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The energy band alignments at interfaces often determine the electrical functionality of a device.
Along with the size reduction into the nanoscale, functional coatings become thinner than a
nanometer. With the traditional analysis of the energy band alignment by in situ photoelectron
spectroscopy, a critical film thickness is needed to determine the valence band offset. By making
use of the Auger parameter, it becomes possible to determine the energy band alignment to
coatings, which are only a few Angstrém thin. This is demonstrated with experimental data of
Cu,0 on different kinds of substrate materials. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4975644]

The measurement of the energy band alignment between
a film and a substrate material is possible by a step-wise pro-
cedure of alternating film deposition and in situ photoelectron
spectroscopy. In the absence of chemical shifts and charging
artifacts, the valence band offset is typically extracted at film
thicknesses where a parallel shift of binding energies of the
substrate and film emissions is observed.' The binding energy
shift is a result of the charge exchange at the interface, since
this creates charged states in the layers or at the interface.
When the photoemission occurs in close proximity to the sub-
strate (for example, in a very thin film), the substrate may
affect the screening of the photoholes in the film material.
This is mainly related to the influence of the substrate on the
polarizability of electrons around the emission site in the
film.” As a consequence, the binding energies of substrate and
film emissions do not shift in parallel. In order to determine
the valence band offset, a minimum film thickness is required,
so that the substrate has no influence on the photoholes
screening in the film.

The Auger parameter o is sensitive to a change in polar-
izability, since the emission of a photoelectron creates a single
excited state, whereas the Auger emission (AE) involves two
ionized states.” Therefore, tabulated values of o' are a widely
used tool to obtain chemical state information from a mate-
rial.* Other than by a change in the oxidation state, a shift in
o/ can occur due to different coordinations of a metal cation
(as it is the case of APPT in Al,Os3, deposited on SiOz).5
Furthermore, bridging oxygen between two different cations
affects o.° The changes in the coordination number and bridg-
ing oxygen at an interface are rather short-ranged phenomena,
since they depend on the bonding to the nearest neighboring
ion/atom. An eventually different dielectric constant of the
two materials forming the interface also affects the polariz-
ability. The latter contribution extends further into the photo-
emitting material than the next neighboring environment.®”’

An evaluation of the usefulness of the Auger parameter
in order to correct the binding energies of film emissions for
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the determination of the energy band alignment to the sub-
strate is lacking. In this work, a set of experiments on differ-
ent substrate materials is presented, in which the Auger
parameter of copper oxide Cu,O is used to remove the extra-
atomic relaxation from the binding energy shifts towards the
interface to the substrate. In this way, it is shown that such a
correction of the measured binding energies reduces the criti-
cal film thickness for a determination of the valence band
offset to a few Angstrém.

Sample preparation for in situ X-ray photoelectron spec-
troscopy (XPS) was done at the DArmstadt Integrated SYstem
for MATerial research (DAISY-MAT), a cluster tool which
provides UHV transfer between deposition and characteriza-
tion chambers.® Cu,O thin films were grown by reactive radio
frequency (rf) magnetron sputtering without substrate heating.
A 2in. metallic copper target of 99.999% purity purchased
from Lesker was sputtered at 25 W (2.53 W in.?) and 0.5Pa
total pressure. The stoichiometry of Cu,O was optimized by
adjusting the gas flow ratio of oxygen with respect to the total
gas flow in the range of 3.7%—5.0%. The details on indicators
for Cu,O stoichiometry by in situ XPS can be found in the
respective literature.””'! The substrate materials which are
analyzed in this work are Al,O; by atomic layer deposition
(ALD) as well as Bi,O3 and indium-tin oxide (ITO) by reac-
tive rf magnetron sputtering. Al,O3 as substrate material was
tested in two variants: First, a 250 nm thick multi-layer dielec-
tric of alternating layers of Al,O3 and TiO, by ALD on ITO-
coated glass was used, which is referred to as ATO and was
provided by Planar Systems (now Beneq). The surface of this
substrate consisted of 25nm pure Al,O3. Second, 25nm of
Al,O3 was deposited on a commercial ITO-coated glass sub-
strate in a custom-made ALD chamber. This substrate is
referred to as plain Al,O3 in the remainder of this article. The
parameters for a deposition at 200°C are described else-
where.'? The deposition of 45 nm Bi,O; by reactive rf magne-
tron sputtering was performed onto a commercial ITO-coated
glass without intentional substrate heating according to the
process described in a previous publication.'" The ITO sub-
strate was deposited on glass without intentional substrate
heating according to the process described in previous work.'?

Published by AIP Publishing.
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XPS was performed in a Physical Electronics PHI 5700
multi-technique surface analysis unit, using monochromatic
Al Ko radiation with an energy of hv = 1486.6 eV, an emis-
sion angle of 45°, and a pass energy of 5.85eV, resulting in
an overall energy resolution of less than 0.4eV.

The binding energy Ep is obtained by photoelectron spec-
troscopy as a positive value with respect to the Fermi energy
Er at Eg = 0. The magnitude of Ey is a function of the elec-
tron density at the emitting ion or atom.'* The binding energy
would be purely determined by the initial state if the electron
density remained “frozen” upon the creation of a photohole.
In reality, the electron density around the emitting ion/atom
screens the photohole due to relaxation processes, which con-
stitute the final state.” The binding energy can be expressed as
the difference between the initial state energy e and the final
state energy R.'® Shifts in binding energy of a photoelectron
core level AEg(PE) with respect to an isolated state can have
several reasons, which are generally categorized as initial
state effects Ae and final state effects AR.>'>'*

It is useful for the here presented analysis to distinguish
two effects separately, which contribute to a binding energy
shift and are included in Eq. (1). Hollinger used AEg to
account for changes in Fermi energy at an interface between
two materials."” If thermodynamic equilibrium is assumed at
a junction, it is of course the energy bands which change with
respect to a constant Fermi energy. However, as the Fermi
energy is used as reference energy in XPS, a parallel shift of
energy bands may technically be expressed as a change in
Fermi energy with the opposite sign. Iwata and Ishizaka, fur-
thermore, added the term eA® in order to account for the
effects of charging, where ¢ is the elementary charge.'
Charging due to photoemission of electrons always increases
the binding energy, which is why its sign should be positive

AEg(PE) = Ac — AR — AEg + eA®. (1)

As mentioned earlier, only when the binding energy
shift is exclusively due to the change in Fermi energy AFEF,
the binding energies of substrate and film emissions shift in
parallel and the valence band offset can be determined. This
requires the knowledge of AR, besides a stable chemistry of
the materials at the junction (Ae = 0) and the absence of
charging artifacts (¢eA® = 0). In order to determine the
change in relaxation energy AR, the Auger parameter o can
be used according to>'?

Ao/

The relaxation phenomena, which determine AR, can be
local (i.e., intra-atomic) or extra-atomic. Since Cu(I) does
not undergo a local relaxation process,® only extra-atomic
relaxation is considered for the remainder of this article.

The Auger parameter is defined as the sum of the bind-
ing energy of the photoelectron Ep(PE) and the kinetic
energy of the Auger electron Eyi,(AE), which is equivalent
to the difference between Eg(PE) and the binding energy at
which the Auger emission appears in the spectrum
Eg(AE) = hv — Eyin(AE)"

o = Eg(PE) + Eyin(AE) = Eg(PE) + hv — Eg(AE).  (3)

Appl. Phys. Lett. 110, 051603 (2017)

With the changes in polarizability due to the proximity
to an interface, a change in o can be gradually observed
towards low film thicknesses.'”"'® Figure 1 shows a sche-
matic example of how o manifests in the binding energy
shifts of Cu,O close to the interface to a substrate material.
Below a critical film thickness, AR is not equal to zero and
can be calculated according to Equation (2). This allows to
obtain the photoelectron binding energy shift due to the band
bending AEY (PE), which is free of extra-atomic relaxation
caused by the vicinity of the substrate and is equivalent to a
change in Fermi energy position due to the contact formation
between the two materials

AEY (PE) = AEg(PE) + AR = —AEp. )

The binding energy shifts of different core levels of the
substrate and the film material were evaluated at each film
thickness. Both for the substrate and film material, the shift
is uniform for all core levels and can thus be represented by
the respective valence band maximum. The results are dis-
played with respect to the film thickness in Figure 2. The
core levels used for the calculation are indicated in the leg-
end below the plots. The binding energy shift caused by the
band bending AEY(PE) is calculated using the Cu 2p emis-
sion and the Cu LMM Auger emission and represented in
red. LMM refers to the orbitals in X-ray level notation,
which are involved in the Auger emission, more precisely
L3M, sM, 5. For each experiment, the valence band offset
AEvyg is determined using both the non-corrected binding
energy shifts (black vertical lines and numbers) and the bind-
ing energy shift of Cu 2p caused by the band bending (red
vertical lines and numbers).

Figure 2(a) shows the results for the interface between
Cu,0 and the ATO substrate. Charging effects due to the
limited substrate conductance appear at intermediate thick-
nesses. However, the contribution eA® is the same for both

substrate interface

| | >
] | g

1 10

d (nm)

FIG. 1. Schematic representation of extra-atomic relaxation in Cu,O at the
interface to the substrate depending on the film thickness d. The measured
binding energies Ep of the photoemission (PE) and the Auger emission (AE)
as well as the valence band maximum (VB) are represented as black lines
with respect to the Fermi energy Er. The change in the Auger parameter Ao/
is shown in green. When AR = Ao//2 is added to the photoelectron binding
energy, the red lines AEY (PE) are obtained, which applies to all photoelec-
tron emissions.
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FIG. 2. The binding energy of the valence band maxima of Cu,O films and
of the different substrates are shown with respect to film thickness. In each
representation, the binding energy increases from Ep = 0 eV towards the
bottom. The evaluation of extra-atomic relaxation in Cu,O is included as
AER (PE) of the Cu 2p emission.

the substrate and the film emissions. Since artifacts due to
charging were absent both in the measurement of the clean
substrate and the film at final thickness, the evaluation of the
valence band offset is not hindered. The respective value is
found to range between 2.2 and 2.6eV, when the measured
Cu 2p binding energy is used for the calculation. Using
AEX®(PE) leads to a constant value of AEyg =2.6eV
between 0.6 and 4 nm film thickness.

The interface between plain Al,O5; and Cu,O shown in
Figure 2(b) reveals no sign of charging artifacts. This is prob-
ably due to a presumably better substrate conductance.
Although all core levels of substrate and film individually
show consistent shifts, there is some irregularity in the core
level binding energies of the film material at 1.8 nm. The ori-
gin of this is not clear. AEyg ranges from 2.6 to 3.2eV when
calculated from the measured binding energy shifts. The value
corrected for the extra-atomic relaxation due to the substrate
is 3.1 = 0.1 eV between 0.4 and 4 nm film thickness.

The data presented in Figure 2(c) show Cu,O on ITO.
The core level binding energies are taken from previous
work.'? In the original publication, the Auger parameter has

Appl. Phys. Lett. 110, 051603 (2017)

not been evaluated. Removing the additional extra-atomic
relaxation caused by the substrate at a low film thickness
allows us to determine a valence band offset of AEyp
= 2.2 — 2.3 eV at film thicknesses between 0.3 and 3.5 nm.

Figure 2(d) shows the interface between Bi,O3; and
Cu,0. The consistency of the AEyg quantification with
respect to the film thickness can be improved, when the bind-
ing energy shift caused by the band bending AEY(PE) is
used. Then, a value of 0.9¢eV is observed in a film thickness
range between 0.3 and 6.3 nm.

A comparison of the different substrate materials in
terms of their influence on AR with increasing thickness is
given in Figure 3. It is observed that Al,O5 as substrate has a
more severe effect on extra-atomic relaxation at low thick-
nesses of Cu,O than Bi,O5 and ITO, the latter showing no
significant difference between each other. Since the changes
in polarizability due to different dielectric constants of the
substrate €, and film materials ¢ are effective beyond the
nearest neighbor environment, the corresponding polariza-
tion energy U(d) shall be calculated here with respect to the
film thickness d”'’

e’ (1 1
Ud) ~ (ef ~ E) . 5)

Bi,O; has a dielectric constant of 40, compared to 9 of
Al,05,%° which is rather similar to Cu,0.>' Although ITO is
not degenerately doped when deposited at room temperature,
its dielectric constant is assumed to be infinite, similar to a
metal. The resulting values are compared to AR in Figure 3.
Since U(d) is positive whereas AR is negative, the differ-
ent dielectric constants of substrate and film materials are not
the main cause for the observed negative AR. However, since
the effect is undoubtedly present, it may simply counteract a
more prominent relaxation phenomenon at the interface. Such
a compensation of a negative AR would be stronger for Cu,O
on ITO and Bi,05 than for Cu,0 on Al,O3. This interpretation
is supported by a study in which Cu,O was deposited on SiO,
and Zr0,.?> SiO, has a lower dielectric constant than Cu,O,
whereas ZrO, a higher one.?® A« towards low film coverages
was found to be negative in both cases and to decrease more
strongly on the less polarizable substrate (SiO,) than on the
one with higher polarizability (ZrO,). This means that, for the
results presented in this contribution, the change in polariz-
ability by the substrate is predominantly related to the

021y d)T — ALO,, — ITO, — Bi,0,
00+ ------== ® MM - vV
\ 4

S
> ARl o MV
; -0.2 M vV
o ® ,
E -0.44 ¥V plain Al,O4
S 6l Vv v ATO
' e ITO
-0.81 v M Bi,O
' v ‘ '2 3
0.1 1 10

film thickness (nm)

FIG. 3. Extra-atomic relaxation AR and polarization energy U(d) with
respect to Cu,O thickness d on the different substrate materials.
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chemical bonds between the substrate and film material and
the resultant changes of cation coordination in the film.**

In summary, it could be shown that it is possible to
determine the energy band alignment by photoelectron spec-
troscopy between two materials, of which at least one is thin-
ner than a nanometer. This was achieved by correcting the
binding energy shift of the film emissions for the extra-
atomic relaxation AR due to the vicinity of the substrate
interface. The latter was quantified using the change in the
Auger parameter. Since extra-atomic relaxation is an inher-
ent effect of the photoemission process, it is concluded that
the valence band offset between two materials is fully devel-
oped at a film thickness of a few Angstrém. Using the
described procedure, the valence band offsets between Cu,O
and Al,O; by ALD (2.6eV) as well as Cu,0O and Bi,O3
(0.9eV) were determined.
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