.04+0.2eV). Thus, Fig. 1 indicates that there are some filled elec-
tronic levels in TiO, at about 5 eV. These electronic levels cannot be
associated with the ionization potential of TiO5, since the ionization
potential of pure semiconductor should be the level determined by
the top of the valence band, 7.2 eV, see Fig. 2. On the other hand, it
has been observed by XPS that oxygen vacancies in TiO, generate
electronic levels close to the conduction band. The experimental
data of the density of electronic states (DOS) of the oxygen vacancy
band as a function of energy reported by Nakano et. al. [24] is also
displayed in the inset of Fig. 2. It is centered at 1.18 eV below the
bottom of the conduction band (see value of Egy in Fig. 2). The
determination of the photoemission threshold energy determined
by PESA as 5.0+ 0.2 eV, is consistent with the ionization of oxygen
vacancy levels within the TiO,.

These defect states have been associated with important opto-
electronic characteristics of TiO,. For instance, it is well known that
TiO, is considered a n-type semiconductor due to its tendency for
oxygen deficiency [28-30]. Oxygen vacancies in TiO, can, however,
act as a charge trap, recombination centers and work-function pin-
ning levels, which may strongly affect the use of films deposited by
ALD in optoelectronic devices such as in solar cell [31] and solar-
hydrogen generation [29]. Thus, PESA can be used to investigate
oxygen vacancy states in TiO; to identify synthetic conditions that
minimize such states for optoelectronic applications.

Another important conclusion from the analysis of the result
displayed in Fig. 1 is that reliable measurements of the photoemis-
sion threshold energy (including the ionization potential and the
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Fig. 1. Photoemission threshold energy of TiO,, determined through PESA measurements, as a function of the thickness of the films deposited on CdTe (red circle) and
aluminum (black square) substrates. The inset shows a typical PESA measurement indicating the procedure to determine the photoemission threshold energy and the
counting rate for electrons emitted with 0.5 eV. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

work function) of any thin film (semiconductor or metal), requires
a film much thicker than its practical electron attenuation length.

3.2. Electron attenuation length

The EAL is defined as the distance travelled by electrons in the
material with a probability e~! without inelastic scattering, or:

I = Ipexp (—%) (1)

where I, is the initial intensity and d is the film thickness. The
EAL’s of a large variety of elements and compounds has been
widely determined adopting Eq. (1) and using mainly XPS and UPS
[32]. These techniques are very powerful because of the use of an
electron energy analyzer to determine the kinetic energy of pho-
toelectrons emitted from the film/substrate composite. This allows
probing of specific element inherent to the substrate, underneath
the film, i.e. electrons that will travel through the complete thick-
ness of the film. For this reason, EAL determined by XPS/UPS adopts
a procedure by choosing appropriate substrates composed of ele-
ments with electron binding energy in the range of interest. For
instance, Bain and Whitesides [33] used a thin layer of gold under-
neath a hydrocarbon film to determine the EAL of the film for
the energies of the Au 4ps), (kinetic energy, KE=940eV), Au 4ds,
(KE=1151eV) and Au 4f;, (KE=1402 eV). Different substrates can
be used to determine the EAL of any materials at different energies
following the same procedure.

That is a great advantage over PESA, which does not use an elec-
tron energy analyzer. In PESA the signal is proportional to the sum
of all electrons emitted with energies in the zero to the excita-
tion energy range. Thus, one cannot select a specific kinetic energy
associated with atoms from the substrate, as can be done by using
standard XPS/UPS systems. Therefore, in PESA measurements one
cannot adopt the procedure described above. Thus, in order to find
a way to extract the EAL of a thin film, one needs to treat a single
signal composed of a mixture of photoelectrons extracted from all
elements of the film and of the substrate with different energies.
In spite of that, we demonstrate here that one can still determine a
“practical” (or effective) electron attenuation length by PESA mea-
surement.

Vacuum level

E =40eV E=7.2eV E=52¢eV
ae i
Conduction band
> DOS =
30_5 L [ EOV 1.18 eV
SNT0F o ey V] N I S,
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ek E_=32eV
gap
Valence band

Fig. 2. Band diagram of TiO, showing the main electronic levels (electron affinity
Eea =4.0eV; ionization potential E;=7.2eV; band gap E; =3.2eV; oxygen vacancy
level Egy = 1.18 eV, below the bottom of the conduction band, and the expected PESA
signal for the oxygen vacancy level E=5.2 eV). The inset (in between the conduction
and valence bands) shows the density of states (DOS), obtained by photocapacitance
transient, as a function of energy for the oxygen vacancy level in TiO,.

(Adapted from Ref. [24]).

If the electron attenuation length, A, is much smaller than the
light penetration depth, é (where « is the absorption coefficient),
e A K é the intensity of the PESA signal can be given by the
equation:

I'=I 4+ (Ip - If)exp (—%) (2)

where, Iy and Iy are constants and d is the film thickness. In this
case, Iy is equivalent to the PESA signal expected from a very thick
film (d > A), while Iy is the signal of the substrate only, similar to
Eq. (1). The difference between Egs. (1) and (2) is the presence of
the constant term I and a different pre-exponential factor (Ip — Ir)
in Eq. (2).

Eq. (2) can be used in photoemission spectroscopy using an
excitation light source for which the analyzed material has low
absorption coefficient. Considering typical values of A (1-10nm)
and o (<10~%cm™1) reported in literature, the condition A « %
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Fig. 3. Counting rate as a function of the thickness of TiO, films deposited on CdTe.
The inset shows the procedure to extract the EAL by the slope of the curve adopting
Eq. (3), supplying EAL=0.65 nm.

is met for most materials. In case of semiconductors, this condi-
tion is met at the onset of the absorption coefficient, where « is
<10%*cm~!. In addition, the signal is a collection of all electrons,
with different energies, emitted from the sample. However, con-
sidering the limited range of energy usually adopted in PESA, one
can use Eq. (2) to extract a number that represent an effective EAL
of that range of energy. In practice this energy range is limited to
approximately 1 eV, after subtracting the threshold energy (see the
inset in Fig. 1). That limits the EAL measurement to excitation pho-
ton energy slightly above the onset of the film absorption edge. On
the other hand, that is an energy range of high interest, since it
is the energy harvested in photovoltaic devices. In Fig. 3 we plot
the intensity (counting rate) of the PESA signal at 0.5 eV above the
ionization threshold as a function of the thickness of TiO,.

One can rewrite Eq. (2) to obtain an equation similar to Eq. (1):

I—1Ir = (Io—1Ir) exp (7%) (3)

Thus, ifone plots In(I — Iy ) as a function of thickness, d, one should
get a straight line, whose slope is (—1/A). In order to be able to
apply this equation one needs the PESA intensity of a thick film,
Iy, (i.e. without contribution of photoelectrons emitted by the sub-
strate). The PESA signal of the film with thickness in the 5-8 nm
range (see Fig. 1) is approximately due to the film only, represent-
ing a thick film. So, it is reasonable to assume that its intensity is
approximately ;. Taking the average of the two thickest samples,
we applied Eq. (3), see the inset in Fig. 3. We observe that the exper-
imental data in fact follows a linear relation, given support to Eq.
(2). From the slope of the straight line we obtain an EAL=0.65 nm.
The same number can be extract from the raw data by adopting a
fitting procedure of Eq. (2).

We could not find any other reported value of EAL for TiO; in
literature for the sake of comparison. But there are a number of
EAL’s reported for other materials at low energy which are much
smaller than that of the universal curve [7,34,35].

If one measure PESA of a transparent material, no signal is
expected from the film, but only from the substrate. That would
be the case, for instance, of SiO,, with band gap of about 7 eV, while
PESA usually works in the 3-6 eV range. In this case, the entire signal
would originate from the substrate. Thus, if there is no signal from
the film, If=0, and Eq. (2) becomes equal to Eq. (1) for transparent
materials.

Another important result that can be extract from Fig. 3 is
that one can use it to experimentally determine the thickness of
extremely thin films, thinner than their EAL. In order to do that one

needs first to determine the PESA signal of the film as a function of
its thickness adopting a different technique for determining thick-
ness, such as ellipsometry. In fact, this procedure has already been
used to determine the thickness of silicon dioxide (SiO, ) [13], using
a graph similar to the inset in Fig. 3. Here, we extrapolate this pro-
cedure to absorbing material as well. In addition, if one determines
the EAL of the film one can extract its thickness using Eqs. (2) or

(3).
4. Conclusion

The photoemission threshold energy (or effective ionization
potential) of TiO, deposited by ALD was obtained by PESA through
the adoption of a procedure consisting of using TiO, films with
varied thickness on two different substrates that possessed dif-
ferent work functions. A photoemission threshold energy value
of 5.0+0.2eV was determined, which was attributed to oxygen
vacancy levels within the band gap and not to the ionization poten-
tial (top of the valence band) of TiO,, as reported previously. The
existence of this energy state within ALD deposited TiO, can have
a profound impact on its use within optoelectronic applications,
for instance, it can act as charge trap, recombination center and
work-function pinning level. The use of PESA provides a convenient
approach to study such low-electron density levels.

Beyond the identification of this electronic state, we determined
a formalism to extract the electron attenuation length using PESA.
For this purpose, we showed that one requires the attenuation
length at the desired energy to be much smaller than the correspon-
dent light penetration depth. This condition can be met through the
use of an excitation source with small energy, slightly above the
photoemission threshold. Adopting this formalism, we have experi-
mentally extracted a practical attenuation length for TiO, deposited
by ALD of ~0.65 nm. In addition, this procedure can also be used for
the determination of extremely thin films (absorbing or transpar-
ent), as long as their thickness is smaller than their corresponding
EAL.
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